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A novel investigational

PSMA-targeting technology for

prostate cancer imaging

In recent years, radiopharmaceutical innovations have greatly improved our
ability to detect and localize prostate cancer. Until recently, conventional
imaging, including bone scan, computed tomography (CT), and magnetic
resonance imaging (MRI), has been the standard of care in prostate cancer
imaging. These conventional imaging modalities have limitations, including
diagnostic performance at low prostate-specific antigen (PSA) levels.!?
Technological advances have led to the research and development of more
sensitive imaging agents and modalities.!* Specifically, positron emission
tomography (PET) radiopharmaceuticals are increasingly being used to
target prostate-specific membrane antigen (PSMA), and a growing body

of scientific evidence supports their favorable imaging performance.!

Blue Earth Diagnostics is exploring a new investigational PSMA targeting

technology with unique potential.*¢

PSMA as a target

PSMA is an obvious target for PET imaging in
prostate cancer. It is a well characterized type
transmembrane protein with folate hydrolase
activity. Present in normal prostatic tissue, PSMA
is upregulated in the majority of primary and
metastatic prostate cancer lesions.”®

Several characteristics make PSMA an ideal
target for molecular imaging, including:

« High expression on prostate cancer cells®

 Limited expression on benign prostate tissue
and extraprostatic tissue'®

» Well-characterized binding site that can be
targeted by small-molecule ligands*®

Radioisotope Currently available

selection and PSMA agents are either
. labeled with gallium-68

labeling (%Ga) or fluorine-18

(*F), 2 B+ emitting
radioisotopes. In recent
years, ¥F has been
recognized to have certain
advantages over %8Ga.°

e Internalization of bound agents, allowing for
concentration within tumor cells!®

* PSMA expression can be correlated with
Gleason grade and has been shown to be
enhanced in metastatic and castrate-resistant

prostate cancer®:°

PSMA imaging agents are designed to bind to
the extracellular domain of PSMA to then be
internalized by prostate cancer cells via
endocytosis. When labeled with a B+ emitting
radioisotope, these agents can detect
extracellular expression of PSMA with PET
imaging.>** PSMA-targeting radiopharmaceuticals
are characterized by rapid clearance from

the blood and nontarget tissue, which can
result in low background activity.®

While ®Ga can be
produced with either a
cyclotron or generator,
production capacity
via generator is limited
to 2 to 4 patient doses
daily. %8Ga also has a
relatively short half-
life of 68 minutes,
limiting its transportation

to centers.’*®F has an
110-minute half-life
and may be produced
in large batches via a
cyclotron, which
allows for centralized
production and
subsequent broad
distribution to imaging
facilities (see Table 1)1213



Blue Earth Diagnostics is at the forefront in the
investigation of prostate cancer imaging, with
worldwide exclusive licenses to radiohybrid
PSMA (rhPSMA) technology.

Figure 1. Example of a radiohybrid structure

PSMA-
inhibitor

PSMA-
inhibitor

$8F a1y~ rhPSMA 9F-77Lu-rhPSMA

Adapted from Wurzer A et al. J Nucl Med. 2020.°

The rhPSMA design features 2 radionuclide
acceptor sites that can be labeled with a or
R emitting radionuclides (Figure 1). Figure 1A
depicts the rhPSMA molecule for potential
diagnostic use, where one acceptor site is
labeled with a radioactive imaging isotope,
and the other site with a nonradioactive
isotope. Figure 1B depicts the molecule for
potential therapeutic use, where one
acceptor site is labeled with a radioactive
therapeutic isotope and the other site with
a nonradioactive isotope.®

Advertisement

Review the phase 3 clinical studies for
rhPSMA technology**:

e Learn more about the LIGHTHOUSE study
in men with newly diagnosed prostate
cancer at clinicaltrials.gov/ct2/show/
NCT04186819

e Learn more about the SPOTLIGHT study
in men with suspected prostate cancer

recurrence at clinicaltrials.gov/ct2/show/
NCT04186845

Blue Earth Diagnostics is committed
to breaking new ground

Blue Earth Diagnostics is an established
leader in the development of novel PET
imaging agents to inform clinical
management decisions with the goal of
positively impacting overall outcomes for
patients with prostate cancer.

Our goals are to:
» Develop cutting-edge technology
« Build innovative solutions

¢ Enhance access to radiopharmaceuticals and
provide customer and practice support

Register at prostatecancer-blueearthdx.com for the latest company news and developments.

Sponsored by Blue Earth Diagnostics, Inc.

Radiohybrid PSMA technology is investigational and not approved by the US Food and Drug Administration (FDA).
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In addition, ®F has an
energy profile that may

Table 1. Radioisotope features®!2-14

A 18F GsGa
contribute to a more
favorable spatial resolution, Half-life 110 minutes 68 minutes
which may enable *F to Positron decay ratio 97% 89%
better detect lesions that Maximum positron energy 0.635 MeV 1.899 MeV
are small and near each .

. Mean positron range 0.6 mm 3.5 mm

other compared with
8Ga (see Table 1),912-14 Production method Cyclotron Generator or cyclotron
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SNMMI NEWSLINE

13N 2022 SNMMI Highlights Lecture: Oncology and Therapy,
Part 1
Heiko Schoder

19N SNMMI Leadership Update: SNMMI Adopts New Strategic
Plan
Munir Ghesani

21N Newsbriefs
22N From the Literature

DISCUSSIONS WITH LEADERS

1783 Leading in Urology and Pioneering in Social Media
Outreach: A Conversation Among Declan Murphy,

Ken Herrmann, and Michael Hofman
Declan Murphy, Ken Herrmann, and Michael Hofman

THE STATE OF THE ART

1786 Fibroblast Activation Protein Inhibitor Imaging in
Nonmalignant Diseases: A New Perspective for

Molecular Imaging
Christian Schmidkonz, Torsten Kuwert, Armin Atzinger,

Michael Cordes, Georg Schett, Andreas Ramming, and Theresa Gotz

CONTINUING EDUCATION

1793 From Concept to Regulatory Drug Approval: Lessons for
Theranostics
Marlon Perera and Michael J. Morris

FOCUS ON MOLECULAR IMAGING

1802 Nanoparticle Diagnostics and Theranostics in the Clinic
Roger M. Pallares, Felix M. Mottaghy, Volkmar Schulz,
Fabian Kiessling, and Twan Lammers

THERANOSTICS

Clinical

1809 Validation of '®F-rhPSMA-7 and '®F-rhPSMA-7.3 PET
Imaging Results with Histopathology from Salvage Surgery
in Patients with Biochemical Recurrence of Prostate
Cancer
Markus Kroenke, Lilit Schweiger, Thomas Horn, Bernhard Haller,
Kristina Schwamborn, Alexander Wurzer, Tobias Maurer,

Hans-Jiirgen Wester, Matthias Eiber, and Isabel Rauscher

1815 Using ®*Ga-PSMA-11 PET/CT for Therapy
Response Assessment in Patients with Metastatic
Castration-Resistant Prostate Cancer: Application

of EAU/EANM Recommendations in Clinical Practice
Chloé S. Denis, Frangois Cousin, Bram De Laere, Roland Hustinx,
Brieuc R. Sautois, and Nadia Withofs

1822 %Ga-PSMA-11 PET/MRI in Patients with Newly Diagnosed
Intermediate- or High-Risk Prostate Adenocarcinoma: PET
Findings Correlate with Outcomes After Definitive
Treatment
Farshad Moradi, Heying Duan, Hong Song, Guido A. Davidzon,
Benjamin I. Chung, Alan E. C. Thong, Andreas M. Loening,

Pejman Ghanouni, Geoffrey Sonn, and Andrei Iagaru

1829 Correlation of ®®Ga-RM2 PET with Postsurgery
Histopathology Findings in Patients with Newly Diagnosed
Intermediate- or High-Risk Prostate Cancer
Heying Duan, Lucia Baratto, Richard E. Fan,

Simon John Christoph Soerensen, Tie Liang, Benjamin Inbeh Chung,
Alan Eih Chih Thong, Harcharan Gill, Christian Kunder,

Tanya Stoyanova, et al.

1836 = SPECIAL CONTRIBUTION. Joint EANM, SNMMI,
and IAEA Enabling Guide: How to Set up a Theranostics
Center
Ken Herrmann, Luca Giovanella, Andrea Santos, Jonathan Gear,
Pinar Ozgen Kiratli, Jens Kurth, Ana M. Denis-Bacelar, Roland Hustinx,
Marianne Patt, Richard L. Wahl, et al.

1844 Repetitive Early ®®Ga-FAPI PET Acquisition Comparing
%8Ga-FAPI-02, ®*Ga-FAPI-46, and ®®Ga-FAPI-74:
Methodologic and Diagnostic Implications for Malignant,
Inflammatory/Reactive, and Degenerative Lesions
Frederik M. Glatting, Jorge Hoppner, Dawn P. Liew,

Antonia van Genabith, Anna-Maria Spektor, Levin Steinbach,
Alexander Hubert, Clemens Kratochwil, Frederik L. Giesel,
Katharina Dend], et al.

Basic

1852 A Dimeric FAP-Targeting Small-Molecule Radioconjugate
with High and Prolonged Tumor Uptake
Andrea Galbiati, Aureliano Zana, Matilde Bocci, Jacopo Millul,
Abdullah Elsayed, Jacqueline Mock, Dario Neri, and

Samuele Cazzamalli

1859 = FEATURED ARTICLE OF THE MONTH. Improved Tumor
Responses with Sequential Targeted a-Particles Followed
by Interleukin 2 Immunocytokine Therapies in Treatment of
CEA-Positive Breast and Colon Tumors in CEA Transgenic
Mice
Megan Minnix, Maciej Kujawski, Erasmus Poku, Paul J. Yazaki,
Jeffrey Y. Wong, and John E. Shively

ONCOLOGY

Clinical

1865 '®F-DOPA PET/CT at the Forefront of Initial or Presurgical
Evaluation of Small-Intestine Neuroendocrine Tumors
Eric Ouvrard, Louis De Mestier, Caroline Boursier,
Boumediene Lachachi, Nicolas Sahakian, Elodie Chevalier,
Nidaa Mikail, Josefina Carullo, Aurélie Bando-Delaunay,
Thomas Walter, et al.

1871 First-in-Humans PET Imaging of Tissue Factor in Patients
with Primary and Metastatic Cancers Using '®F-labeled
Active-Site Inhibited Factor VII ('8F-ASIS): Potential as

Companion Diagnostic

Mathias Loft, Camilla Christensen, Malene M. Clausen,

Esben A. Carlsen, Carsten P. Hansen, Niels Kroman,

Seppo W. Langer, Claus Hogdall, Jacob Madsen, Nic Gillings, et al.



1880 %°Zr-Labeled High-Density Lipoprotein Nanoparticle PET
Imaging Reveals Tumor Uptake in Patients with Esophageal
Cancer
Kang H. Zheng, Jeffrey Kroon, Jasper Schoormans,

Oliver Gurney-Champion, Sybren L. Meijer, Suzanne S. Gisbertz,
Maarten C.C.M. Hulshof, Danielle J. Vugts, Guus A.M.S. van Dongen,
Bram F. Coolen, et al.

1887 = BRIEF COMMUNICATION. '®F-FDG PET/CT Staging of
Head and Neck Cancer: Interobserver Agreement and
Accuracy—Results from Multicenter ACRIN 6685 Clinical
Trial
Rathan M. Subramaniam, Fenghai M. Duan, Justin Romanoff,

Jian Qin Yu, Twyla Bartel, Farrokh Dehdashti, Charles M. Intenzo,
Lilja Solnes, JoRean Sicks, Brendan C. Stack Jr, et al.

1891 Safety and Efficacy of '®*Ho Radioembolization in
Hepatocellular Carcinoma: The HEPAR Primary Study
Margot T.M. Reinders, Karel J. van Erpecum, Maarten L.J. Smits,
Arthur J.A.T. Braat, Joep de Bruijne, Rutger Bruijnen, Dave Sprengers,
Robert A. de Man, Erik Vegt, Jan N.M. IJzermans, et al.

1899 Noninvasive Assessment of Acute Graft-Versus-Host
Disease of the Gastrointestinal Tract After Allogeneic
Hemopoietic Stem Cell Transplantation Using '®F-FDG PET
Martin H. Cherk, Robert Khor, Thomas W. Barber, Kenneth S.K. Yap,
Sushrut Patil, Patricia Walker, Sharon Avery, Stuart Roberts,

William Kemp, Alan Pham, et al.

CARDIOVASCULAR

Clinical

1906 = FEATURED CLINICAL INVESTIGATION ARTICLE.
Prevalence and Outcomes of Cardiac Amyloidosis in
All-Comer Referrals for Bone Scintigraphy
Christian Nitsche, Katharina Mascherbauer, Raffaella Calabretta,
Matthias Koschutnik, Carolina Dona, Varius Dannenberg,

Felix Hofer, Kseniya Halavina, Andreas A. Kammerlander,

Tatjana Traub-Weidinger, et al.

NEUROLOGY

Basic

1912 Evaluation of (rac)-, (R)-, and (S)-'F-OF-NB1 for Imaging
GluN2B Subunit-Containing N-Methyl-b-Aspartate
Receptors in Nonhuman Primates
Hazem Ahmed, Ming-Qiang Zheng, Kelly Smart, Hanyi Fang,

Li Zhang, Paul R. Emery, Hong Gao, Jim Ropchan, Ahmed Haider,

Gilles Tamagnan, et al.
Translational

1919 First-in-Human Evaluation of '8F-PF-06445974,
a PET Radioligand That Preferentially Labels
Phosphodiesterase-4B
Yuichi Wakabayashi, Per Stenkrona, Ryosuke Arakawa, Xuefeng Yan,
Maia G. Van Buskirk, Madeline D. Jenkins, Jose A. Montero Santamaria,
Kevin P. Maresca, Akihiro Takano, Jeih-San Liow, et al.

AI/ADVANCED IMAGE ANALYSIS

Clinical

1925 '8F-FDG PET Maximum-Intensity Projections and Artificial
Intelligence: A Win-Win Combination to Easily Measure
Prognostic Biomarkers in DLBCL Patients
Kibrom B. Girum, Louis Rebaud, Anne-Ségolene Cottereau,

Michel Meignan, Jérome Clerc, Laetitia Vercellino, Olivier Casasnovas,
Franck Morschhauser, Catherine Thieblemont, and Irene Buvat

1933 Distinction of Lymphoma from Sarcoidosis on
8F_-FDG PET/CT: Evaluation of Radiomics-Feature-Guided
Machine Learning Versus Human Reader Performance
Pierre Lovinfosse, Marta Ferreira, Nadia Withofs, Alexandre Jadoul,
Céline Derwael, Anne-Noelle Frix, Julien Guiot, Claire Bernard,

Anh Nguyet Diep, Anne-Frangoise Donneau, et al.

1941 Fully Automated, Semantic Segmentation of Whole-Body
'8F-FDG PET/CT Images Based on Data-Centric Artificial
Intelligence
Lalith Kumar Shiyam Sundar, Josef Yu, Otto Muzik, Oana C. Kulterer,
Barbara Fueger, Daria Kifjak, Thomas Nakuz, Hyung Min Shin,
Annika Katharina Sima, Daniela Kitzmantl, et al.

ENDOCRINOLOGY

Translational

1949 Development of Fluorinated NP-59: A Revival of Cholesterol
Use Imaging with PET
Allen F. Brooks, Wade P. Winton, Jenelle Stauff, Janna Arteaga,
Bradford Henderson, Jeremy Niedbala, Peter ].H. Scott, and

Benjamin L. Viglianti

GASTROENTEROLOGY

Basic

1956 Staging Liver Fibrosis by Fibroblast Activation Protein
Inhibitor PET in a Human-Sized Swine Model
Ali Pirasteh, Sarvesh Periyasamy, Jennifer Jean Meudt, Yongjun Liu,
Laura M. Lee, Kyle M. Schachtschneider, Lawrence B. Schook,
Ron C. Gaba, Lu Mao, Adnan Said, et al.

ILLUSTRATED POST

1962 A Long Axial Field of View Enables PET/CT in Toddler
Without Sedation
Michala Reichkendler, Flemming L. Andersen, Lise Borgwardt,
Ulrikka Nygaard, Elisabeth Albrecht-Beste, Kim F. Andersen,
Anna Ljunggren, Nynne Abrahamsen, Annika Loft,
Liselotte Hojgaard, et al.
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Introducing llluccix®in your practice

Speak with a live representative to get all your questions answered and prep work completed
ahead of time so you receive reimbursement upon delivery of your first dose of Illuccix®.
Schedule your one-on-one onboarding appointment by:

e Calling 1-(844) 45-TELIX (1-844-455-8638
e Going to https://illucixhcp.com/booking

This service is available Monday through Friday 8:00 AM to 8:00 PM ET.

INDICATIONS AND USAGE

Illuccix®, after radiolabeling with Ga 68, is a radioactive diagnostic agent indicated for positron
emission tomography (PET) of prostate-specific membrane antigen (PSMA) positive lesions in men
with prostate cancer:

o with suspected metastasis who are candidates for initial definitive therapy

e with suspected recurrence based on elevated serum prostate-specific
antigen (PSA) level

IMPORTANT SAFETY INFORMATION

WARNINGS AND PRECAUTIONS
Risk for Misdiagnosis

Image interpretation errors can occur with gallium Ga 68 gozetotide PET. A negative image does

not rule out the presence of prostate cancer and a positive image does not confirm the presence

of prostate cancer. The performance of gallium Ga 68 gozetotide for imaging of biochemically
recurrent prostate cancer seems to be affected by serum PSA levels and by site of disease.

The performance of gallium Ga 68 gozetotide for imaging of metastatic pelvic lymph nodes prior

to initial definitive therapy seems to be affected by Gleason score. Gallium Ga 68 gozetotide uptake

is not specific for prostate cancer and may occur with other types of cancer as well as non-malignant
processes such as Paget’s disease, fibrous dysplasia, and osteophytosis. Clinical correlation, which may
include histopathological evaluation of the suspected prostate cancer site, is recommended.

Radiation Risks

Gallium Ga 68 gozetotide contributes to a patient’s overall long-term cumulative radiation exposure.
Long-term cumulative radiation exposure is associated with an increased risk for cancer. Ensure safe
handling to minimize radiation exposure to the patient and health care workers. Advise patients to
hydrate before and after administration and to void frequently after administration.

ADVERSE REACTIONS

The safety of gallium Ga 68 gozetotide was evaluated in 960 patients, each receiving one dose of

gallium Ga 68 gozetotide. The average injected activity was 188.7 £ 40.7 MBq (5.1 + 1.1 mCi). No serious
adverse reactions were attributed to gallium Ga 68 gozetotide. The most commonly reported adverse
reactions were nausea, diarrhea, and dizziness, occurring at a rate of < 1%.

DRUG INTERACTIONS

Androgen rivation ther nd other therapi rgeting the androgen pathw.

Androgen deprivation therapy (ADT) and other therapies targeting the androgen pathway, such as
androgen receptor antagonists, can result in changes in uptake of gallium Ga 68 gozetotide in prostate
cancer. The effect of these therapies on performance of gallium Ga 68 gozetotide PET has not

been established.

You are encouraged to report suspected adverse reactions of prescription drugs to the FDA.
Please note this information is not comprehensive.

Please see brief summary of the full prescribing information on the next page, or
visit illuccixhcp.com for full prescribing information.



llluccix (kit for the preparation of gallium Ga 68 gozetotide Injection)
BRIEF SUMMARY: Consult the full prescribing information for complete product information

WARNINGS AND PRECAUTIONS

Risk for Misdiagnosis

Image interpretation errors can occur with gallium Ga 68 gozetotide PET. A negative image does not rule out the presence of prostate cancer and a
positive image does not confirm the presence of prostate cancer. The performance of gallium Ga 68 gozetotide for imaging of biochemically recurrent
prostate cancer seems to be affected by serum PSA levels and by site of disease [see Clinical Studies (14)]. The performance of gallium Ga 68 gozetotide
for imaging of metastatic pelvic lymph nodes prior to initial definitive therapy seems to be affected by Gleason score [see Clinical Studies (14)]. Gallium
Ga 68 gozetotide uptake is not specific for prostate cancer and may occur with other types of cancer as well as non-malignant processes such as Paget’s
disease, fibrous dysplasia, and osteophytosis. Clinical correlation, which may include histopathological evaluation of the suspected prostate cancer site,
is recommended.

Radiation Ri
Gallium Ga 68 gozetotide contributes to a patient’s overall long-term cumulative radiation exposure. Long-term cumulative radiation exposure is
associated with an increased risk for cancer. Ensure safe handling to minimize radiation exposure to the patient and health care workers.

Advise patients to hydrate before and after administration and to void frequently after administration [see Dosage and Administration (2.1, 2.3)].

ADVERSE REACTIONS

Because clinical trials are conducted under widely varying conditions, adverse reaction rates observed in the clinical trials of a drug cannot be directly
compared to rates in the clinical trials of another drug and may not reflect the rates observed in practice. The safety of ILLUCCIX has been established
based on studies of another formulation of gallium Ga 68 gozetotide in patients with prostate cancer [see Clinical Studies (14)]. Below is a display of
the adverse reactions in these studies. The safety of gallium Ga 68 gozetotide was evaluated in 960 patients, each receiving one dose of gallium Ga 68
gozetotide. The average injected activity was 188.7 + 40.7 MBq (5.1 + 1.1 mCi). No serious adverse reactions were attributed to gallium Ga 68
gozetotide. The most commonly reported adverse reactions were nausea, diarrhea, and dizziness, occurring at a rate of < 1%.

DRUG INTERACTIONS

] ay Androgen deprivation therapy (ADT) and other therapies targeting
the androgen pathway, such as androgen receptor antagonlsts can result in changes in uptake of gallium Ga 68 gozetotide in prostate cancer. The effect
of these therapies on performance of gallium Ga 68 gozetotide PET has not been established.

USE IN SPECIFIC POPULATIONS
Pregnancy

Risk Summary

ILLUCCIX is not indicated for use in females. There are no available data with gallium Ga 68 gozetotide injection use in pregnant women to evaluate for
a drug-associated risk of major birth defects, miscarriage, or adverse maternal or fetal outcomes. All radiopharmaceuticals, including ILLUCCIX, have
the potential to cause fetal harm depending on the fetal stage of development and the magnitude of the radiation dose. Animal reproduction studies
have not been conducted with gallium Ga 68 gozetotide.

Lactation

Risk Summary
ILLUCCIX is not indicated for use in females. There are no data on the presence of gallium Ga 68 gozetotide in human milk, the effect on the breastfed
infant, or the effect on milk production.

Pediatric Use
The safety and effectiveness of gallium Ga 68 gozetotide in pediatric patients have not been established.
Geriatric Use

The efficacy of gallium Ga 68 gozetotide PET in geriatric patients with prostate cancer is based on data from two prospective studies [see Clinical
Studies (14)]. Most patients in these trials were 65 years of age or older (72%). The efficacy and safety profiles of gallium Ga 68 gozetotide appear similar
in younger adult and geriatric patients with prostate cancer, although the number of younger adult patients in the trials was not large enough to allow
definitive comparison.

1 Illuccix Prescribing Information.

Illuccix® is a trademark of Telix Pharmaceuticals (US) Inc.
© 2022 Telix Pharmaceuticals (US) Inc.

All rights reserved.

US-ILL-2200087 10/2022




JNM

The Journal of

NUCLEAR MEDICINE

EDITOR-IN-CHIEF

Johannes Czernin, MD

University of California at Los Angeles
Los Angeles, California

IMMEDIATE PAST EDITOR

Dominique Delbeke, MD, PhD
Vanderbilt University Medical Center
Nashville, Tennessee

NEWSLINE EDITOR
Harvey A. Ziessman, MD
Takoma Park, Maryland

ASSOCIATE EDITORS, CONTINUING EDUCATION
Hossein Jadvar, MD, PhD, MPH, MBA, FACNM,

FSNMMI

University of Southern California
Los Angeles, California

Lale Kostakoglu, MD, MPH
University of Virginia Health System
Charlottesville, Virginia

ASSOCIATE EDITORS

Ramsey Derek Badawi, PhD

UC Davis Medical Center

Sacramento, California

Henryk Barthel, MD, PhD

Leipzig University

Leipzig, Germany

Frank M. Bengel, MD

Hannover Medical School

Hannover, Germany

Lisa Bodei, MD, PhD

Memorial Sloan Kettering Cancer Center
New York, New York

Irene Buvat, PhD

Université Paris Sud

Orsay, France

Jérémie Calais, MD

University of California at Los Angeles
Los Angeles, California

Marcelo F. Di Carli, MD

Brigham and Women's Hospital
Boston, Massachusetts

Alexander E. Drzezga, MD

University Hospital of Cologne
Cologne, Germany

Jan Grimm, MD, PhD

Memorial Sloan Kettering Cancer Center
New York, New York

Ken Herrmann, MD, MBA
Universitatsklinikum Essen

Essen, Germany

Thomas A. Hope, MD

University of California, San Francisco
San Francisco, California

Jason S. Lewis, PhD

Memorial Sloan Kettering Cancer Center
New York, New York

David A. Mankoff, MD, PhD

University of Pennsylvania
Philadelphia, Pennsylvania

Heiko Schoder, MD

Memorial Sloan Kettering Cancer Center
New York, New York

Wolfgang Weber, MD

Technical University of Munich
Miinchen, Germany

SERIES EDITOR, FOCUS ON MI
Carolyn J. Anderson, PhD
University of Missouri
Columbia, Missouri

SERIES EDITOR, HOT TOPICS

Heinrich R. Schelbert, MD, PhD
University of California at Los Angeles
Los Angeles, California

CONSULTING EDITORS
Nancy Knight, PhD

University of Maryland School of Medicine

Baltimore, Maryland

Barry A. Siegel, MD

Mallinckrodt Institute of Radiology
St. Louis, Missouri

Arnold M. Strashun, MD

SUNY Downstate Medical Center
Scarsdale, New York

H. William Strauss, MD
Memorial Sloan Kettering Cancer Center
New York, New York

ASSOCIATE EDITORS (INTERNATIONAL)
Gerald Antoch, MD
Dusseldorf, Germany
Richard P. Baum, MD, PhD
Bad Berka, Germany
Ambros J. Beer, MD

Ulm, Germany

Frangois Bénard, MD, FRCPC
Vancouver, Canada

Thomas Beyer, PhD

Vienna, Austria

Andreas K. Buck, MD, PhD
Wiirzburg, Germany

Ignasi Carrio, MD

Barcelona, Spain

June-Key Chung, MD

Seoul, Korea

Stefano Fanti, MD

Bologna, Italy

Markus Hacker, MD

Wien, Austria

Rodney J. Hicks, MD, FRACP
Melbourne, Australia
Michael S. Hofman, MBBS, FRACP
Melbourne, Australia

Ora Israel, MD

Haifa, Israel

Andreas Kjaer, MD, PhD, DMSc
Copenhagen, Denmark
Adriaan A. Lammertsma, PhD
Amsterdam, The Netherlands
Michael Lassman, PhD
Wiirzburg, Germany

Helmut R. Macke, PhD
Freiburg, Germany

Wim J.G. Oyen, MD, PhD
Milan, Italy

John 0. Prior, MD, PhD
Lausanne, Switzerland
Osman Ratib, MD, PhD
Geneva, Switzerland

Mike Sathekge, MBChB, MMed, PhD
Pretoria, South Africa
Markus Schwaiger, MD
Miinchen, Germany

Andrew M. Scott, MD
Heidelberg, Australia
Nagara Tamaki, MD, PhD
Kyoto, Japan

Jia-He Tian, PhD

Beijing, China

Mei Tian, MD, PhD
Hangzhou, China

EDITORIAL CONSULTANTS
Martin S. Allen-Auerbach, MD
Los Angeles, California
Magnus Dahlbom, PhD

Los Angeles, California
Andrew Quon, MD

Los Angeles, California
Christiaan Schiepers, MD, PhD
Los Angeles, California
Daniel H. Silverman, MD, PhD
Los Angeles, California
Roger Slavik, PhD
Winterthur, Switzerland

EDITORIAL BOARD

Diane S. Abou, PhD

St. Louis, Missouri
Valentina Ambrosini, MD, PhD
Bologna, Italy

Norbert Avril, MD
Cleveland, Ohio

Shadfar Bahri

Los Angeles, California
Jacques Barbet, PhD
Saint-Herbalin, France
Bradley Jay Beattie, PhD
New York, New York
Matthias Richard Benz, MD
Los Angeles, California

Elie Besserer-Offroy, PhD, FACSc
Los Angeles, California
Pradeep Bhambhvani, MD
Birmingham, Alabama
Angelika Bischof-Delaloye, MD
Lausanne, Switzerland
Christina Bluemel, MD
Wiirzburg, Germany
Ronald Boellaard, PhD
Groningen, The Netherlands
Nicolaas Bohnen, MD
Ann Arbor, Michigan
Wesley E. Bolch, PhD
Gainesville, Florida

Elias H. Botvinick, MD
San Francisco, California
Winfried Brenner, MD, PhD
Berlin, Germany

Richard C. Brunken, MD
Cleveland, Ohio

Ralph Buchert, PhD
Hamburg, Germany
Alfred Buck, MD
Menzingen, Switzerland
Denis B. Buxton, PhD
Bethesda, Maryland
Weibo Cai, PhD

Madison, Wisconsin
Federico Caobelli, MD
Basel, Switzerland
Giuseppe Carlucci, PhD
Los Angeles, California
Richard E. Carson, PhD
New Haven, Connecticut
Paolo Castellucci, MD
Bologna, Italy
Franscesco Ceci, MD, PhD
Turin, Italy

Juliano J. Cerci

Curitiba, Brazil

Delphine Chen, MD
Seattle, Washington
Xiaoyuan Chen, PhD
Singapore

Simon R. Cherry

Davis, California

Arturo Chiti, MD
Rozzano, Italy

Peter M. Clark, PhD

Los Angeles, California
Christian Cohade, MD
Montreal, Canada
Ekaterina (Kate) Dadachova, PhD
Saskatoon, Canada

Issa J. Dahabreh, MD

Boston, Massachusetts

Heike Elisabeth Daldrup-Link, MD, PhD

Stanford, California
Farrokh Dehdashti, MD
St. Louis, Missouri
Robert C. Delgado-Bolton, MD, PhD
Logrono, Spain

Thorsten Derlin, MD
Hannover, Germany
Elisabeth G.E. de Vries, PhD
Groningen, The Netherlands
David W. Dick, PhD

Towa City, lowa

Vasken Dilsizian, MD
Baltimore, Maryland
Sharmila Dorbala, MBBS
Lexington, Massachusetts
Jacob Dubroff, MD, PhD
Philadelphia, Pennsylvania
Janet F. Eary, MD

Bethesda, Maryland

W. Barry Edwards, PhD
Columbia, Missouri
Matthias Eiber, MD

Munich, Germany

David Eidelberg, MD
Manhasset, New York
Georges EI Fakhri, PhD
Boston, Massachusetts
Peter J. Ell, MD

London, United Kingdom



EDITORIAL BOARD, continued
Keigo Endo, MD

Nantan, Japan

Einat Even-Sapir, MD, PhD
Tel Aviv, Israel

Frederic H. Fahey, DSc
Boston, Massachusetts
Melpomeni Fani, PhD, MSc
Basel, Switzerland

Andrea Farolfi, MD
Bologna, Italy

Wolfgang Peter Fendler, MD
Essen, Germany

James W. Fletcher, MD
Indianapolis, Indiana

Amy M. Fowler, MD, PhD
Madison, Wisconsin

Kirk A. Frey, MD, PhD
Ann Arbor, Michigan
Andrei Gafita

Los Angeles, California

Victor H. Gerbaudo, PhD, MSHCA

Boston, Massachusetts

Frederik L. Giesel, MD, PhD, MBA

Dusseldorf, Germany
Serge Goldman, MD, PhD
Brussels, Belgium
Stanley J. Goldsmith, MD
New York, New York
Martin Gotthardt, MD, PhD
Nijmegen, The Netherlands
Michael Graham, MD, PhD
Iowa City, Iowa

David Groheux, MD, PhD
Paris, France

Uwe A. Haberkorn, MD
Heidelberg, Germany
Mathieu Hatt, PhD, HDR
Brest, France

Wolf-Dieter Heiss, MD
Cologne, Germany

Karl Herholz, MD
Manchester, United Kingdom
Thomas F. Heston, MD
Las Vegas, Nevada

John M. Hoffman, MD
Salt Lake City, Utah

Carl K. Hoh, MD

San Diego, California
Jason P. Holland, DPhil
Zurich, Switzerland
Roland Hustinx, MD, PhD
Liege, Belgium

Andrei H. lagaru, MD
Stanford, California
Masanori Ichise, MD
Chiba, Japan

Heather A. Jacene, MD
Boston, Massachusetts
Francois Jamar, MD, PhD
Brussels, Belgium

Jae Min Jeong, PhD
Seoul, Korea

John A. Katzenellenbogen, PhD
Urbana, Illinois

Kimberly A. Kelly, PhD
Charlottesville, Virginia
Laura M. Kenny, MD, PhD
London, United Kingdom
Fabian Kiessling, MD
Aachen, Germany

E. Edmund Kim, MD, MS

Orange, California

Francoise Kraeber-Bodéré, MD, PhD

Nantes, France

Clemens Kratochwil, MD
Heidelberg, Germany
Kenneth A. Krohn, PhD
Portland, Oregon
Brenda F. Kurland, PhD
Pittsburgh, Pennsylvania
Constantin Lapa, MD
Augsburg, Germany
Suzanne E. Lapi, PhD
Birmingham, Alabama
Steven M. Larson, MD
New York, New York
Dong Soo Lee, MD, PhD
Seoul, Korea

Jeffrey Leyton, PhD
Sherbrooke, Canada
Hannah M. Linden, MD
Seattle, Washington

Martin A. Lodge, PhD
Baltimore, Maryland
Katharina Liickerath, PhD
Los Angeles, California
Susanne Liitje, MD, PhD
Bonn, Germany

Umar Mahmoud MD, PhD
Boston, Massachusetts

H. Charles Manning, PhD
Nashville, Tennessee
Giuliano Mariani, MD

Pisa, Italy

Chester A. Mathis, PhD
Pittsburgh, Pennsylvania
Alan H. Maurer, MD
Philadelphia, Pennsylvania
Jonathan McConathy, MD, PhD
Birmingham, Alabama
Alexander J.B. McEwan, MD
Edmonton, Canada

Yusuf Menda, MD

Towa City, Iowa

Philipp T. Meyer, MD, PhD
Freiburg, Germany
Matthias Miederer, MD
Mainz, Germany

Erik Mlttra MD, PhD
Portland, Oregon

Christine E. Mona, PhD

Los Angeles, California
Dae Hyuk Moon, MD

Seoul, Korea

Jennifer Murphy, PhD

Los Angeles, California
Helen Nadel, MD, FRCPC
Stanford, California
Matthias Nahrendorf, MD, PhD
Boston, Massachusetts

Yuji Nakamoto, MD, PhD
Kyoto, Japan

David A. Nathanson, PhD
Los Angeles, California
Nghi C. Nguyen, MD, PhD
Dallas, Texas

Sridhar Nimmagadda, PhD
Baltimore, Maryland
Egbert U. Nitzsche, MD
Aarau, Switzerland

Medhat M. Osman, MD, PhD
Saint Louis, Missouri
Christopher J. Palestro, MD
New Hyde Park, New York
Miguel Hernandez Pampaloni, MD, PhD
San Francisco, California
Neeta Pandit-Taskar, MD
New York, New York
Ashwin Singh Parihar, MBBS, MD
Saint Louis, Missouri
Michael E. Phelps, PhD

Los Angeles, California
Gerold Porenta, MD, PhD
Vienna, Austria

Sophie Poty, PhD
Montpellier, France

Edwin (Chuck) Pratt, PhD, MS Eng
New York, New York
Daniel A. Pryma, MD
Philadelphia, Pennsylvania
Valery Radchenko, PhD
Vancouver, Canada

Caius G. Radu, MD

Los Angeles, California
Isabel Rauscher, MD
Munich, Germany

Nick S. Reed, MBBS
Glasgow, United Kingdom
Mark Rijpkema, PhD
Nijmegen, The Netherlands
Steven P. Rowe, MD, PhD
Baltimore, Maryland
Mehran Sadeghi, MD

West Haven, Connecticut
Orazio Schillaci, MD

Rome, Italy

Charles Ross Schmidtlein, PhD
New York, New York
David M. Schuster, MD
Atlanta, Georgia

Travis Shaffer, PhD
Stanford, California

Sai Kiran Sharma, PhD
New York, New York
Anthony F. Shields, MD, PhD
Detroit, Michigan

Barry L. Shulkin, MD, MBA
Memphis, Tennessee

Yu Shyr, PhD

Nashville, Tennessee
Albert J. Sinusas, MD
New Haven, Connecticut
Riemer H.J.A. Slart, MD, PhD
Groningen, The Netherlands
Piotr Slomka, PhD, FACC
Los Angeles, California
Simon John Christoph Soerensen, MD
Stanford, California

Ida Sonni, MD

Los Angeles, California
Michael G. Stabin, PhD
Richland, Washington

Lisa J. States, MD
Philadelphia, Pennsylvania
Sven-Erik Strand, PhD
Lund, Sweden

Rathan M. Subramaniam, MD, PhD, MPH
Dunedin, New Zealand
John Sunderland, PhD
Towa City, lowa

Suleman Surti, PhD
Philadelphia, Pennsylvania
Julie Sutcliffe, PhD
Sacramento, California
David Taieb, MD, PhD
Marseille, France

Laura H. Tang, MD, PhD
New York, New York
Ukihide Tateishi, MD, PhD
Tokyo, Japan

James T. Thackeray, PhD
Hannover, German
Mathew L. Thakur, PhD
Philadelphia, Pennsylvania
Alexander Thiel, MD
Montreal, Canada

Daniel L.J. Thorek, PhD

St. Louis, Missouri

David W. Townsend, PhD
Singapore

Timothy Turkington, PhD
Durham, North Carolina
Gary A. Ulaner, MD, PhD
Irvine, California

David Ulmert, MD, PhD
Los Angeles, California
Christopher H. van Dyck, MD
New Haven, Connecticut
Douglas Van Nostrand, MD
Washington, District of Columbia
Patrick Veit-Haibach, MD
Toronto, Canada

Nerissa Viola-Villegas, PhD
Detroit, Michigan

John R. Votaw, PhD
Atlanta, Georgia

Richard L. Wahl, MD

St. Louis, Missouri

Anne Marie Wallace, MD
La Jolla, California

Martin A. Walter, MD
Geneva, Switzerland
Rudolf A. Werner, MD
Wuerzburg, Germany
Andreas G. Wibmer, MD
New York, New York
Anna M. Wu, PhD

Duarte, California

Randy Yeh, MD

New York, New York
Hyewon (Helen) Youn, PhD
Seoul, Korea

Pat B. Zanzonico, PhD
New York, New York
Brian M. Zeglis, PhD

New York, New York
Robert Zeiser, MD
Freiburg, Germany

Hong Zhang, MD, PhD
Hangzhou, China
Hongming Zhuang, MD, PhD
Philadelphia, Pennsylvania
Sibylle 1. Ziegler, PhD

Munich, Germany

ASSISTANT TO THE EDITOR
Joshua N. Wachtel
Los Angeles, California



MISSOURI S&¥

Kummer Professor of Nuclear Engineering and Radiation Science

Job Description
The Kummer Professor of NERS will possess the skills, knowledge and experience to:

® Drive strategic and operational efforts to grow life science related nuclear science/technology
research and leverage existing capabilities in the research area.

e Drive strategic and operational efforts to establish the Department as a nationally recognized leader
inmedical application of nuclear science.

@®  Work with talented students and faculty in a multidisciplinary framework to promote growth in the
research of life sciences applications of nuclear science with particular interest in medical application.

Minimum Qualifications
An earned doctoral degree in a STEM field from an accredited university.

Preferred Qualifications

®  Credentials commensurate with appointment as a tenured full professor. Candidates outside academia
may present other credentials in lieu of traditional university scholarly output.

® Extensive research and/or career experience in a life sciences application of Nuclear Engineering and/or
Radiation Science related area.

We invite nominations and applications for the position of the Kummer Endowed Professor with emphasis on bio-
applications of nuclear engineering, radiation science and radiology. This is a growth area to address expanding
nuclear science application in life sciences, with particular interest in medical science. Missouri S&T has existing
synergistic research areas and activities in nuclear medicine and imagining. The hire for this position will sustain both
internal and external collaborations and leverage existing capabilities including our 200-kW nuclear reactor, aimed at
oncology applications, high energy dosimetry or biological impact. The faculty will also help drive the expansion of
nuclear medicine and health physics path in nuclear engineering at S&T. The faculty will maintain collaborative work
with Hospitals and Medical Schools. The MURR facility at Columbia, MO is available to the faculty for research
collaboration.

The Kummer Institute for Student Success, Research and Economic Development was established in October 2020
through a gift of $300 million from June and Fred Kummer. The Institute is transforming Missouri S&T by cultivating
leadership and technological innovation and fostering expansion of academic- industry partnerships to directly address
emerging needs of industry.

The Nuclear Engineering and Radiation Science undergraduate program is one of only 35 nuclear
engineering degree programs in the nation. The educational mission is to offer students career-focused
opportunities in nuclear engineering, energy and nonproliferation, and radiation science and medical
applications. Our research mission is to become nationally recognized leaders in micro reactor development,
medical imaging and radiotherapy and/or radiodiagnostic applications, and materials in advanced nuclear
systems. The department is home to seven tenured/tenure-track faculty, four jointly appointed faculty, 116
undergraduate students, and 24 graduate students. The department operates a 200 kW MTR-type reactor used
for research and student operator training.

Founded in 1870 as the Missouri School of Mines and Metallurgy, Missouri University of Science and
Technology is one of the top technological institutions in the nation and among the first technological institutions
established west of the Mississippi River. Located about 100 miles southwest of St. Louis in the muiticultural
community of Rolla, Missouri, S&T is an accessible, safe, and friendly campus surrounded by Ozarks scenery.
Missouri S&T has undertaken a number of initiatives to improve campus life and the work/life balance of its
faculty and staff (see http://hr.mstiedu). Missouri S&T seeks to meet the needs of dual-career couples. (Dual

Career Partner Assistance Proaram)

Candidates should electronically submit their application (pdf or Word format) consisting of a 1) cover letter, 2)
curriculum vitae, 3) research statement, 4) teaching statement, 5) diversity statement, and 6) list of four
references to Missouri S&T’'s Human Resources Office at: hitp://br.mst.edu/careers/academic-employment using
Reference #00083444. Applications will be reviewed as they are received until the position is filled. Deadline
for priority consideration is Thursday, December 15, 2022. For more information, please contact the Search
Committee Chair, Hu Yang, at 573-341-4854, or huyvang@mstedu.

Missouri University of Science & Technology is fully committed to achieving the goal of a diverse and inclusive academic
community of faculty, staff and students. We seek individuals who are committed to this goal and our core campus values of
integrity, inclusion, sustainability, creativity, partnerships and lifelong success. The University of Missouri is an Equal
Opportunity/Access/Affirmative Action/Pro Disabled & Veteran Employer.
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2022 SNMMI Highlights Lecture: Oncology and Therapy,

Part 1

Heiko Schoder, MD, MBA, Memorial Sloan Kettering Cancer Center and Weill Cornell Medical College, New York, NY

From the Newsline Editor: The Highlights Lecture, pres-
ented at the closing session of each SNMMI Annual Meeting,
was originated and presented for more than 30 years by Henry
N. Wagner, Jr., MD. Beginning in 2010, the duties of summa-
rizing selected significant presentations at the meeting were
divided annually among 4 distinguished nuclear and molecular
medicine subject matter experts. Each year Newsline publishes
these lectures and selected images. The 2022 Highlights Lec-
tures were delivered on June 14 at the SNMMI Annual Meeting
in Vancouver, Canada. In this issue we feature the first part of
the lecture by Heiko Schoder, MD, MBA, Chief of the Molecu-
lar Imaging and Therapy Service in the Department of Radiol-
ogy at Memorial Sloan Kettering Cancer Center and professor
of radiology at Weill Cornell Medical College (both in New
York, NY), who spoke on oncology and therapy topics at the
meeting. Note that in the following presentation summary,
numerals in brackets represent abstract numbers as published
in The Journal of Nuclear Medicine (2022,63 [suppl 2]).

therapy from the SNMMI Annual Meeting, and I thank

the organizers for reinviting me. More than 400 abstracts
were considered in preparing this lecture, and, needless to
say, only a few could be included in the limited presentation
time. I want to thank all the researchers who provided me
with slides.

I t is a pleasure to present the highlights in oncology and

Trends

At the 2022 SNMMI Annual Meeting we saw a new trend
in geographic origins of oncology abstracts, with almost half
coming from Asia and Australia (48%) and smaller contribu-
tions from the United States (25%), Europe (18%), Canada
(5%), Africa (2%), and South America (1.5%). Major represen-
tation from countries in this category came from China (105
abstracts), the United States (103), Italy (39), India (39), and
Germany (29). Quantity is not always or necessarily quality; the
majority of the highest rated abstracts came from North Amer-
ica (42%), followed by Asia/Australia (35%), and Europe
(23%). In contrast to last year, when the subject-matter distribu-
tion was about 80% diagnostic and 20% therapeutic, this year
we saw 76% diagnostic- and 24% therapeutic-related abstracts.
This may indicate a general trend, part of the growing interest in
nuclear medicine therapies that will be reflected in this lecture.

It is always interesting to look at general trends in subject
matter. In terms of keywords in titles of oncologic and therapeu-
tic presentations at this meeting, FDG was still dominant (105
abstracts). However, it was followed closely by prostate-specific
membrane antigen (PSMA) (101), with fibroblast-activation
protein inhibitor (FAPI) rapidly rising (29). (This trend is also
reflected in the published literature). Top radiolabels represented

in abstract titles included '8F (121),
68Ga (78), ""Lu (37), and 25Ac (1),

Clinical Diagnostics
FAPI Imaging

We will begin with the youngest
and newest kid on the block, FAPI,
and then review notable PSMA and
FDG presentations. A large number
of studies focused on FAPI, many
of which were conducted in smaller
patient samples. In general, these
studies reported that FAPI has 1 or more advantages over
FDG for disease detection and, in some instances, for staging.
The studies provided evidence of FAPI benefit in differenti-
ated thyroid cancer, gastrointestinal (GI) malignancies, breast
cancer, hepatocellular carcinoma, and others. The theme is
basically the same: FAPI provides very interesting data, but
what we clearly need are more and larger prospective studies
looking systematically at its utility in these diseases.

I have chosen only 1 of these FAPI abstracts to highlight
here as an example. Chen et al. from the First Affiliated Hos-
pital of Xiamen University (China) reported on “Comparison
of ®8Ga-FAPI and '8F-FDG uptake in patients with gastric
signet-ring cell carcinoma: A multicenter retrospective study”
[2370]. As you know, this disease is difficult to image with
I8F-FDG PET. Figure 1 highlights the higher uptake intensity
and greater tumor-to-background ratios of the ®®Ga-FAPI
agent. When compared with '3F-FDG in 34 patients (16 men,
18 women; median age, 51 y [range, 25-85 y]), the FAPI
agent had higher detection rates in primary tumors (73% vs
18%), local recurrence (100% vs 29%), nodal metastases
(77% vs 23%), and distant metastases (93% vs 39%). (Both
modalities missed 6 smaller [(0.3—1.1-cm] primary tumors.)
More interesting, perhaps, is the fact that there were no lesion
sites in which FDG provided an advantage over FAPL In the
majority of lesions FAPI provided more information. The
authors concluded that their data suggest that “®3Ga-FAPI
PET has the potential to replace '®F-FDG PET in the diagno-
sis of patients with gastric signet-ring cell carcinoma.”

Other notable studies on FAPI PET/CT were presented
by: Fu et al. from the First Affiliated Hospital of Xiamen
University (China), who reported on “®®Ga-FAPI PET/CT in
metastatic differentiated thyroid cancer detection: Compari-
son with '8F-FDG PET/CT” [2361]; Ballal et al. from the
All India Institute of Medical Sciences (New Delhi) and the
TRIGA Research Reactor/Johannes Gutenberg Universitat
Mainz (Germany), who reported on “Head-to-head compari-
son of 8Ga-DOTA.SA.FAPi versus '8F-FDG PET/CT in

Heiko Schoder, MD, MBA
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FIGURE 1. Comparison of ®Ga-FAPI and '®F-FDG PET/CT in gastric signet-ring cell carcinoma. Top: Example patients imaged with '®F-FDG (top
row) and ®8Ga-FAPI (bottom row) PET/CT. Bottom: Comparative imaging in a single patient with '®F-FDG (left) and ®3Ga-FAPI (right) PET/CT. ®8Ga-FAPI
imaging resulted in higher detection rates in primary tumors (73% vs 18%), local recurrence (100% vs 29%), nodal metastases (77% vs 23%), and dis-
tant metastases (93% vs 39%).

radioiodine refractory differentiated thyroid cancer patients” China), who reported on “°®Ga-FAPI-04 and '*F-FDG
[2371]; Li et al. from Peking Union Medical College Hospital PET/CT for identifying primary and metastatic lesions in
and the Chinese Academy of Medical Sciences (Beijing, patients with gastrointestinal cancer: A comparative study”
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[2369]; Novruzov et al. from the Azerbaijan National Centre of
Oncology (Baku, Azerbaijan), who reported on “Head-to-head
comparison of °®Ga-FAPI-46 PET/CT and '8F-FDG PET/CT
in breast carcinoma staging: A clinical trial update from
Azerbaijan” [2372]; Wu et al. from Peking Union Medical Col-
lege Hospital and the Chinese Academy of Medical Sciences
(both in Beijing, China), who reported on “°3Ga-FAPI and '3F-
FDG PET/CT in evaluation of primary and metastatic lesions
in late-stage hepatocellular carcinoma” [2373]; and Pang et al.
from the First Affiliated Hospital of Xiamen University/
Xiamen University (China), who reported that “**Ga-FAPI PET/
CT improves tumor detection and staging in patients with pan-
creatic cancer and comparison with '3F-FDG PET/CT” [2374].

Prostate Cancer

Prostate cancer remains a challenging problem world-
wide. It is the dominant malignancy in the male population
in 112 countries: all of North and South America, Australia,
and much of Africa and Europe. The Lancet Commission
on Prostate Cancer, introduced in 2021 (James et al., The
Lancet. 2021;397[10288]:1865-1866), cites “genomic tools
and imaging, particularly PSMA PET/CT” as “likely to be
increasingly important in treatment decisions in the future.”
The commission will assess these and other diagnostic and
treatment developments to determine “what is likely to con-
stitute the best approach in different health care settings
[including in lower middle—income countries] and make pol-
icy and clinical practice recommendations.”

At this meeting, as in the peer-reviewed literature, some
studies on PSMA agents in prostate cancer are exciting and
others, although possibly less exciting, are essential for regu-
latory approval and for conduct of clinical trials. Kuo et al.
from the University of Arizona (Tucson), Invicro (Needham,
MA), Medstar Georgetown University Hospital (Washington,
DC), Warren Alpert Medical School of Brown University
(Providence, RI), and McMaster University (Hamilton, Can-
ada), on behalf of the SPOTLIGHT Study Group, reported on
“Inter- and intrareader reproducibility of '®F-thPSMA-7.3 PET
image interpretation in patients with suspected prostate cancer
recurrence: Results from a phase 3, prospective, multicenter
study (SPOTLIGHT)” [2539]. Their data indicated a high de-
gree of inter- and intrareader agreement across 3 blinded read-
ers given the same set of scans after completing the same
training. Interreader agreement was >75% overall and greatest
for the pelvic lymph node region, with 87% concordance.
Intrareader agreement was >85% overall. Although reproduc-
ibility was lower for the prostate/prostate bed than other regions,
the substantial reproducibility in regions outside the prostate fossa
is of clinical importance because of the potential to influence
treatment selection. These types of studies are important for crea-
tion and validation of the large clinical trial data needed to obtain
regulatory approval and reimbursement for PSMA agents and
other novel radiopharmaceuticals and techniques.

Olivier et al. from the Centre Hospitalier Universitaire
Nancy (France), the Centre Léon Bérard (Lyon, France),

Centre Jean Perrin (Clermont-Ferrand, France), Hopital Euro-
péen Georges-Pompidou (Paris, France), and ABX Advanced
Biochemical Compounds (Radeberg, Germany) reported on a
“Phase III study of 'F-PSMA-1007 versus '8F-fluorocholine
PET to compare the detection rate of prostate cancer lesions
in patients with biochemical recurrence after previous defini-
tive treatment for localized prostate cancer” [2537]. This study
contributed to the regulatory approval of PSMA-1007 in
France. We all know instinctively that PSMA is a better im-
aging agent than others we have had available in prostate can-
cer, but it is important to have the hard data for regulatory
approval. The design of this multicenter study is interesting.
Patients (» = 190) in an intent-to-treat population with sus-
pected prostate cancer recurrence underwent both choline and
PSMA imaging in a random order. Blinded readers used a 3-
point qualitative scale (no recurrence, undetermined, recur-
rence) to report findings. In 172 patients, PET imaging resulted
in a more accurate diagnosis as determined by an independent
panel of experts and additional data. Of these more accurate
diagnoses, 72% were attributed to '*F-PSMA-1007, 5% to '3F-
fluorocholine, and 23% to the 2 tracers equally. '®F-PSMA-
1007 PET/CT identified disease relapse in more patients than
did '"8F-fluorocholine PET/CT, especially at low prostate-
specific serum antigen levels.

In developing clinical trials to assess and validate PSMA
imaging, it will be important to move beyond counting and
measuring each individual lesion to the increasing application
of artificial intelligence (Al) tools that facilitate lesion iden-
tification, tracking, activity measurement, and even assess-
ment of volume change over time. Calais et al. from the
University of California Los Angeles, Technical University of
Munich (Germany), Stanford University (CA), EXINI Diag-
nostics AB (Lund, Sweden), Lund University (Sweden), Vet-
erans Affairs Greater Los Angeles (CA), and Memorial Sloan
Kettering Cancer Center (New York, NY) reported on a
“Prospectively planned and independent validation of aPRO-
MISE in a phase I CONDOR study for rapid lesion detection
and standardized quantitative evaluation for '8F-DCFPyL
(PSMA) imaging in prostate cancer” [2496]. The aPRO-
MISE tool performs both Al-based CT segmentation of bone
and soft tissue and hotspot detection/segmentation to yield
total PSMA SUV_can, total PSMA tumor volume, and a total
PSMA score (Fig. 2). The Al tool required relatively little
observer interaction and was comparable or superior in accu-
racy to manual assessment. The time needed to score an '3F-
DCFPyL scan using aPROMISE in a patient with metastatic
disease was dramatically shorter (median, 1.4 min) than man-
ual reading time in the original CONDOR study (~15 min).
The authors concluded that the Al-based total PSMA score
“warrants future clinical investigation to define its clinical
context of use as an imaging biomarker.”

Many studies and guidelines have been published high-
lighting the importance of PET imaging for radiation treatment
planning in lung, cervix, and other cancers. It comes as no sur-
prise that PSMA can also contribute to radiation treatment
planning in prostate cancer. In salvage radiotherapy, radiation
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FIGURE 2. aPROMISE for rapid lesion detection and standardized
quantitative evaluation for "®F-DCFPyL (PSMA) imaging in prostate can-
cer. In this example '®F-DCFPyL image (A), the aPROMISE tool performed
both Al-based CT segmentation of bone and soft tissue (B) and hotspot
detection/segmentation (C) to yield total PSMA SUV ean, total PSMA
tumor volume, and a total PSMA score. The time needed to score an '8F-
DCFPyL scan using aPROMISE in metastatic disease was dramatically
shorter (median, 1.4 min) than average manual reading time (~15 min).

oncologists currently use contouring guidelines based on expert
consensus (e.g., those from RTOG) to determine the volume to
be irradiated, without reference to information from patterns of
recurrence seen on advanced imaging such as PSMA PET.
Can PSMA PET imaging contribute to refining planning treat-
ment volumes? Sonni et al. from the University of California
Los Angeles, the University of Miami Miller School of Medi-
cine (FL), and the VA Greater Los Angeles Healthcare System
(CA) looked at “PSMA PET mapping of postoperative local
recurrence and impact on prostate fossa contouring guidelines
for salvage radiation therapy” [2538]. This study analyzed the
typical patterns of prostate fossa recurrence after radical prosta-
tectomy using ®*Ga-PSMA-11 PET/CT and evaluated the loca-
tion of recurrences as compared to RTOG clinical target
volume (CTV) definitions. In 127 patients, the authors found
that PSMA-positive prostate fossa recurrences were fully cov-
ered by the CTV in 68 (54%) patients, partially covered in 43
(34%), and fully outside the CTV in 16 (13%). Recurrences
were in close proximity to the rectal wall in 9% and bladder
wall in 3% of all patients. The heatmaps in the example in
Figure 3 clearly show that the standard volume (green), would
not have included disease as shown on the PSMA PET.

The authors concluded that PSMA PET-based data should
inform the update of commonly used prostate bed contouring
guidelines and that new contouring guidelines should consider
reducing coverage at the anterior and superior borders (near
pubic bone) and extending coverage at the posterior, postero-
lateral, and inferior borders.

Duan et al. from Stanford University (CA) recently pub-
lished data on a ®®Ga-labeled bombesin antagonist (°®Ga-
RM2) targeting gastrin-releasing peptide receptors (GRPRs),
which are overexpressed in prostate cancer (J Nucl Med.
2022; May 12 ahead of print). Their results showed high
agreement between *®Ga-PSMA-11 and °3Ga-RM2 imaging
in patients with newly diagnosed intermediate- or high-risk
prostate cancer. Against this background we heard a presenta-
tion at this meeting that found somewhat different results (per-
haps related to patient selection). Tang et al. from Xiangya
Hospital/Central South University (Changsha City, China)
reported on “Comparison of ®®Ga-GRPR PET/CT with *Ga-
PSMA PET/CT in initial diagnosing of prostate cancer using
histopathology: Results from 207 participants” [2540]. Over-
all, ¥ Ga-PSMA PET/CT performed better than *8Ga-GRPR
PET/CT. Although ®Ga-GRPR PET/CT showed higher sensi-
tivity in imaging low-risk disease, uptake in benign prostatic
hyperplasia and early clinically insignificant prostate cancer
was greater. The authors concluded that **Ga-GRPR PET/CT
“may not be a direct competitor or have a complementary
role” to that of PSMA PET/CT in fully characterizing prostate
cancer at different stages. They added that the fact that **Ga-
GRPR uptake was not specific for prostate cancer may suggest
that GRPR may not be an imaging target for initial diagno-
sis. This raises a number of questions about the role of
GRPR in prostate cancer diagnosis and indicates that we
need more data.

Other Cancers

Carlsen et al. from the Righospitalet/Copenhagen Uni-
versity (Copenhagen, Denmark) reported on a “Prospective
phase II trial of prognostication by °®Ga-NODAGA-E
[¢(RGDyK)]2 PET/CT for integrin o33 imaging in patients
with neuroendocrine neoplasms (NENs)” [2209]. The authors
used this novel tracer in PET/CT imaging in 97 patients with
NENSs of all grades (78% low-grade, 22% high-grade dis-
ease), and tumor SUV,,., for each patient was evaluated
as a predictor of progression-free and overall survival at fol-
low-up of at least 1 y (median, 32 mo). During follow-up,
62 patients (64%) experienced progressive disease and 26

FIGURE 3. PSMA PET mapping of postoper-
ative local recurrence compared with planning
based on prostate fossa contouring guidelines
for salvage radiation therapy. Patient example
with: (left and middle) 2D heatmap of prostate
bed recurrence on ®Ga-PSMA-11 PET/CT and
RTOG-based clinical treatment volume (CTV;
green outline); (right) 3D heatmap of prostate

bed recurrence on ®8Ga-PSMA-11 PET/CT and

RTOG-based CTV, showing proximity to rectal and bladder walls. The authors concluded that PSMA PET-based data should inform the update of

commonly used prostate bed contouring guidelines.
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FIGURE 4. Prognostic utility of ®Ga-NODAGA-E[c(RGDyK)]2 PET/CT
integrin o33 imaging in patients with neuroendocrine neoplasms (NENSs).
Example imaging in patients with a metastatic lung NEN (left) and a
metastatic pancreatic NEN (right). Higher tracer uptake was significantly
correlated with worse prognosis.

(27%) died. The intensity of **Ga-NODAGA-E[c¢(RGDyK)]2
uptake increased from grade 1 to grade 2 and was positive
in almost all grade 3 patients (Fig. 4). Higher uptake cor-
related with worse prognosis. The suggestion is not that
this tracer will replace DOTATATE but that it provides
interesting additional prognostic information and so could
serve as a companion diagnostic for treatments targeting
(XVB3'

Ulaner et al. from the Hoag Family Cancer Institute
(Irvine, CA) and the University of Southern California (Los
Angeles) reported on “A prospective clinical trial of '8F-
fluorestradiol ('*F-FES) PET/CT compared to standard-of-care
imaging in patients with newly diagnosed and suspected recur-
rent breast cancer” [2590]. '8F-FES is an estrogen receptor—
targeting PET tracer approved by the FDA as an adjunct to
biopsy in patients with recurrent or metastatic breast cancer.
Particular utility is expected in patients with lobular breast
cancer and those with heterogeneous metastatic disease (to
determine the extent of estrogen receptor—positive disease).
The authors of this study plan to enroll a total of 120 patients

in 2 cohorts: 1 with locally advanced stage 2B—3C cancer
and 1 with treated breast cancer and suspected recurrence.
Patients undergo both '8F-FES PET/CT and standard-of-care
imaging (either CT/bone scan or '®F-FDG PET/CT). Prelimi-
nary results reported at the SNMMI meeting on the first 39
patients enrolled suggest that '8F-FES PET/CT detects more
unsuspected distant metastases at initial staging and also at the
time of suspected recurrence and may outperform current
imaging methods for detection of clinically significant and
treatment-altering disease in patients in both study cohorts.
These cohorts represent novel patient populations that
could benefit from '8F-FES PET/CT. Figure 5 shows compara-
tive '8F-FDG PET/CT and '8F-FES PET/CT imaging in a
59-y-old woman with previously treated invasive lobular breast
cancer and elevated tumor markers. Benign granulomatous
inflammation produced false-positive findings for lung recur-
rence on '8F-FDG PET/CT, but these lesions were not 'SF-
FES avid. However, many '®F-FES-avid nodal, GI, osseous,
and peritoneal metastases were missed on '8F-FDG imaging.
Tissue sampling of a peritoneal lesion demonstrated recurrent
lobular breast cancer.

One of the main applications for '8F-FDG PET has been
and remains lymphoma, in which the tracer is used for staging,
restaging, response assessment, and (more than in any other
disease) for the conduct of clinical trials. In these trials, we are
increasingly interested in looking at more than just the number
of lesions and visual criteria by applying radiomics principles
to extract more information. Eertink et al. from Amsterdam
University Medical Centers (The Netherlands), Erasmus Medi-
cal Centre (Rotterdam, The Netherlands), the Universitatsklini-
kum Essen (Germany), the University of Duisburg-Essen/
University Hospital Essen (Germany), Universitatsklinikum
Leipzig (Germany), Kings College (London, UK), Guy’s and
St. Thomas Hospital (London, UK), Istituto Imaging Della
Svizzera Italiana/Ente Ospedaliero Cantonale, Semmelweis
University (Budapest, Germany), and VU University Medical
Center (Amsterdam, The Netherlands), on behalf of the PETRA
Consortium, reported that “!®F-FDG PET radiomics features
result in more accurate prediction of outcome for diffuse large
B-cell lymphoma (DLBCL) patients than currently used Inter-
national Prognostic Index (IPI) score” [2490]. This group has
done remarkable work in collecting and analyzing these and

FIGURE 5. '®F-fluorestradiol (‘®F-FES) PET/CT
vs standard-of-care imaging in newly diagnosed
and suspected recurrent breast cancer. Compar-
ative '®F-FDG PET/CT (left) and '®F-FES PET/CT
(right) imaging in a 59-y-old woman with previ-
ously treated invasive lobular breast cancer and
elevated tumor markers. Benign granulomatous
inflammation produced false-positive findings for
lung recurrence (arrows) on '®F-FDG PET/CT;
these lesions were not '8F-FES avid. However,
many '®F FES-avid nodal, gastrointestinal, osse-
ous, and peritoneal metastases (arrows) were
missed on '®F-FDG imaging. Tissue sampling of
a peritoneal lesion demonstrated recurrent lobu-

lar breast cancer.
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similar data and have already published a number of articles in
this area. In their presentation at the SNMMI meeting, the
authors reported on a study designed to externally validate the
radiomics model developed in the HOVON-84 trial, using data-
sets from other DLBCL studies within the PETRA database,
and to identify an optimal model to predict outcomes in that
database by combining radiomics features and clinical parame-
ters. They identified several criteria validated as providing prog-
nostic information and applied these as model in other clinical
trials including a total of 1,090 patients. The new PETRA
model, combining quantitative radiomics features extracted
from baseline '8F-FDG PET/CT scans with components of the
IPI score, significantly improved identification of patients at
risk of relapse when treated with standard first-line treatment
regimens compared with the IPI score alone. It is clear that
these and other radiomics models will contribute to the use of
multiple datapoints beyond SUV that will be crucial in the con-
duct of future clinical trials, particularly those drawing on multi-
ple studies and very large patient populations.

We are often told that we are either not doing enough or are
doing too much '8F-FDG PET imaging. It is important that we
address such criticisms with data on usage, utility, and compli-
ance with validated guidelines. Sterbis et al. from the University
of Colorado Medical Center (Aurora, CO) and the Edward Hines
Jr. VA Hospital (Hines, IL) reported on “Lack of adherence to

guideline-based imaging prior to adjuvant radiation in patients
with non—small cell lung cancer NSCLC)” [2596]. The authors
used National Cancer Institute Surveillance, Epidemiology, and
End Results program data (which should be taken with a grain of
salt) in patients with NSCLC who had received adjuvant radia-
tion therapy and undergone imaging with CT angiography or
CT and/or PET with or without CT. They looked at adherence to
National Comprehensive Cancer Network guidelines for im-
aging in this setting prior to adjuvant radiation therapy, which
recommend that “PET/CT should be obtained preferably within
4 wk before treatment,” ideally in the treatment position. In this
study, only 56.3% of patients had preradiation imaging with
PET. Predictors of decreased PET/CT usage included stage
II or IV disease, initial treatment with chemotherapy or chemo-
radiation, black or other/unknown ethnicity, initial diagnosis
with CT or CT angiography alone, and/or neuroendocrine or
squamous cell biology. Both inferior overall survival and inferior
cancer-specific survival were associated with decreased prera-
diation PET/CT usage. It is a challenge and an area of great con-
cern that this modern and timely imaging technology is not
widely enough available or routinely and equitably offered
across all populations.

Dr. Schoder’s lecture will be continued in the next issue
of The Journal of Nuclear Medicine and will cover clinical
radionuclide therapy and experimental studies.
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SNMMI LEADERSHIP UPDATE

SNMMI Adopts New Strategic Plan

Munir Ghesani, MD, SNMMI President

cated professionals, policymakers, and the general

public about nuclear medicine and molecular imaging.
Advances in the field have signaled an expansion of the
profession and its ability to contribute to improved health
outcomes, necessitating that SNMMI leaders examine the
society’s long-range future. This past spring the SNMMI
leadership did just that, participating in a 1!/-day strategic
planning session.

To inform the strategic planning session, an environ-
mental assessment was conducted to engage as many voices
as possible. The assessment included one-on-one interviews,
an external environmental scan, and a survey of 383 members
from a wide cross-section of the organization. Board members
reviewed and prioritized SNMMI’s strategic opportunities
and discussed membership expectations. They also addressed,
discussed, and refined SNMMI’s mission and vision state-
ments and identified strategic objectives and initiatives.

With the completion of the strategic planning process,
I am pleased to share SNMMI’s new vision and mission
statements:

F or more than 50 years, SNMMI has successfully edu-

e Vision: SNMMI is the leading global organization
transforming the science and practice of diagnostic
and therapeutic nuclear medicine.

e Mission: Empowering our members to transform the
science and practice of precision nuclear medicine for
diagnosis and therapy to advance patient care.

To support the society’s vision and mission statement,
9 new strategic goals—with corresponding objectives and
tactics—have been identified.

Goal 1: Expand integration of best practices in all
aspects of nuclear medicine to optimize patient care and
access. To achieve this goal, SNMMI will work toward
greater inclusion of nuclear medicine in the guidelines of the
National Comprehensive Cancer Network, increase the num-
ber of designated Therapy Centers of Excellence, and incor-
porate best practices in all aspects of nuclear imaging and
therapy.

Goal 2: Attract and engage a diverse, multidisciplin-
ary, and global membership by offering opportunities,
services, and resources that anticipate and fulfill mem-
bers’ needs. Objectives include reimagining the SNMMI
membership structure, improving member benefits and serv-
ices, improving membership communication, and increasing
the society’s brand awareness. The society will also build a
forward-thinking leadership and career development program
and improve the diversity and inclusiveness of SNMMI vol-
unteer opportunities.

Goal 3: Ensure high-quality,
focused, needs-based education
for all segments of the profession
that is easily accessible and docu-
mentable to increase utilization.
This goal will be achieved by in-
creasing utilization of educational
resources for both members and
nonmembers.

Goal 4: Accelerate discovery,
research, and translation in nuclear
medicine and molecular imaging
through funding, education, and support for professionals.
SNMMI will work to increase research funding and its infra-
structure for research, as well as education, training, and men-
torship for research personnel. The society will lead multicenter
clinical trials through the SNMMI Clinical Trials Network and
Therapy Clinical Trials Network and enhance research on artifi-
cial intelligence, machine learning, and deep learning, among
other objectives.

Goal 5: Ensure that patients and the medical commu-
nity recognize the value of nuclear medicine, molecular
imaging, and radionuclide therapy. This goal will be
achieved by educating patients, referring physicians, and
other medical societies about radiopharmaceutical therapies.
SNMMI will also expand outreach at the regional, local, and
institutional levels; increase awareness among health care
administrators; and promote media coverage of nuclear medi-
cine and molecular imaging.

Goal 6: Sustain and grow a diverse and qualified work-
force that is prepared for current and future diagnostic
and therapeutic nuclear medicine needs to provide equita-
ble care. SNMMI will analyze and assess workforce needs,
showcase the field as a thriving career path, and foster the
growth, value, and diversity of early career nuclear medicine
and molecular imaging professionals. SNMMI will also ensure
that nuclear medicine and molecular imaging programs have
the necessary informational resources to be successful.

Goal 7: Position SNMMI to address the rapidly changing
needs of the profession and members. SNMMI will review
its organizational structure and core membership offerings, as
well as those of outside organizations. The society will develop
a sustainable organizational model considering SNMMI mem-
bership priorities, staffing, and fiscal health.

Goal 8: Engage stakeholders to develop, promote,
implement, and sustain policies to ensure equitable patient
access to appropriate nuclear medicine procedures.
Objectives for this goal include working closely with the
Centers for Medicare & Medicaid Services, legislators, and

Munir Ghesani, MD
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private payers to advocate on reimbursement and patient
access issues and educating stakeholders about changes to
relevant public policy requirements. SNMMI will leverage
coalitions to advocate for issues of mutual interest and focus
on state level advocacy, in addition to other objectives.

Goal 9: Ensure that the Annual Meeting remains rel-
evant by continuously reimagining the meeting in ways
that meet the changing needs of the nuclear medicine

and molecular imaging community. This goal will be
achieved by creating a 3-year plan to reimagine the meeting,
creating meaningful networking opportunities, and introduc-
ing innovative programming.

We look forward to working with members from all
areas of the field on this new strategic plan. Together we can
transform the science and practice of diagnostic and thera-
peutic nuclear medicine.
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SNMMI and Lobular Breast
Cancer Alliance Research Grant

The SNMMI Mars Shot Fund and
the Lobular Breast Cancer Alliance an-
nounced on October 3 that applications
are being accepted for the new and
jointly sponsored $100,000 Invasive
Lobular Carcinoma (ILC) Research
Grant. This initiative, a first-time col-
laboration between the 2 organizations,
aims to fund a research project focused
on advancing ILC breast cancer im-
aging and treatments to improve patient
outcomes.

To be selected, research projects
must focus on ILC and molecular im-
aging or therapy for lobular breast cancer.
Priority projects may have molecular im-
aging as the primary focus of the proposed
research, or, alternatively, researchers
may investigate methods that integrate
other imaging and/or molecular science
with radionuclide methods, including
hybrid imaging techniques such as
PET/CT, SPECT/CT, and PET/MR im-
aging. Patient advocates will be included
as voting members in the application
review process.

Applications are due by December
15. Additional information on applica-
tion and proposal submission is avail-
able at: https://www.snmmi.org/About
SNMMI/Content.aspx?ItemNumber=
41839&utm_source=Email&utm_
medium=Informz&utm_campaign=
Email%200utreach&_zs=i0qn91&_
zl=qKHr6.

SNMMI

DOE Breaks Ground for Stable
Isotope Production and
Research Center

The U.S. Department of Energy
(DOE), in coordination with Oak Ridge
National Laboratory (ORNL; TN), on
October 24 held a groundbreaking event
on the ORNL campus for the Stable
Isotope Production and Research Center
(SIPRC), which will expand the nation’s
capability to enrich stable isotopes for
medical, industrial, and research applica-
tions. DOE also announced $75 million

to support the SIPRC with funding pro-
vided through the Inflation Reduction
Act, which in FY 2022 delivered $1.55
billion to the Office of Science to accel-
erate national laboratory infrastructure
projects.

SIPRC will provide DOE with mul-
tiple production systems that can enrich
a wide range of stable isotopes. The
facility includes space to add additional
systems and expand the building foot-
print in the future as demand increases.
SIPRC will be part of the DOE Isotope
Program, which produces and sells iso-
topes that are in short supply or other-
wise unavailable. The research conducted
at SIPRC supports the Program’s innova-
tive work to develop advanced manu-
facturing techniques and novel isotope
separations to build out a safe and reli-
able domestic supply chain.

The facility is scheduled for comple-
tion in 2025 and will be housed in the
same space as the Enriched Stable Iso-
tope Prototype Plant. SIPRC will estab-
lish a domestic full-production cascade
for enriched stable isotopes. It will also
reduce the nation’s reliance on foreign
sources of enriched stable isotopes by
facilitating new capabilities to produce
useful quantities of priority stable iso-
topes. This will address the void left
when operation of the Oak Ridge calu-
trons ceased in 1998.

U.S. Department of Energy

NIH to Investigate Function of
Every Human Gene

The National Institutes of Health on
September 27 announced the launch of
a program intended to better understand
the function of every human gene and
to generate a catalog of the molecular
and cellular consequences of inactivat-
ing each gene. The Molecular Pheno-
types of Null Alleles in Cells (MorPhiC)
program, managed by the National
Human Genome Research Institute
(NHGRI), aims to systematically inves-
tigate the function of each gene through
multiple phases that will each build on
the work of the previous.

The program will be funded initially
for 5 y for a total of $42.5 million.

Phase 1 of the program will focus on
1,000 protein-coding genes and serve
as a pilot phase, with 3 goals: explor-
ing multiple methods of inactivating
(knocking out) gene function, devel-
oping molecular and cellular systems
that model multiple human tissues and
developmental stages, and developing
molecular and cellular approaches to
cataloging gene function that other re-
searchers can reproduce.

“The function of thousands of genes
is still a mystery, and they likely serve
vital biological roles,” said Colin
Fletcher, PhD, NHGRI program direc-
tor in the Division of Genome Sciences.
“Understanding fundamental biology
can help us figure out why certain
diseases occur and how we can de-
velop drugs to target and treat those
diseases.”

More than 6,000 of the estimated
19,000 protein-coding genes have not
been well studied. Among those that
have been studied, only small subsets
of their functions are well characterized.
All data over the course of the project
will be made available to the broader
research community. If Phase 1 is suc-
cessful, NIH will activate a second phase
to characterize a larger set of human
genes.

“MorPhiC is meant to add another
layer of functional information between
the gene knockout at the DNA level
and the organism-level effects. We want
to catalog the effects of knocking out
each gene within cells and—together
with information from other studies—
use that to understand how genes func-
tion to produce an organism,” said Adam
Felsenfeld, PhD, NHGRI program direc-
tor in the Division of Genome Sciences.
Recipients of funding for phase 1 of the
MorPhiC program include researchers
at Northwestern University Feinberg
School of Medicine (Chicago, IL), the
University of California San Francisco,
Sloan Kettering Institute for Cancer
Research (New York, NY), Jackson
Laboratory (Farmington, CT), and the
University of Miami (FL).

National Institutes of Health
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FROM THE LITERATURE

Each month the editor of Newsline
selects articles on diagnostic, therapeu-
tic, research, and practice issues from
a range of international publications.
Most selections come from outside the
standard canon of nuclear medicine and
radiology journals. These briefs are of-
fered as a window on the broad arena
of medical and scientific endeavor in
which nuclear medicine now plays an
essential role. The lines between diagno-
sis and therapy are sometimes blurred, as
radiolabels are increasingly used as ad-
Juncts to therapy and/or as active agents
in therapeutic regimens, and these shifi-
ing lines are reflected in the briefs pre-
sented here. We include a small section
on noteworthy reviews of the literature.

68Ga-DOTATATE PET/CT in
Sarcoidosis

Lee et al. from the Hospital of the
University of Pennsylvania (Philadel-
phia) and the Brigham and Women’s
Hospital/Harvard Medical School (Bos-
ton, MA) reported on October 20 ahead
of print in the Journal of Nuclear Cardi-
ology on the potential clinical utility of
%8Ga-DOTATATE PET/CT compared
with that of '8F-FDG PET/CT for diag-
nosis and response assessment in cardiac
sarcoidosis. The study included 11 pa-
tients who underwent imaging with both
tracers, and the 2 studies were interpreted
independently before comparison. The
researchers found that patient-level con-
cordance between studies with the 2 trac-
ers was 91%, with 10 patients having
multifocal DOTATATE uptake indicat-
ing active cardiac sarcoidosis and 1 with
diffuse DOTATATE uptake. Segment-
level agreement between the 2 types
of studies was 77.1%. The SUV,,,-t0-
blood pool ratio was lower with %®Ga-
DOTATATE PET/CT (3.2 * 0.6) than
with '8F-FDG (4.9 = 1.5). Eight patients
also underwent follow-up **Ga-DOTA-
TATE PET/CT, which showed 1 case
of complete response and 1 of partial
response, compared with 3 complete
and 1 partial response on follow-up '8F-
FDG PET/CT. The authors summarized

their findings that “compared to '3F-
FDG PET/CT, %8Ga-DOTATATE PET/
CT can identify active cardiac sarcoido-
sis with high patient-level concordance
but with moderate segment-level con-
cordance, low signal-to-background ra-
tio, and underestimation of treatment
response.”

Journal of Nuclear Cardiology

Predictive and Prognostic
Imaging Biomarkers in the
TheraP Trial

The TheraP Trial Investigators and
the Australian and New Zealand Uro-
genital and Prostate Cancer Trials Group
published on October 14 ahead of print
in Lancet Oncology an analysis from
their landmark trial, focusing on ®Ga—
prostate-specific membrane antigen
(PSMA)-11 PET and '¥F-FDG PET
parameters as predictive and prognos-
tic biomarkers in patients receiving
177Lu-PSMA-617 or cabazitaxel for met-
astatic castration-resistant prostate can-
cer. After reviewing the overall protocol
and criteria for the TheraP study, a multi-
center, open-label, randomized phase 2
trial with 200 participants (99 treated
with the PSMA agent and 101 with
cabazitaxel), the authors evaluated an
SUVean of =10 on 3Ga-PSMA-11
PET as a predictive biomarker of re-
sponse. A metabolic tumor volume of
=200 mL on '8F-FDG PET was tested
as a prognostic biomarker. Over a median
follow-up of 18.4 mo, 35 of the men
assigned to !”7Lu-PSMA-617 and 30
assigned to cabazitaxel therapy had high
PSMA uptake (SUViean = 10). The
odds of prostate-specific antigen (PSA)
response to the PSMA agent were sig-
nificantly higher for those with SUV p,¢a,
= 10 than those with SUV can < 10.
The PSA response rate in patients with
SUVean = 10 was 91% for '""Lu-
PSMA-617 and 47% for cabazitaxel
treatment. Corresponding response rates
in patients with SUV ean < 10 were
52% and 32%. High metabolic tumor
volumes (=200mL) on '3F-FDG PET
were seen in 30% of patients assigned to

177Lu-PSMA-617 treatment and 30% of
those assigned to cabazitaxel. The au-
thors concluded that “in men with meta-
static castration-resistant prostate cancer,
PSMA PET SUV,can Was predictive of
higher likelihood of favorable response
to "Lu-PSMA-617 than cabazitaxel,
which provided guidance for optimal
7Lu-PSMA-617 use.” High '"®F-FDG
PET metabolic tumor volumes were asso-
ciated with lower responses, regardless
of randomly assigned treatment, an indi-
cation that additional research may define
the need for treatment intensification.
Lancet Oncology

PET/CT and Prognosis in RT of
Rhabdomyosarcoma

Cheriyalinkal Parambil et al. from
Tata Memorial Hospital/Homi Bhabha
National Institute (Mumbai, India) re-
ported on October 14 ahead of print in
the Journal of Pediatric Hematology/
Oncology on a study of the prognostic
significance of persistent '8F-FDG avid-
ity on PET in residual masses after de-
finitive radiation treatment in pediatric
rhabdomyosarcoma. The retrospective
study included 63 children with group IIT
(n = 55) and group IV (n = 8) rhabdo-
myosarcoma who underwent PET/CT
imaging at 3 mo after radiation for local
control. Residual masses were visualized
in 10 patients (15.9%), and anatomic
residual disease was visualized in 24
(38.1%), with no '®F-FDG-avid areas in
29 (46.0%). Over a median follow-up of
38 mo, 3-y event-free survival for chil-
dren with '8F-FDG-avid residual masses
was 40.0% compared with 71.9% for
those who had no such masses. Three-
year overall survival of patients with !8F-
FDG-avid residual masses was 50.8%
compared with 77.0% for the remaining
patients. These results were sustained on
multivariate analysis. The authors con-
cluded that “persistent metabolic activity
in residual disease postchemoradiother-
apy in rhabdomyosarcoma may portend
a poorer prognosis with an increased
risk of relapse.” They added that “this sub-
set of high-risk patients needs to be iden-
tified, and further trials are warranted
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to develop strategies to improve their

outcomes.”
Journal of Pediatric Hematology/
Oncology

1C-Choline PET/CT in Primary
Hyperparathyroidism

In a study published on October 10
ahead of print in Surgery, Saha et al.
from the Mayo Clinic (Rochester, MN)
reported on ''C-choline PET/CT in eval-
uation of primary hyperparathyroidism,
with a focus on utility when conven-
tional imaging techniques fail to provide
accurate preoperative localization. The
study included 43 patients in whom mul-
tiple standard imaging modalities had
failed to localize disease and who under-
went limited-coverage neck-and-chest
"C-choline PET/CT. Thirty-three pa-
tients had positive findings on ''C-
choline PET/CT. Of the 25 patients
who proceeded to surgery, 18 were re-
operations. Twenty of the 25 patients
achieved an operative cure. ''C-choline
PET/CT was found to have a sensitivity
of 64% and positive predictive value
of 72%, with 5 false-positive findings
(lymph nodes, normal parathyroid, and
a recurrent laryngeal nerve neuroma).
These results were compared with those
from standard imaging modalities, in-
cluding ultrasound, '?*I-sestamibi, and
4D CT. The authors concluded that ''C-
choline PET/CT “is a useful adjunct for
parathyroid localization in a complex
population of patients who have failed
standard localization techniques, includ-
ing ultrasound, '?*I-sestamibi, 4D CT,
and/or prior operations.” They added
that although ''C-choline PET/CT may
not be needed routinely, “it may aid in
preoperative localization in the reopera-
tive setting.”

Surgery

Clinical Experience with
Implementation of 2015
ATA Guidelines

Wu et al. from the University of
Calgary/University of Calgary Cumming
School of Medicine (Canada) reported
on October 13 ahead of print in Thyroid
on the clinical outcomes of the imple-
mentation of the 2015 American Thyroid

Association (ATA) guidelines for man-
agement of thyroid nodules and dif-
ferentiated thyroid cancer (DTC) using
the modified ATA recurrence risk (RR)
stratification system. A total of 479 pa-
tients with DTC were assigned a modi-
fied ATA RR (253 [53%] low-, 129
[27%] intermediate-, and 97 [20%]
high-RR) and American Joint Commit-
tee on Cancer 8th-edition stage. These
and the ATA recommendations guided
surgical management, radioiodine treat-
ment, and adjuvant therapies. Responses
to treatment were evaluated at 2 y after
surgery, which included 227 (47%) total
thyroidectomies plus radioiodine, 178
(37%) total thyroidectomies only, and
74 (16%) lobectomies. The 2-y re-
sponses to treatment were excellent for
66 (89%) patients undergoing lobec-
tomy, 149 (84%) with total thyroidec-
tomy only, and 121 (53%) with total
thyroidectomy plus radioiodine treat-
ment. Of patients stratified at low-RR,
216 (85%) had excellent responses to
treatment, 32 (13%) had indeterminate
treatment responses, 4 (2%) had bio-
chemical incomplete responses, and 1
had a structural incomplete response to
treatment. Of patients stratified at inter-
mediate-RR, 83 (64%) saw excellent, 30
(23%) saw indeterminate, 7 (6%) saw
biochemical incomplete, and 9 (7%)
saw structural incomplete treatment re-
sponses. With the worst study outcomes,
patients in the high-RR saw 37 (38%)
excellent responses, 18 (19%) indetermi-
nate, 10 (10%) biochemical incomplete,
and 32 (33%) structural incomplete
responses to treatments. The authors
concluded that the “2015 ATA RR strat-
ification system is useful for predicting
disease status at 2-y posttreatment in
patients with DTC” and “may reduce
thyroid cancer overtreatment by includ-
ing lobectomy as a definitive treatment
option for low-risk thyroid cancers and
selective use of radioiodine for interme-
diate- and high-risk patients.”

Thyroid

Cardiovascular Complications
and Long COVID
In an article published on September

23 in Frontiers in Cardiovascular Medi-
cine (2022;9:968584), Murata et al. from

Nihon University School of Medicine
(Tokyo, Japan) reported on a study using
multimodality imaging to investigate the
prevalence of cardiovascular disorders,
particularly in patients with cardiovascu-
lar “long COVID.” The study drew pa-
tients from a total of 584 individuals
admitted to the hospital with COVID-19
between January 2020 and September
2021. At clinical assessment over a me-
dian follow-up of 163 d, 52 (9%) patients
with complaints of chest pain, dyspnea,
or palpitations were suspected to have
cardiovascular long COVID and were
enrolled in the study. Patients underwent
electrocardiography, chest X-ray imag-
ing, and echocardiography, as well as
cardiac MR and SPECT/CT imaging de-
pending on initial findings. Cardiovascu-
lar disorders were present in 27%; of these,
15% had myocardial injury, 8% had pul-
monary embolisms, and 4% both. Patients
with cardiovascular disorders had sig-
nificantly higher incidences of severe
COVID conditions (36% vs 8%) and
in-hospital cardiac events (71% vs. 24%)
than those who did not. A severe COVID
condition and in-hospital severe condition
proved to be independent risk factors for
cardiovascular disorders in cardiovascular
long COVID patients. No patients died
during the study period, and no adverse
events were reported. The authors cited
other investigators’ observations that
long COVID itself is unlikely to result in
organic cardiovascular disease, and, when
it does, is likely to be quite mild. Despite
the fact that patients with long COVID
and cardiovascular complications tended
to have longer-lasting symptoms of long
COVID, the prognosis did not seem to be
worse. They concluded that “early detec-
tion of cardiovascular problems in car-
diology for symptomatic long COVID
patients may inform patients of the dura-
tion of symptoms and allow symptoms to
be shortened through appropriate thera-
peutic intervention.”
Frontiers in Cardiovascular
Medicine

PSMA PET/CT and Dose-
Escalated Salvage RT in PCa

Tamihardja et al. from the University
of Wirzburg (Germany) reported on
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October 10 in Cancers (Basel) (2022;
14[19]:4956) on a study of oncologic out-
comes with prostate-specific membrane
antigen (PSMA) PET/CT—guided salvage
radiotherapy for localized macroscopic
prostate cancer recurrence. The study
included 367 men who received such radi-
ation treatment after radical prostatec-
tomy. Of these, 111 patients were staged
by either 8 GA-PSMA-I&T or '8F-
PSMA-1007 before radiation. A total of
59 (53.2%) of these patients were treated
for PSMA PET—positive macroscopic
prostatic fossa recurrence. Over a median
follow-up of 38.2 mo, the 3-y biochemical
progression-free survival rate was 89.1%
and the 3-y metastasis-free survival rate
reached 96.2%. The cumulative 3-y late
grade 3 genitourinary toxicity rate was
3.4%, with no late grade 3 toxicities
reported. The authors concluded that
“PSMA PET/CT-guided dose-escalated
salvage radiotherapy with a simultaneous
integrated boost to the local recurrence
achieved encouragingly high rates of 3-y
biochemical progression-free survival,
metastasis-free survival, and overall
survival,” with effective disease control
and low toxicity rates.

Cancers (Basel)

Choroid Plexus Imaging in
Presymptomatic MS

In an article published on October
13 in Neurology, Neuroimmunology, and
Neuroinflammation (2022;9[6]:¢200026),
Ricigliano et al. from the Sorbonne
Université; Paris Brain Institute, ICM,
CNRS, Inserm; St Antoine Hospital;
Pitié-Salpétriere Hospital; Hopital Fonda-
tion Adolphe de Rothschild; Université
Paris-Saclay, CEA, CNRS, Inserm; and
Service Hospitalier Frédéric Joliot, Orsay
(all in Paris, France) reported on a study
assessing whether imaging characteristics
of the choroid plexus are detectable at
the earliest stages of multiple sclerosis
(MS), before clinical symptom onset. The
retrospective study included 27 individu-
als with presymptomatic MS, 97 with
clinically definite MS (CDMS), and 53

healthy controls, all of whom underwent
cross-sectional 3T-MR imaging. A subset
of 22 CDMS individuals, 19 healthy
controls, and 1 individual with presymp-
tomatic MS (imaged 8 mo before con-
version to CDMS) also underwent
translocator protein (TSPO) '8F-DPA-714
PET imaging. Choroid plexus '3F-DPA-
714 uptake was calculated as the average
SUV. Compared with healthy controls,
individuals with presymptomatic MS had
32% larger choroid plexuses, similar to
those with MS. Baseline PET imaging in
the presymptomatic case who later devel-
oped MS showed 33% greater choroid
plexus inflammation than in healthy con-
trols. Postmortem studies in the choroid
plexus of this individual identified a popu-
lation of CD163" mononuclear phago-
cytes expressing TSPO in MS, possibly
contributing to the increased '8F-DPA-
714 uptake. The authors concluded that
“by identifying an imaging signature in
choroid plexuses already in presympto-
matic MS, our work supports their role
from the early phases of disease develop-
ment and encourages further investiga-
tions on the involvement of choroid
plexus immune infiltration and blood—
cerebrospinal fluid barrier dysfunction
indisease onset.”
Neurology, Neuroimmunology, and
Neuroinflammation

Reviews

Review articles provide an important
way to stay up to date on the latest topics
and approaches through valuable summa-
ries of pertinent literature. The Newsline
editor recommends several general re-
views accessioned into the PubMed
database in September and October. Lin-
guanti et al. from the University of Flor-
ence and the IRCCS-Humanitas Research
Hospital (Rozzano; both in Italy) reported
in the September 27 issue of Cancers
(Basel) (2022;14[19]:4700) on “Metabol-
ic imaging in B-cell lymphoma during
CAR-T cell therapy.” In the October
17 issue of the Medical Journal of Aus-
tralia (2022;217[8]:424-433), Williams
et al. from the Royal Melbourne Hospital,

Peter MacCallum Center Centre, Monash
University, Cabrini Institute/Cabrini
Health (all in Melbourne, Australia), Sin-
gapore General Hospital, and University
College London (UK) presented “Mod-
ern paradigms for prostate cancer detec-
tion and management.” An overview of
“Positron emission tomography in autoim-
mune encephalitis: Clinical implications
and future directions” was provided by
Li et al. from Beijing Tiantan Hospital/
Capital Medical University and the China
National Clinical Research Center for
Neurological Diseases (both in Beijing,
China) on October 19 ahead of print in
Acta Neurologica Scandinavica. Hawkey
et al. from Duke University School of
Medicine (Durham, NC) and Tulane Can-
cer Center (New Orleans, LA) published
an assessment of “The value of phenotypic
precision medicine in prostate cancer” on
October 6 ahead of print in the Oncologist.
“Novel tracers for molecular imaging of
interstitial lung disease: A state of the art
review” was offered online ahead of print
in the September 21 issue of Autoimmunity
Reviews by Broens et al. from the Vrije
Universiteit Amsterdam (The Nether-
lands). The October issue of Surgical
Oncology Clinics of North America pub-
lished several reviews of state-of-the-art
imaging techniques, including Szidonya
et al. from the Oregon Health and Science
University (Portland), Semmelweis Uni-
versity (Budapest, Hungary), University
of Iowa Hospitals and Clinics (Iowa
City), and University of Colorado School
of Medicine (Aurora) with “Molecular
and anatomic imaging of neuroendocrine
tumors (2022;31[4]:649-671); Graves
et al. from the University of California
Davis (Sacramento), the University of
California, San Francisco, and New
York University Langone Health (NY)
with “Innovations in parathyroid localiza-
tion imaging (2022;31[4]:631-647); and
Goodman et al. from the University of
California, San Francisco, with “Molecular
imaging for estrogen receptor-positive
breast cancer: Clinical applications of
whole body and dedicated breast pos-
itron emission tomography” (2022;31[4]:
569-579).
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DISCUSSIONS WITH LEADERS

Leading in Urology and Pioneering in Social Media Outreach
A Conversation Among Declan Murphy, Ken Herrmann, and Michael Hofman

Declan Murphy'~?, Ken Herrmann®, and Michael Hofman?

! University of Melbourne, Melbourne, Victoria, Australia; 2Peter MacCallum Cancer Centre, Melbourne, Victoria, Australia; and

3 . ..
Universitatsklinikum Essen, Essen, Germany

Ken Herrmann, MD, MBA, a professor of nuclear medicine at
the Universitatsklinikum Essen (Germany), and Michael Hofman,
MBBS, FRACP, director of the Prostate Cancer Theranostics and
Imaging Centre of Excellence at the Peter MacCallum Cancer Cen-
tre (Melbourne, Australia), talked with Declan Murphy, FRACS,
FRCS, about his career in genitourinary (GU) oncology. Dr. Mur-
phy is a consultant urologist, the director of robotic surgery, and the
director of GU oncology at the Peter MacCallum Cancer Centre
and a professorial fellow at the University of Melbourne. He is an
internationally recognized subject matter expert in GU oncology,
with a focus on prostate cancer, including prostate-specific mem-
brane antigen (PSMA) imaging and theranostics. He has been chief
investigator on numerous large-scale competitive GU oncology
grants and leads an active team of clinical researchers at Peter
MacCallum.

After completing specialist urology training at Guy’s and St.
Thomas’ Hospital (London, U.K.), Dr. Murphy spent a year in Mel-
bourne as a fellow in laparoscopic and robotic urology under the
supervision of Tony Costello. He returned to Melbourne in 2010 to
take up his current positions. In 2020 he was named Australia’s top
researcher in urology, based on publications and citations in top
journals in the field. He is a member of the invitation-only Ad-
vanced Prostate Cancer Consensus Conference and of the exclusive
Association of Academic European Urologists. He holds senior edi-
torial positions at the BJU International, European Urology, Nature
Reviews Urology, and Prostate Cancer & Prostatic Diseases and is
on the board of reviewers for many other journals.

Dr. Murphy is active on social media, with a large Twitter fol-
lowing and a busy YouTube channel. He blogs regularly for sev-
eral websites and hosts the popular GU Cast podcast, focusing on
GU oncology topics.

Dr. Herrmann: Welcome, Dr. Murphy. Everyone knows you as
the driving force of the GU program at the Peter MacCallum Can-
cer Centre. Please tell us how you came to be there.

Dr. Murphy: I grew up and completed my medical and surgical
training in the beautiful west of Ireland, followed by urology train-
ing at Guy’s and St. Thomas’ in England and a GU oncology fel-
lowship at the Royal Melbourne Hospital and Peter MacCallum
Cancer Centre in Melbourne. We said goodbye to Melbourne and
returned to the U.K. in 2007. However, we returned to Australia in
2010, when Peter MacCallum invited me to contribute to building
a new cancer center and lead the GU oncology team.

COPYRIGHT © 2022 by the Society of Nuclear Medicine and Molecular Imaging.
DOI: 10.2967/jnumed.122.265028

Dr. Hofman: Our paths almost crossed
when I did a nuclear medicine fellowship
at Guy’s and St Thomas'’. When did you
realize the importance of nuclear medicine
in urology? While exposed to the PET
Center at St Thomas’ or when you arrived
in Australia?

Dr. Murphy: While at Guy’s Hospi-
tal, in Urology up until 2009, we used
bone scans but not PET, despite increas-
ing interest in *F-FDG PET around the
world. In addition, choline PET was unre-
alistic for many centers. After moving to
Peter MacCallum in 2010, the GU community showed little interest
in PET imaging. While we did have a choline PET program running
at Peter Mac, there were logistic and technical problems resulting
from scanning availability, and the clinical utility was limited. There-
fore, our multidisciplinary tumor team had no involvement with
nuclear medicine up until the arrival of PSMA PET/CT in 2014.

Dr. Hofman: Tell us how your interest was sparked.

Dr. Murphy: I’ll never forget it. I ran into Rodney Hicks (MD,
FRACP) and Dr. Hofman at lunch, and they told me about PSMA
PET imaging. I hadn’t heard of it, but they said it was going to be
sensational. I initially ignored this, but then I saw the imaging of
the first patient scanned at Peter MacCallum in mid-2014—and it
was indeed sensational. We still show that first case, as you could
see the prostate tumor, lymph nodes, and bone metastases all in
one scan, with a stunning tumor-to-background ratio. Sometimes in
oncology a stunning image can be just as dramatic as a significant
P value. That image is where our enthusiasm started. Then you
and your nuclear medicine colleagues, especially your colleagues
in Germany, began to produce the data. We haven’t looked back
since.

Dr. Herrmann: You were one of the first urologists in Australia
to see the value of PSMA PET/CT. Despite concerns about stage
migration and possible downsides of new technologies, you and
your team embraced it. Why?

Dr. Murphy: The stage migration issue does get overexpressed.
It comes back to the design of the proPSMA study, with the primary
endpoint being accuracy (Fig. 1). Accuracy was very attractive for
this novel imaging technology, because we knew there were prob-
lems with conventional technologies for staging prostate cancer.
Bone scans have false-positives and -negatives, and CT scans often
miss lymph node involvement. We were making decisions based on
poor-quality information; if better-quality information is available,
that should not be described as stage migration. It should be
described as improved accuracy.

Declan Murphy, FRACS,
FRCS
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FIGURE 1. Dr. Declan Murphy (left) and Dr. Michael Hofman (right)
accepting the 2021 Australian Clinical Trials Alliance (ACTA) Trial of the
Year Award for the ProPSMA study.

Dr. Herrmann: That is an excellent point. When you look at
PSMA PET/CT, how early can we implement it? For example, is
there potential for replacing multiparametric MRI for detection of
prostate cancer?

Dr. Murphy: In the 2014-2017 era, multiparametric MRI was
used for early detection, after an elevated prostate-specific antigen
(PSA) level and before biopsy. Now we use it routinely for all
patients, with any suspicion of prostate cancer guiding the need for
biopsy. But we know there are limitations for MRI, and patients

presented at the European Association of Urology (EAU) this sum-
mer, showed very encouraging results documenting excellent toler-
ability and safety, and we look forward to publishing the final data
in early 2023.

Dr. Herrmann: Urology is an important partner in driving the
acceptance of theranostics in Europe. How do you see this in the
United States and globally?

Dr. Murphy: Prostate cancer multidisciplinary meetings need to
include the nuclear medicine team, to benefit our patients. A mes-
sage for the readership of The Journal of Nuclear Medicine is that
urology and nuclear medicine can partner really well. Everyone
should advance partnerships that they have with their colleagues,
optimally selecting patients for FDA-approved therapies and
research studies. I’m very optimistic that we’ll see more successful
partnerships around the world as these technologies become more
available.

Dr. Herrmann: On a society level, EAU and the European
Association of Nuclear Medicine (EANM) do a great job partner-
ing. How do you see this on a global level?

Dr. Murphy: This is indeed really important. EAU and EANM
established a productive relationship over many years, including
joint section meetings and many joint publications. This could or
should be the template toward which we aspire. But we really
need to turbocharge these advances, because that’s what’s required
(especially for patient care) on a global level.

Dr. Herrmann: In addition to your outstanding scientific track
record, you are also famous for your social media activities, includ-
ing the GU podcast, your Twitter activities, your YouTube presence,
and, of course, outstanding movielike talks. Tell us how you embraced
social media and what nuclear medicine can learn from you?

“If you're not embedded with these clinical teams, there’s a high risk that the technology that you learned in your
fellowship will be gone by the wayside 5 years later.”

with normal or equivocal MRIs but with concerning features (such
as young age or high PSA density) may need biopsies as well. I
don’t think PSMA PET will replace MRI, but there is a subset of
patients with normal or equivocal MRI results in whom PSMA
PET/CT can add value, and we are evaluating this in a further ran-
domized study.

Dr. Hofinan: Not only did you embrace PSMA PET/CT early for
diagnosis, but you also embraced it for therapy—designing and partic-
ipating in the first prospective study of lutetium PSMA that led directly
to the TheraP trial and now investigating lutetium PSMA as a first-
line therapy in the UpFrontPSMA and LuTectcomy trials. What do
you think of the use of lutetium PSMA early, either before surgery or
instead of surgery?

Dr. Murphy: It is very important to have scientific rigor in eval-
uating these exciting new technologies. Successful randomized tri-
als in patients with advanced disease have demonstrated the utility
of lutetium PSMA, which is now FDA-approved and included in
guidelines. We also need to use prospective studies to evaluate early
metastatic and high-risk localized prostate cancer. That’s my first
message.

We recently operated on the final patient (number 20) in our
LuTectomy trial, in which patients received lutetium PSMA before
radical prostatectomy. The initial data from the first 10 patients,
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Dr. Murphy: I joined Twitter in 2011. This was triggered by an
article describing how an academic hematologist found Twitter to
be quite useful for looking at newly released papers and opinions.
So I just made a Twitter profile, typed in “prostate cancer,” and
started following a few of my friends who were leaders in the field.
All of a sudden, my phone was lighting up with these great papers,
just-published opinions, and images. I became very active and was
soon appointed as associate editor for social media for the British
Journal of Urology. We developed a strong social media strategy
using Twitter, YouTube, and blogging to disseminate information
outward—but also engaging with clinicians and researchers inward.
To me, it is surprising that 10 years later Twitter remains the most
important tool for clinicians and researchers who want to keep up to
date with content and also have some fun engaging with their col-
leagues and friends around the world. Especially for an imaging-
based specialty like nuclear medicine, it’s a great opportunity to
share interesting images and tell tales.

Dr. Herrmann: My cointerviewer, Dr. Hofiman, is also a social
media giant. He will follow up with more detailed social media
questions.

Dr. Hofinan: You recently transitioned away from Twitter toward
podcasting and YouTube TV. What led you to this transition, and how
do you see this new form of knowledge dissemination playing out?
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Dr. Murphy: Spotify made a large investment in podcasting in
about 2019, and Apple Music put a huge investment into podcasts.
This caught my attention. At around that time, mirroring technology
in cars was beginning to take off, so that podcasts could be played
while driving. The world was transitioning to on-demand for every-
thing. These technologic and behavioral changes resulted in a tre-
mendous boom in the market for on-demand podcasting. I wanted
to use my time biking to work to listen to urology-related topics,
but there was not much out there. We decided to set up a podcast
just for ourselves, our local community, to discuss hot topics that
we talked about on Twitter. In early 2020 we bought some technol-
ogy and spent a couple of months trying to figure out how to set up
a podcast. Then suddenly the pandemic hit, and we posted our very
first podcast at the end of March 2020, when Melbourne was in
complete lockdown. The EAU meeting had been canceled, along
with the presentation by Dr. Hofman on the proPSMA study to
coincide with publication in The Lancet, so we made the proPSMA
study the topic of our first podcast. Now 2.5 years later we are
approaching 100 episodes and many tens of thousands of down-
loads. I am convinced that the pandemic facilitated the acceleration
of our podcasting program.

Today, my colleague Renu Eapen (a real talent) and I talk about
anything to do with GU oncology. We absolutely love talking
about nuclear medicine, and therefore, we have had lots of interac-
tions with PSMA experts from around the world. About a year
ago we expanded into YouTube, because that was growing in the
podcasting world. I read an article saying that YouTube gave dif-
ferent value for visual bites and that you could grow, not split,
your podcasting audience by going into YouTube. I also quite like
video technology, and now it’s like a TV production.

Dr. Hofman: You recently talked about obsolescence in surgi-
cal training. I wonder what advice you would give a young doctor
thinking about nuclear medicine training?

Dr. Murphy: The title of the talk was “Avoiding Obsolescence
as a Cancer Surgeon.” I was just about to turn 50 when I was tasked
to give this talk challenging my own relevance and future job secu-
rity. My first message was that lifelong learning is essential. Look-
ing back to my training as a young surgeon, we did basic surgery,
including radical mastectomy and axillary lymph node clearance,
with techniques that would never be used in patients today. No mat-
ter what you’re doing out there today (and certainly in surgical
training), it’s important to understand that by the time you reach
midcareer, there’s a high chance that all these things are going to be
obsolete. Therefore, of course, lifelong learning has to be essential
not only to remain relevant but to do the best for our patients.

Nuclear medicine is a naturally evolving specialty, where new
ligands and new imaging technologies such as total-body PET will

always be creating new opportunities for your imaging capabilities.
What the theranostics revolution in prostate cancer has shown us is
that the most important thing for nuclear medicine practitioners,
especially those who do theranostics, is to embed yourselves with
clinical teams, whether these are in oncology or in functional imag-
ing. If you’re not embedded with these clinical teams, there’s a high
risk that the technology that you learned in your fellowship will be
gone by the wayside 5 years later. If you work embedded in clinical
teams, then you are much more likely to evolve and to help develop
the best research questions for your patients.

Dr. Herrmann: Success of institutional programs often boils down
to individuals. How do you transfer your enthusiasm, your energy,
and your visionary thinking to the next generation of clinicians?

Dr. Murphy: In surgery, we have traditionally had problems
with too many men. One of our favorite missions is to attract fantas-
tic, smart young women to urology. In part, this is because we need
to change the structure of our workforce to be more representative.
But also, to be brutally honest, it’s a competitive world out there
and we have all these wonderful young women doctors coming
through. Unless we are attractive to them as a specialty, we will
lose the smartest people. They will go to other areas in medicine
where they feel more valued or more looked after. So, making sure
we have a diverse workplace is important. The best workforce is
diverse, and that sometimes takes a lot of strategy, leadership, and
planning. In surgery, certain specialties (and urology is one of
them) have far too many men. We have to actually go out of our
way to ask: How are we going to change that? How are we going to
change our scientific meetings to make them more sex-balanced?
How are we going to change our training programs or the way we
offer flexible training to young women? That is one of the points in
my “Avoiding Obsolescence”—how to include young women in
our specialty and make sure we are attracting the best people. We
also need to think about other people who are not as well repre-
sented as they could be and reach out, widening participation.

Dr. Herrmann: What 3 wishes do you have from or for nuclear
medicine for the future?

Dr. Murphy: Wish number 1 is around imaging technology.
Can you please accelerate total-body PET/CT into clinical practice
all around the world? Because I think this will be a game changer
for prostate cancer. Wish number 2: please keep developing radio-
guided surgery opportunities in prostate cancer. This offers great
promise, but we’re not there yet. Number 3: we are at only the
start of the theranostics revolution in GU oncology. I encourage
you to be ambitious and change the world for all our GU oncology
patients.

Dr. Herrmann: Dr. Murphy, Dr. Hofiman, thank you very much
for your time.
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Fibroblast activation protein-a (FAP-a) is a type Il transmembrane gly-
coprotein that is overexpressed in activated fibroblasts such as those
in the stroma of tumors or in the fibrotic processes accompanying
various benign diseases. The recent development and clinical imple-
mentation of radiolabeled quinolone-based tracers suitable for PET
that act as FAP inhibitors (FAPIs) have opened a new perspective
in molecular imaging. Although multiple studies have investigated the
use of FAPI imaging in cancer, evidence concerning its use in nonma-
lignant diseases is still scarce. Herein, we provide a comprehensive
review of FAPI imaging in nonmalignant diseases to clarify the current
and potential role of this class of molecules in nuclear medicine.
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Fibroblast activation protein-o (FAP-at) is a type Il transmem-
brane glycoprotein that is overexpressed in cancer-associated fibro-
blasts. These cells play a crucial role in the development of the tumor
microenvironment, which is involved in tumor growth, migration, and
progression (/,2). FAP-a is present on the cell membrane of activated
fibroblasts in approximately 90% of epithelial neoplasms, whereas
resting fibroblasts and most other cell types have little to no FAP
expression. Therefore, the development of radiolabeled quinolone-
based tracers suitable for PET that act as FAP inhibitors (FAPIs) was
a major breakthrough in nuclear medicine (3—7). Direct comparisons
between FAPIs and the dominant PET tracer in oncology in the last
40 years, '8F-FDG, raise hopes for more sensitive and specific molec-
ular imaging techniques that might also guide the way for novel thera-
nostic treatment options (8,9).

However, fibroblast activation is not confined only to tumors but
also occurs in immune-mediated diseases. Indeed, inflammation is
directly linked to mesenchymal stromal activation, which leads to tis-
sue damage. Activated FAP-positive fibroblasts play a major role in
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this process and can acquire heterogeneous activation states. Catabolic
FAP-positive extracellular matrix—degrading phenotypes of fibroblasts
are associated with, for example, cartilage destruction and bone ero-
sions, as seen in theumatoid arthritis (/0). On the other hand, mesen-
chymal stromal activation can also result in their differentiation into
FAP-positive extracellular matrix—producing fibroblasts positive for
purine-rich box1, which is the dominant phenotype in fibrotic dis-
eases. Fibrotic diseases such as systemic sclerosis (SSc) and 1gG4-
related disease (IgG4-RD) are characterized by fibroblast activation
and an excessive accumulation of extracellular matrix, which disrupts
the physiologic tissue architecture and often leads to severe dysfunc-
tion of the affected organs. Fibrotic tissue responses across different
diseases have been estimated to account for up to 45% of deaths in
high-income countries and cause a socioeconomic burden of tens of
billions of U.S. dollars per year (/7). Because of the elevated clinical
and economic relevance of these disease groups, a noninvasive imag-
ing approach toward accurately detecting and quantifying mesenchy-
mal tissue responses would be desirable (6). However, assessment of
the molecular dynamics of mesenchymal stromal activation and fibro-
sis remains challenging (/2). In this review, we provide an overview
of the use of FAPI PET/CT in nonmalignant diseases.

FAPI IMAGING IN 1gG4-RD

Despite being inflammatory, immune-mediated diseases are associ-
ated with substantial activation of tissue-resident fibroblasts, resulting
in fibrosis and organ damage. 1gG4-RD is a paradigm of the inflam-
mation-versus-fibrosis dichotomy: it is characterized by both autoim-
mune inflammation and tumefactive tissue fibrosis, with a predilection
for the pancreas, salivary glands, kidney, aorta, and other organs (13).
Although antiinflammatory drugs can reduce inflammatory activity in
IgG4-RD, they have only a limited effect on the fibrotic disease com-
ponent (/4). During the disease course, there is a progression from a
proliferative phenotype that is characterized by dense inflammatory
lymphoplasmocytic infiltrates to a fibrotic phenotype with sparse cellu-
lar infiltrates but a greater degree of fibrosis (15).

In a cross-sectional clinical study, 27 patients with histologically
confirmed IgG4-RD underwent both ®F-FDG PET/CT and %*Ga-
FAPI-04 PET/CT, as well as MRI and histopathologic assessment
(12). In a longitudinal approach, '*F-FDG PET/CT and **Ga-FAPI-04
PET/CT data were evaluated before and after immunosuppressive
treatment and were correlated with MRI and clinical data. Dual-tracer
imaging revealed 3 distinct phenotypes of disease: proliferative, mixed,
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visually positive for detecting involvement
of 1gG4-RD in all patients, '*F-FDG PET/
CT results were positive in 24 patients
(92%). In the 136 involved organs, **Ga-
FAPI-04 PET/CT additionally detected 18
involved organs (13%) in 13 patients (50%),
compared with '®F-FDG PET/CT. All '3f-
FDG-avid lymph node involvement was
missed by °*Ga-FAPI-04 PET/CT. This is
most likely explained by the missing stori-
form fibrosis pattern typical of IgG4-RD.
Visual comparison of the uptake and exten-
sion of the involved organs revealed higher
uptake and a more pronounced disease ext-
ension in the pancreas, bile duct/liver, and

suv 10

FIGURE 1. ®3Ga-FAPI-04 PET/CT (A-C) and '®F-FDG PET/CT (D-F) images of man with histologi-
cally confirmed IgG4-RD. Tissue mass surrounding thoracic aorta exhibits increased ®®Ga-FAPI-04
and increased '®F-FDG accumulation (arrowheads), typical of mixed phenotype.

and fibrotic (Fig. 1). The proliferative phenotype was characterized
by intense lymphocyte infiltration, whereas fibroblasts were abundant
in the fibrotic phenotype. Although the '8F-FDG signal was positive
in the inflammatory and mixed phenotypes, the fibrotic phenotype
remained negative on '®F-FDG PET/CT but positive on **Ga-FAPI-
04 PET/CT (Fig. 2). Follow-up imaging revealed that antiinflamma-
tory treatment of IgG4 manifestations significantly reduced 'F-FDG
PET uptake in more than 90% of inflammatory lesions. In contrast,
fibrotic lesions demonstrated only a partial reduction in uptake after
antiinflammatory treatment. Furthermore, more than 50% of active
%8Ga-FAPI-04 lesions were persistently detectable after 6 mo of antiin-
flammatory treatment. Interestingly, persistent fibrotic activity resulted
in constant or further progression of the fibrotic lesion mass whereas
lesions with a significant reduction in ®*Ga-FAPI-04 uptake decreased
in size. These findings suggest that '*F-FDG-negative IgG4-RD mani-
festations should not be misinterpreted as functionally inactive and
that patients with **Ga-FAPI-04—positive lesions may require different
forms of treatment because therapies that focus on proliferative disease
features such as glucocorticoids may be sufficient to stop fibrosis.
Because of the development of specific treatments tackling fibrotic
responses, such as pirfenidone or inhibitors of the transcription factor
purine-rich box1, %Ga-FAPI-04 PET/CT might be an ideal tool to
detect shifts from inflammatory to fibrotic disease and for evaluation
of the treatment response in IgG4-RD (76). Luo et al. evaluated the
use of '8F-FDG PET/CT and ®*Ga-FAPI-04 PET/CT in 26 patients
in a prospective cohort study (/7). They compared the rates of PET/
CT positivity for the involved organs and the respective uptake
values of IgG4-RD lesions. Although ®Ga-FAPI-04 PET/CT was

NOTEWORTHY

B FAPI imaging has a potential role in nonmalignant diseases.

B FAPI PET/CT is the only available imaging modality that can
directly assess the dynamics of PF.

B FAPI PET/CT can differentiate inflammatory from fibrotic
disease.

B An early FAPI signal in acute myocardial infarction is a

predictor of adverse left ventricular remodeling.
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salivary glands for °®Ga-FAPI-04 PET/CT
than for '®F-FDG PET/CT. A similar pattern
was observed for the quantitative compari-
son of SUV ., Which demonstrated signifi-
cantly higher values for ®®Ga-FAPI-04 PET/
CT than for '®F-FDG PET/CT. The authors concluded that ®*Ga-
FAPI-04 PET/CT might be a promising tool for the assessment of
IgG4-RD.

FAPI IMAGING IN PULMONARY FIBROSIS (PF)

PF, as an example of mesenchymal stroma activation, can arise as
an idiopathic disorder or in the context of autoimmune diseases such
as SSc. SSc is a prototypical fibrotic disease that shows PF develop-
ment in 84% of patients and is their leading cause of death (18,19).
Currently, the progression of PF in SSc is judged by measuring the
accrual of lung damage represented by fibrosis on CT and the func-
tional decline in forced vital capacity. This approach requires long-
term follow-up to detect changes and does not directly assess the
activity of tissue remodeling at the time of assessment. Furthermore,
it often does not predict the course of PF in individual patients and
does not enable appropriate risk stratification. In a single-center pilot
study, Bergmann et al. tested the hypothesis that quantification of
fibroblast activation by ®Ga-FAPI-04 PET/CT can be correlated
with PF activity and disease progression in patients with SSc (20).
The authors recruited 21 patients who had SSc-associated PF con-
firmed by high-resolution CT (HRCT) and who fulfilled the classifi-
cation criteria of the American College of Rheumatology and the
European League Against Rheumatism. Another 21 patients without
SSc or PF, who were examined for other clinical reasons, were
enrolled as controls. All patients underwent *®Ga-FAPI-04 PET/CT
and standard-of-care procedures, including HRCT and pulmonary
function tests at baseline. The patients were followed for 6 mo with
HRCT and pulmonary function tests for a comparison with the base-
line %®Ga-FAPI-04 PET/CT results and for prediction of PF progres-
sion. A subset of patients treated with the antifibrotic drug nintedanib
underwent follow-up at between 6 and 10 mo, with use of ®Ga-
FAPI-04 PET/CT to determine the changes in PF over time. The
authors found that ®Ga-FAPI-04 accumulated in fibrotic areas of the
lungs in patients with SSc-associated PF, whereas there was no sig-
nificant uptake in the control group (Fig. 3). *®Ga-FAPI-04 uptake
was significantly higher in patients with extensive disease, with pre-
vious progression of PF, or with higher clinical activity scores than
those with limited disease, previously stable interstitial lung disease,
or low clinical activity scores. Increased *®Ga-FAPI-04 uptake at
baseline was associated with progression of PF independently of the
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55 morphologically typical fibrotic lesions
on CT and 3 lung cancer lesions yielded a
considerably elevated uptake at each of the
static imaging time points. The SUV ..
and SUV pean of fILD and the lung cancer
lesions decreased over time, with a more
pronounced decrease in fILD than in lung
cancer lesions. Because of the decreasing
background activity over time, the fILD
manifestations demonstrated relatively sta-
ble target-to-background ratios, whereas
the target-to-background ratios of the lung
cancer manifestations tended to increase
during the sequential PET examinations.
These findings highlight the potential use
of quantitative PET imaging at sequential
time points to differentiate between malig-
nant and fibrotic lesions. Rohrich et al. also
evaluated the use of dynamic PET acquisi-
tions. Although fILD lesions showed an early
peak in tracer accumulation with a slowly

FIGURE 2. ®8Ga-FAPI-04 PET/CT (A-C) and '®F-FDG PET/CT (D-F) images of woman with histo-
logically confirmed IgG4-RD presenting with ®8Ga-FAPI-04-positive retroperitoneal mass (arrow-
heads) that demonstrates no significant '®F-FDG uptake, typical of fibrotic phenotype.

extent of the involvement on HRCT and the forced vital capacity at
baseline. Furthermore, the authors provided initial evidence that
changes in ®®Ga-FAPI-04 scores over time might correlate with
changes after treatment with nintedanib, the first approved fibroblast-
targeting antifibrotic drug. They concluded that, in contrast to other
techniques such as pulmonary function tests, which measure the
cumulative result of tissue damage, °*Ga-FAPI-04 PET/CT is the
only available imaging modality that can directly assess the dynam-
ics of PF. Further studies are warranted to clarify whether **Ga-
FAPI-04 PET/CT might improve the risk assessment of patients with
SSc-associated PF and allow earlier, more accurate treatment and
dynamic monitoring of the molecular response to fibroblast-targeting
therapies.

Rohrich et al. evaluated the static and dynamic imaging proper-
ties of ®®Ga-FAPI-46 PET/CT in 15 patients with fibrotic intersti-
tial lung disease (fILD) and suspected lung cancer (27). Static
PET/CT scans and dynamic scans were performed on 12 patients
and an additional 3 patients, respectively. SUV measurements of

FIGURE 3. °%Ga-FAPI-04 PET/CT images of man with SSc-associated
PF. ®8Ga-FAPI-04 uptake is increased in fibrotic lung areas (white arrow-
head), whereas there is no significant ®®Ga-FAPI-04 accumulation in
healthy nonfibrotic lung tissue (red arrowhead).
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decreasing signal intensity over time, lung
cancer manifestations presented an increasing
time—activity curve with a delayed peak and
gradual washout. In contrast to the current
imaging standard (HRCT, which is not capa-
ble of determining disease activity), '*F-FDG PET/CT is of limited
use for the assessment of antifibrotic drugs (22). Rohrich et al. evalu-
ated FAP expression using immunohistochemistry in both human
fILD biopsies and whole-lung sections of Nedd4-22/2 mice, serving
as a gold standard. FAP-positive areas were localized to the transition
zone between healthy lung tissue and fibrotic areas in human fILD
sections. In Nedd4-22/2 mice, healthy lung parenchyma demonstrated
only low FAP expression, but fibrotic lesions exhibited FAP upregu-
lation. These impressive results suggest a promising role for FAPI
imaging in fibrotic lung diseases for evaluating disease activity and
the response to antifibrotic treatment.

FAPI IMAGING IN CARDIOVASCULAR DISEASES

In cardiac disease, myocardial fibrosis contributes to the develop-
ment and progression of heart failure. Myocardial fibroblast activa-
tion is essential for repair and regeneration after myocardial damage,
such as from myocardial infarction or progressive heart failure. Sev-
eral studies have described the molecular pathways leading to the
activation of quiescent fibroblasts, which have emerged as attractive
targets to support cardiac repair and prevent loss of function (23,24).
Heart failure related to the development of fibrosis is among the
most common adverse effects of modern cancer therapy, which
includes radiotherapy, conventional chemotherapy, immunotherapy,
and targeted therapy (25,26). In a retrospective study, Siebermair
et al. analyzed the datasets of 32 patients who underwent ®*Ga-
FAPI-04 PET/CT for cancer staging (27). All examinations were
analyzed visually and quantitatively with respect to cardiac uptake.
Quantitative measurements were correlated with clinical covariates,
including previous anticancer treatment, age, left ventricular ejection
fraction (LVEF), coronary artery disease, and cardiovascular risk fac-
tors. Of the 32 patients, 6 (18.8%) demonstrated visually increased
uptake clearly above the background level, and on quantitative analy-
sis, this uptake was also significantly higher than in remote myocar-
dium. No significant differences with respect to cancer entity and
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applied chemotherapy and immunotherapy were observed. In con-
trast, a significant correlation of coronary artery disease, age, and
LVEF with uptake could be demonstrated. The authors concluded
that the measurement of myocardial fibroblast activation using *3Ga-
FAPI-04 PET/CT might be useful for risk stratification regarding the
early detection or progression of coronary artery disease and left ven-
tricular remodeling.

In a larger cohort of 229 patients, Heckmann et al. retrospectively
analyzed the correlation between myocardial uptake, cardiovascular
risk factors, and metabolic disease in patients with metastatic cancer
(28). The modeling cohort comprised 185 patients—and the confirma-
tory cohort 44 patients—who were analyzed by application of the
American Heart Association 17-segment model of the left ventricle.
Multivariate regression models revealed a significant correlation
among left ventricular uptake, hypothyroidism, a body mass index
above 25 kg/m®, previous radiation to the chest, previous intake of
platinum derivates, and a history of diabetes mellitus. Interestingly,
although a single cardiovascular risk factor led to a relatively mild
increase in signal intensity, patients with multiple risk factors exhibited
a more pronounced increase. FAPI uptake was most noticeable in
patients with arterial hypertension and metabolic diseases, character-
ized by diabetes mellitus and obesity. These findings are also sup-
ported by animal data from diabetes mellitus models and transaortic
constriction, which promote cardiac hypertrophy and excessive cardiac
fibrosis (29,30). On the basis of their findings, Heckmann et al. con-
cluded that high ®®Ga-FAPI signal intensities are linked to cardiovas-
cular risk factors, specifically arterial hypertension, diabetes mellitus,
and obesity. They suggest further studies to systematically compare
%8Ga-FAPI PET/CT scans with other cardiac imaging modalities and
possibly gene expression profiles to pave the way to clinical practice.

In acute myocardial infarction, an immediate organized inflamma-
tory immune reaction triggers the activation of fibroblasts (37,32).
Activated myofibroblasts migrate to injured tissue and contribute to
fibrotic scar formation, which preserves the wall architecture and pre-
vents mechanical complications such as ventricular wall rupture.
However, excessive fibrosis development is suggested to cause a pro-
gressive decline in ventricular systolic function, potentially leading to
the development of chronic heart failure (33). Current imaging modal-
ities such as MRI assess these structural changes primarily at a disease
stage at which the damage has already occurred (34). Therefore, the
assessment of local fibroblast activation suggesting structural remodel-
ing after ischemia might be a promising approach to risk stratification.
In a proof-of-concept study, Kessler et al. examined the pattern of
%8Ga-FAPI-46 uptake in the myocardium of patients after acute myo-
cardial infarction to investigate its association with the affected coro-
nary artery and to correlate the ®*Ga-FAPI-46 signal with biomarkers
of myocardial damage, including parameters of left ventricular func-
tion (35). Ten patients who had undergone ®*Ga-FAPI-46 PET/CT
after percutaneous coronary intervention for risk stratification after
acute myocardial infarction were retrospectively analyzed. Uptake
patterns in polar maps and axial images were assessed according to
the 17-segment model of the American Heart Association. To assess
the level of agreement between the localized uptake and the myocar-
dial areas supplied by the culprit vessel, a visual grading scale was
established. Furthermore, myocardial uptake was quantified and the
myocardial volume of FAPI accumulation was determined and corre-
lated with biomarkers of myocardial damage, including left ventricular
function. On visual interpretation, PET/CT demonstrated moderate-
to-intense myocardial uptake in all 10 patients. The affected myo-
cardium showed a partial or complete match between uptake and
the confirmed culprit lesion by coronary angiography in 44% and
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56% of patients, respectively. Quantitative evaluation revealed a
strong correlation between the myocardial volume of °*Ga-FAPI-46
accumulation and the peak creatine kinase level but an inverse correla-
tion between the myocardial volume of ®Ga-FAPI-46 accumulation
and left ventricular function. On the basis of these results, the authors
concluded that the PET-derived volume of myocardial fibroblast acti-
vation can truly reflect the extent of myocardial injury after acute
myocardial infarction. In contrast to the signal derived from cardiac
MRI (CMR), which usually persists for months to years after local
damage, predominantly reflecting fibrotic remodeling, *®Ga-FAPI-46
PET/CT offers a functional modality to assess local damage with con-
secutive repair mechanisms within days of the ischemic event.

In a retrospective single-center study, Diekmann et al. tested the
hypothesis that 8 Ga-FAPI-46 PET/CT reflects a myocardial signal
carly after acute myocardial infarction that is distinct from CMR-
derived tissue characteristics and predicts later development of
ventricular dysfunction (36). Their analysis included 35 patients
who had undergone clinical resting myocardial perfusion SPECT,
%8Ga-FAPI-46 PET/CT, and CMR within 11 d after reperfusion
therapy for acute myocardial infarction. Although the infarct size
was determined from SPECT by comparison to a reference data-
base, quantitative analysis of left ventricular tracer accumulation
determined the extent of FAP upregulation. On the basis of late
gadolinium enhancement derived from CMR, they found that the
area of myocardial FAP upregulation was significantly larger than
that of the SPECT perfusion defect or the infarct area. Interest-
ingly, late gadolinium enhancement was detected in only 56% of
FAP-positive segments, whereas an elevated T1 and T2 signal was
visible in 74% and 68% of tracer-positive segments, respectively.
Myocardial FAP volume correlated only weakly with simulta-
neously measured LVEF at baseline, whereas there was a signifi-
cant inverse correlation with LVEF obtained at later follow-up.
Altogether, the results of Diekmann et al. suggest that the area of
elevated FAP signal extends beyond the injured infarct region and
involves regions without prolonged T1 and T2 relaxation, which
are CMR markers of interstitial fibrosis, infiltration, or edema. On
the basis of their findings, the cell-based signal of fibroblast activa-
tion is distinct from CMR-derived interstitial characteristics and
may be complementary. Early FAP signal was associated with a
subsequent impairment of LVEF, suggesting that it might be a pre-
dictor of adverse left ventricular remodeling.

In a prospective study, Xie et al. explored the correlation of '®F-
NOTA-FAPI PET/CT with CMR parameters in patients with ST-
segment elevation myocardial infarction who underwent successful
primary percutaneous coronary intervention (37). They further inves-
tigated the value of '®F-NOTA-FAPI imaging in predicting cardiac
functional recovery, as well as the correlation of '*F-NOTA-FAPI
activity with circulating FAP and inflammatory biomarkers. They
prospectively recruited 14 patients with first-time ST-segment eleva-
tion myocardial infarction after primary percutaneous coronary inter-
vention and 14 sex-matched healthy controls who had completed
18F_NOTA-FAPI PET/CT and blood sample collection. All patients
underwent '®F-NOTA-FAPI PET/CT and CMR, whereas 10 patients
underwent additional follow-up CMR. Myocardial '8 F-NOTA-FAPI
tracer accumulation was evaluated quantitatively for extent and
intensity and correlated with myocardial injury biomarkers derived
from CMR. Although no visible uptake was detected in healthy con-
trols, localized but inhomogeneous myocardial '*F-NOTA-FAPI
uptake was observed in all patients with ST-segment elevation myo-
cardial infarction; this uptake was greater than in the edematous and
infarcted myocardium. Myocardial 'F-NOTA-FAPI activity was
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significantly associated with the myocardial biomarkers T2-weighted
imaging, late gadolinium enhancement, and extracellular volume, at
both per-patient and per-segment levels, but not with circulating
FAP or inflammatory biomarkers. Furthermore, an inverse correla-
tion was observed with the follow-up LVEF. To summarize these
results, '*F-NOTA-FAPI imaging is feasible for assessing myocar-
dial damage and has prognostic value for cardiac recovery after myo-
cardial infarction. Further larger studies are warranted to evaluate the
potential role of '®F-NOTA-FAPI PET/CT for the assessment of
myocardial remodeling after myocardial infarction and to analyze
fibroblast-targeted antifibrotic therapies.

Wu et al. retrospectively analyzed the use of *®Ga-FAPI-04 PET/
CT for the in vivo imaging of FAP expression in human arterial
walls (38). Their study included 41 patients who underwent %3Ga-
FAPI-04 PET/CT either for suspected hepatic lesions or for 1gG4-
RD. Correlations were calculated of the uptake of **Ga-FAPI-04 in
large arterial walls with the degree of calcification derived from CT
and cardiovascular risk factors. Focal arterial **Ga-FAPI-04 uptake
was detected in 1,177 arterial segments in all 41 patients. Analysis of
all segments revealed a significant correlation between the extent of
calcification and the intensity of uptake. Noncalcified arterial seg-
ments had significantly higher uptake than mildly calcified segments,
whereas severely calcified segments exhibited the lowest uptake.
Patients in the high-risk group, who had at least 4 cardiovascular risk
factors, demonstrated significantly higher *®Ga-FAPI-04 uptake than
the low-risk group. Xie et al. concluded that ®*Ga-FAPI-04 PET/CT
might have potential for imaging fibroblast activation in the arterial
wall and thus might provide new insights into the pathologic mecha-
nisms of arteriosclerosis.

Kupusovic et al. conducted a proof-of-concept study to assess
%8Ga-FAPI uptake in the pulmonary vein region of the left atrium
after pulmonary vein isolation with cryoballoon ablation and radio-
frequency ablation as a surrogate for thermal damage (39). Twelve
patients who had undergone *®Ga-FAPI PET after pulmonary vein
isolation were included and compared with 5 patients without car-
diac comorbidities who underwent *®Ga-FAPI PET for tumor stag-
ing. In 10 of the 12 patients, significant ®*Ga-FAPI uptake was
detected, whereas no uptake was observed in 2 patients or in any
control patients. All postcryoballoon ablation patients had intense
uptake, whereas in the radiofrequency ablation group, 2 patients had
intense uptake, 1 patient had moderate uptake, and 2 patients had no
uptake at all. Quantitative evaluation revealed significantly higher
uptake in cryoballoon ablation patients than in radiofrequency abla-
tion patients, suggesting that the cryoballoon ablation procedure
causes a more pronounced fibroblast activation after tissue injury
than does radiofrequency ablation. Future studies are warranted to
assess whether this modality can contribute to a better understanding
of the mechanisms of atrial fibrillation recurrence after pulmonary
vein isolation.

Chen et al. explored the association of cardiac fibroblast activa-
tion with clinical and CMR parameters in patients with chronic
thromboembolic pulmonary hypertension (CTEPH) (40). Thirteen
CTEPH patients were prospectively enrolled and underwent ®Ga-
FAPI-04 PET/CT, right heart catheterization, and echocardiogra-
phy; 11 of these patients additionally underwent CMR. Another
13 subjects without any cardiac morbidities comprised a control
group to establish the reference range of cardiac ®®Ga-FAPI-04
uptake. Although there was no suspected cardiac ®*Ga-FAPI-04
uptake in the control group, 10 CTEPH patients (77%) showed
increased inhomogeneous **Ga-FAPI-04 uptake in the right ventri-
cle (RV), localized mainly in the free wall. Notably, increased
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%8Ga-FAPI-04 uptake was also observed in the right atrium of 11
CTEPH patients but was significantly lower than in the RV. A sig-
nificant correlation between the RV *8Ga-FAPI-04 accumulation
and the thickness of the RV wall was observed, whereas an
inverse correlation was demonstrated with the RV fraction area
change and the tricuspid annular plane systolic excursion (TAPSE)
as indices of RV function. No significant correlation was found
between PET and CMR parameters. On the basis of the correlation
of both RV fraction area change and TAPSE with the increased
%8Ga-FAPI-04 accumulation, the authors suggested that FAP acti-
vation reflects longitudinal and transversal contraction of the over-
loaded RV in CTEPH. This might be of further importance
because change in RV fraction area and TAPSE are related to sur-
vival in pulmonary hypertension (41,42). Thus, %®Ga-FAPI-04
imaging may have the potential to be an effective means for
assessing the outcome of CTEPH patients. The authors demon-
strated that increased fibroblast activation reflects thickening of
the RV wall and decreased RV contractile function. FAPI imaging
might therefore be a promising approach toward assessing RV
fibrosis in CTEPH patients and monitoring future tailored antifi-
brotic treatments.

Gu et al. prospectively enrolled 16 patients with pulmonary
artery hypertension to investigate the feasibility of °®Ga-FAPI-04
PET/CT for assessing RV fibrotic remodeling and the relationship
of %8Ga-FAPI-04 uptake with parameters of pulmonary hemody-
namics and cardiac function (43). All patients underwent right
heart catheterization and echocardiography for the assessment of
pulmonary hemodynamics and cardiac function. Myocardial
68Ga-FAPI-04 uptake was assessed visually and quantitatively
as SUV ... Of the 16 patients, 12 (75%) exhibited heterogeneous
signal in the RV free wall and insertion point. Patients with a
TAPSE of less than 17 mm, who were considered the impaired RV
function group, had significantly higher uptake than those with a
TAPSE of 17 mm or more in both the RV free wall and the insertion
point, indicating that RV uptake of ®*Ga-FAPI-04 is associated with
RV dysfunction. Furthermore, there was a significant positive corre-
lation between cardiac ®®Ga-FAPI-04 uptake and total pulmonary
resistance and the level of N-terminal pro—B-type natriuretic pep-
tide. Gu et al. concluded that %8Ga-FAPI-04 PET/CT is feasible for
directly visualizing fibrotic remodeling of the RV in patients with
pulmonary artery hypertension.

FAPI IMAGING IN BENIGN LESIONS ENCOUNTERED IN
ONCOLOGIC IMAGING

Qin et al. retrospectively reviewed 129 PET/CT or ®8Ga-
DOTA-FAPI-04 PET/MRI scans to identify foci of elevated
uptake in the bones and joints (44). All lesions were categorized
as malignant or benign disease. Elevated uptake of **Ga-DOTA-
FAPI-04 in or around the bone or joint was found in 82 patients
(63.6%). In total, 295 lesions were identified, including 94 malig-
nant lesions (31.9%) and 201 benign lesions (68.1%). Although
the malignant lesions were all classified as metastases, the benign
lesions comprised osteofibrous dysplasia, degenerative bone dis-
ease, periodontitis, arthritis, and other inflammatory or trauma-
related abnormalities. Quantitative analysis revealed significantly
higher *8Ga-DOTA-FAPI-04 uptake in bone metastases than in
benign lesions, although there was some overlap between the 2
entities. Differences in SUV,,,,, among subgroups of benign dis-
eases were statistically significant, with much higher uptake in
periodontitis. In a subgroup of 29 patients who underwent both
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BE_FDG and ®Ga-DOTA-FAPI-04 PET, significantly more lesions
with higher uptake were identified by *®Ga-DOTA-FAPI-04 imaging.
On the basis of these findings, the authors concluded that abnormal
osseous **Ga-DOTA-FAPI-04 uptake should be carefully assessed in
patients with malignant tumors to avoid misdiagnosis due to overlap
of uptake between benign and malignant bone lesions. Furthermore,
%8Ga-DOTA-FAPI-04 PET also has the potential to locate and evalu-
ate the extent of both malignant tumors and benign diseases in bones
and joints.

Zheng et al. retrospectively reviewed 182 patients with various
suspected cancers who underwent ®*Ga-FAPI-04 PET/CT to char-
acterize benign lesions showing increased *®Ga-FAPI-04 tracer
accumulation (45). They detected 185 primary tumors and 360
benign lesions with uptake, including inflammatory processes,
exostoses, hemorrhoids, fractures, and hepatic fibrosis. Lesions
were diagnosed as benign on the basis of imaging findings, clinical
information, or histologic biopsy. Quantitative analysis revealed a
significantly higher SUV ., for malignant lesions than for benign
lesions, but with a significant overlap between them. The authors
concluded that some benign lesions can easily be diagnosed by a
combination of CT findings, location, and clinical data but that
some lesions still may be confused with malignant lesions or need
further clarification.

FAPI IMAGING IN RHEUMATOID ARTHRITIS

In a preclinical evaluation and pilot clinical study, Ge et al. evalu-
ated the novel tracer 'F-AIF-NOTA-FAPI-04 for PET imaging of
rheumatoid arthritis (46). In the inflamed joints of patients with rheu-
matoid arthritis, fibroblast-like synoviocytes are key effector cells
that exacerbate the inflammatory destruction of adjacent articular
cartilage and bone by producing matrix metalloproteinase enzymes
and proinflammatory cytokines. FAP is highly expressed in rheuma-
toid arthritis—derived fibroblast-like synoviocytes and is a specific
marker for disease activity. Ge et al. performed this pilot study to
image activated fibroblast-like synoviocytes in vitro, in arthritic
joints of mice with collagen-induced arthritis, and in 2 patients with
rheumatoid arthritis. They found that the binding of '*F-AIF-NOTA-
FAPI-04 increased significantly in activated fibroblast-like synovio-
cytes compared with controls. Compared with '*F-FDG imaging,
8F_AIF-NOTA-FAPI-04 showed high uptake in inflamed joints in
the early stage of arthritis, and this uptake correlated positively with
arthritis scores. Furthermore, '8F-AIF-NOTA-FAPI-04 PET/CT in 2
patients with rheumatoid arthritis revealed nonphysiologically high
uptake in the synovium of arthritic joints. The authors concluded
that '®F-AIF-NOTA-FAPI-04 is a promising radiotracer for imaging
of rheumatoid arthritis and might potentially complement current
noninvasive diagnostic parameters.

FAPI IMAGING IN RENAL FIBROSIS

Kidney fibrosis leads to a progressive reduction in kidney function,
ultimately resulting in kidney failure. To date, all diagnostic tools to
detect kidney fibrosis have been invasive, requiring kidney biopsies
with subsequent histologic validation. In a retrospective study, Conen
et al. analyzed the PET data of 81 patients who received ®Ga-FAPI-
04, 8Ga-FAPI-46, %Ga-PSMA, or ®Ga-DOTATOC (47). Kidney
function parameters were correlated with the SUV ;. and SUV ean
of the renal parenchyma. The authors found a negative correlation
between glomerular filtration rate and ®*Ga-FAPI uptake for both
SUV ax and SUV,can, Which was not the case for ®*Ga-DOTATOC
and ®Ga-PSMA. Conen et al. concluded that this correlation suggests
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a specific binding of *®Ga-FAPI rather than a potential unspecific
retention in the renal parenchyma, underlining the potential value of
%Ga-FAPI for the noninvasive quantitative evaluation of kidney
fibrosis.

Zhou et al. evaluated the use of ®Ga-FAPI-04 PET/CT in 13
patients with histologically confirmed renal fibrosis (48). All
patients underwent renal puncture before undergoing ®Ga-FAPI-
04 PET/CT. The %®Ga-FAPI-04 examinations found that 12 of the
13 patients had increased uptake. Furthermore, SUV,,,, and tar-
get-to-background ratios correlated with the pathology of kidney
tissue. The authors concluded that ®3Ga-FAPI-04 PET/CT is a
valuable tool to diagnose renal fibrosis without a biopsy.

CONCLUSION

The development of FAPIs suitable for PET/CT has opened a
new chapter in molecular imaging. Besides their successful use in
oncologic diseases, several studies presented in this review suggest
a potential role for FAPI imaging in immune-mediated inflamma-
tory and fibrotic diseases, as well as cardiovascular diseases, and
for distinguishing between benign and malignant lesions. How-
ever, current data rely predominantly on retrospective analyses,
and evidence is still scarce for many possible indications. Well-
defined patient cohorts and, ideally, prospective randomized trials
are needed to include FAPI imaging in guidelines and to fully
exploit the potential of this novel imaging technique.
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Radiopharmaceutical therapy is an emerging treatment modality that
has demonstrated increasing importance as a significant component
in the treatment of cancer. Prostate cancer (PCa) remains one of the
commonest solid-organ tumors and is associated with significant
societal burdens. Despite significant disease heterogeneity, PCa
remains an ideal candidate for radiopharmaceutical therapy because
of the prolonged disease course, metastatic disease tropism, and
sensitivity to radiation therapy. To date, advanced PCa remains one of
the most successful arenas for the development and approval of
radiopharmaceutical agents. In this review, we aim to summarize the
complex processes required to obtain regulatory approval for a novel
agent and highlight the limitations and hurdles specific to the approval
of radiopharmaceutical agents. In advanced PCa, we outline the
importance of a framework for trial design with respect to defining dis-
ease state and acceptable outcome measures—as recommended by
the Prostate Cancer Clinical Trials Working Group (PCWG). Finally,
using the principles mandated by the Food and Drug Administration
approval process and the framework provided by the PCWG, we out-
line experience with the successful approval of the radiopharmaceuti-
cal agents ?*>Ra and '"’Lu-PSMA-617.

Key Words: theranostics; PSMA; FDA; drug approval; radium,
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Broadly speaking, radiopharmaceutical therapy is defined by
delivery of radioactive agents to tumor-associated targets (7).
Radiopharmaceutical agents comprise both a targeting ligand and a
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radioactive payload. The targeting ligand facilitates delivery of the
therapeutic radionuclide to the tumor microenvironment or directly
to the tumor cells. The payload in radiopharmaceuticals is a radio-
active nuclide, primarily either a- or 3-emitting. Exceptions to this
simplistic structural overview of radiopharmaceuticals exist, such
as 3T and ?2°Ra, for which the chemical properties of the com-
pound act to both target and emit therapeutic radiation.

Cellular injury occurs as a result of emitted a- or B-particles via
radiation-induced DNA damage (2). B-particle emitters, such as
77Lu, °°Y, and '3, provide short-range emissions (0.5 to >10 mm)
and produce significant cellular injury to nearby cells (3). a-particle
emitters, such as 2'?Bi and ??*Ra, produce emissions that travel
shorter distances than [3-emitters but provide more energy deposition
per unit length, resulting in an increased potency and thus frequently
causing irreparable DNA damage (4). Unlike traditional radiother-
apy approaches, radiopharmaceuticals are typically delivered sys-
temically, which allows the potential for radioactivity exposure to
disseminated metastatic disease (/). Further, the ability to target
tumor-associated matter allows the radioactivity to be exposed with
increasing specificity, preserving physiologic tissue. These tissues
targeted by radiopharmaceuticals are typically either malignant cells
or cells within the tumor microenvironment, such as osteoclasts and
osteoblasts in 2?*Ra (5). Some radiopharmaceutical agents may
accumulate or concentrate in physiologic regions, such as the renal
cortex or salivary glands (6); specific morbidity may occur in these
organs as a result of radioactivity exposure.

The role of radiopharmaceuticals in oncology is rapidly expand-
ing. A dramatic increase in the number of radiopharmaceuticals
approved by the U.S. Food and Drug Administration (FDA) has
occurred since 2009, due in part to the release of clear guidelines
for FDA approval of radiopharmaceuticals (7). The positive public
perception and popularity of radiopharmaceuticals may be attrib-
uted to positive trial outcomes that demonstrated improvements in
the way patients feel, function, and survive. Additionally, the avail-
ability of companion diagnostic imaging with radiopharmaceuti-
cals and visualization and estimation of radiopharmaceutical
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biodistribution and response provides an attractive feature for
patients and clinicians (8). For example, companion imaging
for 22°Ra-dichloride is °°Tc-bisphosphonate bone scanning,
and for 7’Lu-PSMA-617, companion imaging is *Ga-PSMA-11 or
I8F_.PSMA-DCFPyl PET. From a financial perspective, large phar-
maceutical firms are increasingly investing in such technologies (9).
Market projections for prostate cancer (PCa) therapies suggest that
annual sales of prostate-specific membrane antigen (PSMA)-
targeted radiopharmaceuticals could exceed $1.1 billion (10).

Bringing any drug to market requires time, strategy, financial
resources, data, and adherence to regulatory guidance. It is an
intrinsically complex process, and most drugs in clinical trials will
not achieve this goal. In this review, we highlight PCa as a case
study in bringing radiopharmaceuticals to FDA approval. PCa is
among the common malignancies in the developed work and is
responsible for considerable public burden in contemporary clinical
practice. PCa has a widely heterogeneous disease course, with a
proportion of patients progressing to advanced, disseminated dis-
case. Patients are generally elderly, with diverse comorbidities and
medical risks. The disease is bone-tropic, and anticancer responses
are therefore difficult to assess as endpoints in early clinical trials.
Despite these challenges, significant advances in therapeutic strate-
gies that leverage the biology of the disease, and clinically qualify-
ing interim endpoints in clinical trials, have resulted in new tools
exerting long-term disease control even in the metastatic state.
These treatments for metastatic disease include chemotherapy
(11,12) and therapies that target the androgen receptor (/3) and
DNA repair (/4). These principles, in addition to the radiosensitiv-
ity of PCa, make PCa an ideal disease to assess radiopharmaceutical
therapy. Recently 2 radiopharmaceuticals have been approved for
PCa, making it one of the most successful arenas for developing
radiopharmaceuticals.

Given that the role of these agents is projected to expand, it is
imperative that clinicians and investigators, particularly those
involved in nuclear medicine, are aware of the pathways and hur-
dles required to obtain FDA approval for novel radiopharmaceuti-
cals. The current review aims to provide an educational overview of
the process for acquiring FDA approval for a novel radiopharma-
ceutical for PCa. We highlight the potential barriers and pitfalls to
this process and outline several cases of successful approval of
agents for advanced PCa.

OVERVIEW OF THE FDA APPROVAL PROCESS

In the United States, regulation of the development, production,
and sale of novel pharmaceuticals and devices, including radiophar-
maceuticals, is governed by the FDA. After the federal Food, Drug,
and Cosmetics Act of 1938 (75), all drugs in the United States
required approval for safety by the FDA. Multiple subsequent itera-
tions in 1962 and 1976 broadened the regulation to include devices;
further, approval required demonstration of efficacy in addition to
safety (16). Over the past decades, the approval process has become
increasingly complex; presently, the FDA approval process is
among the most comprehensive and stringent regulatory processes
worldwide (Fig. 1). Although such complex processes ensure pub-
lic safety, the current timeline from initial conception of molecular
agents to regulatory approval by the FDA may take up to 10-15 y
and cost up to billions of dollars (/7).

IND Application
Although the conceptualization and preclinical phases of phar-
maceutical agents are not covered in the scope of this review, these
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FIGURE 1. Overview of FDA process for new drug approval (79).

stages are fundamental in the progression to clinical-stage trials and
subsequent FDA approval. When the intended agent is ready to pro-
gress to human clinical trials, initial contact with the FDA should
be sought. At this time, the drug’s sponsor applies for a commercial
investigational-new-drug (IND) application with the FDA. IND
applications to the FDA require disclosure of available preclinical
data and human data, manufacturing information, and the protocols
of the intended studies (/8). The preclinical and human data rele-
vant for the IND application may include pharmacologic profile,
toxicity, and efficacy data for the respective disease process.
Manufacturing information may include composition profile, man-
ufacturer methodology and controls, and compound stability.

Clinical Trials

As part of IND approval, ideally an early-stage trial design is
submitted, with the objective of achieving the specific goals
required for FDA approval-—demonstration of safety and efficacy.
Defining efficacy is imperative, as FDA applications will be
rejected because of “a lack of substantial evidence that the drug will
have the effect it purports or is represented to have” (/5). Broadly
speaking, efficacy may be established if the drug or device provides
a positive and clinically meaningful effect on how an individual
feels, functions, or survives (/9). Feel and function may be mea-
sured by patient-reported outcomes, clinically reported outcomes,
observer-reported outcomes, performance outcomes, or biomarker
data. Data relevant to these questions are acquired by methodically
designed and conducted phase I, II, and III trials. After each trial is
completed, data are submitted to the FDA before subsequent trial
phases proceed.

Phase I trials are typically low-volume studies on healthy indi-
viduals, aimed to evaluate treatment safety, acceptable dosing strat-
egies, and adverse effects (20). However, completion of phase I
trials in the realm of radiopharmaceuticals is not mandatory, and a
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phase II dose might be advanced despite the absence of a formal
phase I study (21). For example, !""Lu-PSMA-617 did not com-
plete formal phase I trials before progressing to phase II trials. This
was possible because of the publication of safety and tolerability in
the form of retrospective series from international centers where
regulations for novel radiopharmaceuticals are less restrictive (22).

Phase II trials are moderate-sized trials on individuals with the
target disease and aim to determine efficacy and provide additional
safety data. Phase IlI trials are large trials to discern treatment effi-
cacy, monitor adverse effects, and compare with current treatment
regimens. Historically, 2 adequate and well-controlled clinical stud-
ies that are designed “to distinguish the effect of a drug from the
other influences, such as spontaneous change, placebo effect or
biased observation” are required for FDA approval (23). However,
the FDA Modernization Act in 1997 provided flexibility so that
based on relevant science, data from a single well-controlled clini-
cal investigation and confirmatory evidence are sufficient to estab-
lish efficacy.

New-Drug Application (NDA)

After completion of the phase III trials, an NDA may be submit-
ted to the FDA. The NDA application requires all data pertaining
to the drug, including manufacturing, quality control, chemical
properties (formula, pharmacokinetics), indications, and data obtained
from the phase I, II, and III clinical trials. Expedited reviews
may be requested at an early point in the regulatory process
and include “fast track,” “breakthrough therapy,” or “accelerated
approval” (24).

ISSUES WITH DEVELOPMENT OF RADIOPHARMACEUTICALS

Despite the well-defined FDA approval process via IND and
NDA applications, several specific challenges exist in fostering the
progression of novel radiopharmaceuticals (25). Logistically, de-
velopment of radiopharmaceuticals is complex because of the
broad, multidisciplinary approach required to recruit and treat
patients. Specifically, the target population of patients intended
for treatment with radiopharmaceuticals is those with disseminated
disease, often managed by medical oncologists. However, radio-
pharmaceuticals and other radioactive therapies are typically ad-
ministered and managed by clinicians in the nuclear medicine and
radiology fields.

Radiopharmaceutical use can be more complex than systemic
therapies such as immunotherapy or cytotoxic chemotherapeutic
agents. Within the United States, the Nuclear Regulatory Commis-
sion maintains stringent training and education requirements for
physicians to be authorized users of radiopharmaceuticals for medi-
cal purposes. The formulation location of the radiopharmaceutical
compound must be considered, keeping in mind that many agents
will have a limited half-life that requires timely administration.
Such formulation, dispensing, and disposal of radiopharmaceuticals
require specific expertise by radiochemists or radiopharmacists, of
whom there is a recognized shortage (26). Radiation safety before,
during, and after treatment must be considered, as well as the avail-
ability of qualified personnel to ensure staff, patient, and caregiver
safety. Associated set-up costs for radiopharmaceuticals and associ-
ated imaging are considerable (27).

Finally, as with all novel treatments, production of scientific data
is critical in development and eventual clinical application. Devel-
opment of such agents requires motivated investigators because of
the regulatory and logistic barriers and the significant periods from
benchtop preclinical research to clinical trials. In some regions of
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the world, there may be limited regulatory oversight of drugs, and
the resulting ease of clinical access for new treatments provides no
impetus to perform clinical trials and contribute data to the medical
literature.

ISSUES WITH DRUG APPROVALS IN PCa

PCa treatment options have expanded, with increasing complex-
ity in various stages of PCa. Given the variety of therapeutic
approaches and lengths of treatment, the risk a patient faces at a cer-
tain time point varies widely. For example, in metastatic PCa,
patients are typically treated with a combination of androgen depri-
vation therapy, androgen receptor inhibitors, or cytotoxic chemo-
therapy (docetaxel) (/7). Accordingly, a patient’s risk may vary on
the basis of prior therapies or non—disease-related factors, such as
risk of death from competing causes. For example, after extended
periods of androgen deprivation therapy with or without androgen
receptor inhibitors or chemotherapy, PCa progression in the setting
of continued castration denotes castration-resistant PCa (CRPC)
(28). Contextualizing the various disease settings of metastatic PCa
is critical in exploring the role of various novel radiopharmaceuti-
cals under investigation or development.

Development of novel radiopharmaceuticals in PCa poses spe-
cific issues relevant to the FDA approval process. For several rea-
sons, there are barriers for novel agents proposing to improve
survival outcomes in PCa. PCa is a heterogeneous disease that may
compromise survival in some patients but demonstrate a more indo-
lent course in others. Further, PCa patients are an older population,
typically with comorbidities that may compete with PCa. Addition-
ally, the propensity for bone metastatic deposits is problematic,
given the difficulty in determining treatment response based on
RECIST or other standard response criteria. PCa also lacks a bio-
marker that is accepted by the FDA as an indicator of clinical bene-
fit. Neither prostate-specific membrane antigen (PSMA) nor any
other serum biomarker has been shown to be a surrogate for clinical
benefit; neither of these is recognized by regulatory agencies as
being clinically qualified as an endpoint for drug approval (29,30).
Finally, long PCa survival times and the lack of an accepted inter-
mediate endpoint lead to trial designs requiring prolonged periods
of follow-up (29).

To assist in providing consensus and meeting these clinical trial
design challenges, the Prostate Cancer Clinical Trials Working
Group (PCWGQG) initially issued recommendations to standardize
outcomes in metastatic PCa trials. The PCWG provides a frame-
work to organize clinical trial design by prior treatments, disease
distribution and extent, risk of death from PCa or competing
causes, and primary outcome measures. The first iteration of these
recommendations, PCWG1, was published in 1999 and outlined
recommendations for phase II clinical trials on CRPC (37). Two
subsequent iterations have been published to broaden the recom-
mendations for clinical trials in PCa: PCWG2 in 2008 (29) and
PCWG3 in 2016 (32). PCWG2 and PCWG3 furnished a frame-
work for regulatory drug approval that outlined the clinical course
of PCa in a series of clinical states. They also provided recommen-
dations on standardized eligibility criteria, assessment intervals,
and endpoints for clinical trials.

Given the prolonged nature of overall survival and the lack of
measurable disease in bone, PCWG2 and PCWG3 noted the need
for a intermediate-progression endpoint, rather than a treatment-
response surrogate endpoint. Accordingly, radiographic progres-
sion-free survival (rPFS) was identified in PCWG2 and PCWG3
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as a potential surrogate for overall survival. Clear, objective defini-
tions for rPFS were proposed in PCWG2, denoted by the “2 + 27
rule: at least 2 new lesions on the first posttreatment scan with at
least 2 additional lesions on the next scan. After the flare period,
progression was defined as 2 new lesions relative to the first post-
treatment scan, confirmed on a subsequent scan. Use of the 2 + 2
rule is beneficial as it does not require specialized software, it is
generalizable, it is not time-consuming, and only 2 lesions are
required to be counted. Additionally, this definition compensates
for posttreatment flare that may be observed in bone scintigraphy
(33). rPFS was subsequently credentialed in several trials, including
the COUGAR-302 and PREVAIL trials (/3). rPFS was shown to
be closely associated with overall survival, with an estimated corre-
lation coefficient of 0.72 (13,34).

PATHWAYS TO APPROVAL FOR 22°RA-DICHLORIDE AND
177 U-PSMA-617

Despite the barriers to FDA approval of radiopharmaceuticals,
there have been several recent success stories. Early radiopharma-
ceutical approval was successfully obtained for palliation of painful
bone metastases via 3?Sr-chloride (35) and !>3*Sm-ethylenediamine
tetra(methylene phosphonic acid) (36). Unlike these older bone-
seeking radiopharmaceuticals that were tested in studies designed
to demonstrate relief of pain, the more recent radiopharmaceuticals
223Ra and "7Lu-PSMAG617 achieved FDA approval in advanced
PCa on the basis of prolonging overall survival. As outlined below,
approval of these agents was achieved by adherence to the princi-
ples outlined in the PCWG framework and compliance with FDA
regulatory requirements.

223Ra

223Ra is an a-emitting radionuclide, and the radiopharmaceuti-
cal #23Ra-dichloride is used to treat skeletal metastases and is in
commercial use under the trade name Xofigo (Bayer). PCa bone
metastases are characterized by dysregulated bone metabolism, are
mediated by tumor-associated growth factors, and result in an
abundance of new disorganized bone formation (37). >**Ra is an
earth alkali metal that is substituted for calcium in hydroxyapatite
within areas of osteoblast-mediated new bone formation (38).
Accordingly, for PCa, ?°Ra targets the bone microenvironment
rather than metastatic tumor cells themselves. The resulting local
a-emission causes DNA double-strand breaks in adjacent tumor
cells and in osteoblasts and osteoclasts (39). This mode of target-
ing and cell injury is advantageous because the treatment effect
is directed to a metastatic disease compartment rather than cell-
by-cell.

223Ra-dichloride was among the first radiopharmaceuticals
achieving FDA approval in May 2013 for advanced PCa on the
basis of prolonging overall survival (40). Data used to support the
IND and NDA applications originated from early phase I and II tri-
als. Phase I trials assessed 15 patients with PCa and bone metastases
who received increasing doses of 2**Ra-dichloride, starting at
46 kBg/kg and then increasing to 93, 163, 213, and 250 kBq/kg (41).
With this, safety and tolerability were demonstrated, although dose-
limiting toxicity and maximal tolerated dose were not formally iden-
tified. Encouragingly, most patients reported pain palliation by 8 wk;
on the basis of these promising results, subsequent trials proceeded.
Phase II trials on patients with CRPC and bone metastases demon-
strated acceptable safety and tolerability (42). Nilsson et al. (42)
enrolled 64 patients to receive either >*Ra-dichloride (50 kBq/kg
every 4 wk) or placebo, with a primary endpoint of total alkaline
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phosphatase and time to skeleton-related events. This trial reported
a significant response to alkaline phosphatase (—65.6% vs. 9.3%,
P < 0.0001) and delayed skeleton-related events (hazard ratio [HR],
1.75; 95% CI, 0.96-3.19; P = 0.065) in the **Ra-dichloride group.
A difference in overall survival was also reported in the **Ra-
dichloride group (HR, 2.12; 95% CI, 1.13-3.98; P = 0.020).

Efficacy was further demonstrated in the subsequent phase III
ALSYMPCA trial (43), which recruited 922 metastatic PCa
patients with 2 or more bone metastases on skeletal scintigraphy
and no evidence of visceral metastases. Patients were randomized
2:1 to receive the standard of care either with or without **Ra-
dichloride (at a dose of 50 kBq/kg of body weight). The primary
endpoint was overall survival, powered to detect an HR of 0.76 for
the risk of death in the 22°Ra group. At a preplanned interim analy-
sis, the trial reached its primary endpoint, with patients who
received 2?*Ra-dichloride demonstrating an improved overall sur-
vival (14.0 vs. 11.2 mo in the placebo arm; HR, 0.699; P = 0.002).
Secondary outcomes were observed, including a reduction in alka-
line phosphatase (P < 0.001), a delayed time to an increase in alka-
line phosphatase (6.4 vs. 3.8 mo; HR, 0.17; P < 0.001), and a
delayed time to an increase in prostate-specific antigen (PSA) (3.6
vs. 3.4 mo; HR. 0.64; P < 0.001) in the *?>Ra-dichloride group.
Patients in the 2?*Ra-dichloride group also demonstrated a pro-
longed time to the first symptomatic skeletal event (15.6 vs. 9.8 mo;
HR, 0.66; P < 0.001). However, no imaging-based outcome meas-
ures were used in the ALSYMPCA design. After the interim analy-
sis, the trial was stopped early and FDA approval was granted after
a priority review due to unmet medical need and successful
achievement of the primary endpoints (44). Despite the success of
the ALSYPMPCA trial, trial design limitations existed. The ab-
sence of radiologic outcomes or monitoring during the trial resulted
in a paucity of data highlighting metastatic bone disease during
treatment with 22>Ra. Moreover, the trial design did not allow for
collation of data on asymptomatic pathologic fractures.

A postapproval modification to the use of 2>*Ra-dichloride was
released by the European Medicines Agency, based on the results
of the ERA 223 trial (45). ERA 223 randomized 806 patients to
abiraterone acetate (1,000 mg daily) plus prednisolone with or
without 22*Ra-dichloride (55 kBg/kg once every 4 wk) versus pla-
cebo. Eligible men had chemotherapy-naive CRPC with bone
metastases, and the primary endpoint was symptomatic skeletal
event—free survival. The study was unmasked prematurely after
more fractures and deaths were noted in the 22>Ra group; patients
died on average 2.6 mo earlier than in the placebo group and dem-
onstrated a higher rate of factures (29% vs. 11%). Accordingly,
the European Medicines Agency recommended that ?2*Ra be
restricted to patients who had 2 previous treatments for PCa and
that 223Ra not be used with abiraterone acetate plus prednisolone
(46). A comparable trial called the PEACE III trial, aimed to assess
an alternative novel antiandrogen, enzalutamide, with and without
223Ra, was performed (47). Given the outcomes of the ERA 223
trial, the PEACE III trial mandated the use of bone-modifying
agents such as denosumab or zoledronic acid, which resulted in
reduced fracture rates (47).

177Lu-PSMA-617

More recently, !”’Lu PSMA-617 (Pluvicto, Novartis) achieved
FDA approval after a priority review for metastatic CRPC (48).
177Lu-PSMA-617 is a B-particle emitter, targeting PSMA-positive
cells and the associated tumor microenvironment (49). PSMA is
a transmembrane protein of intense interest for PCa, initially
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discovered 25 y ago (49). Physiologically, the function of PSMA
is related to the hydrolysis of C-terminal residues of small peptides
in the extracellular space, and PSMA is implicated in folate
metabolism. PSMA represents an ideal target in PCa, given that
PSMA expression increases 1,000-fold in malignant cells with
increasing dysplasia (50). In the setting of diagnostics, PSMA
PET imaging with ®®Ga or !8F has shown utility in accurate locali-
zation (51,52).

In the setting of radiopharmaceuticals, early feasibility and toler-
ability data for 7"Lu-PSMA-617 were produced in a retrospective
German multicenter review (22). This retrospective review exam-
ined 145 patients with metastatic CRPC who were treated off clin-
ical trials in a compassionate-use program and had PSMA
expression on PSMA PET, excluding patients who experienced
progression under second-line antiandrogens or chemotherapy.
77Lu-PSMA-617 was administered every 8—12 wk, up to 4 cycles.
A PSA response of more than 50% was observed in 45% of patients
after the first 177Lu-PSMA-617 cycle and 57% after a second cycle.
Overall, !”7Lu-PSMA-617 demonstrated acceptable toxicity, with
12% of patients experiencing grade 3—4 hematotoxicity.

Initial phase II data were produced in the LuPSMA trial based in
Australia (53). This single-arm trial recruited 30 men with progres-
sive CRPC after prior treatment with taxane-based chemotherapy
and second-generation antiandrogen therapy. Patients underwent
pretreatment PSMA PET screening to confirm high PSMA expres-
sion. Up to 4 cycles of '"7Lu-PSMA-617 were administered at
6-wk intervals, with doses varying from 6 to 8.5 GBq based on
tumor burden. The primary endpoint of a PSA decline of more than
50% was achieved in 17 of 30 patients. A coprimary endpoint was

imaging response (on conventional imaging or PSMA PET), for
which 40% of patients had nonprogressive disease. This group sub-
sequently published TheraP, an open-label randomized, phase II
trial comparing '"’Lu-PSMA-617 with cabazitaxel (54). TheraP
enrolled 200 men with metastatic CRPC and PSMA PET—positive
disease, who were previously treated with docetaxel and had pro-
gressive PSA based on the PCWG3 criteria. Patients were random-
ized 1:1 to receive either cabazitaxel (20 mg/m?> every 3 wk for a
maximum of 10 cycles) or 7’Lu-PSMA-617 (8.5 GBq, decreasing
by 0.5 GBq per cycle, every 6 wk for a maximum of 6 cycles). The
primary endpoint for TheraP was PSA response rate (PSA reduc-
tion of =50% from baseline), and secondary endpoints included
progression-free survival, which was denoted by either PSA pro-
gression or rPFS as defined by the PCWG3. The !"’Lu-PSMA-617
group had a greater PSA response (66% vs. 37%, P < 0.0001),
delayed radiographic progression (HR, 0.64; 95% CI, 0.46-0.86;
P = 0.0070), and PSA progression (HR, 0.60; 95% CI, 0.44-0.83;
P = 0.0017). The toxicity of '""Lu-PSMA-617 was acceptable
when compared with the cabazitaxel control group. More recently,
phase 11 data assessing !”’Lu-PSMA-617 within the United States
confirmed the previous findings of tolerability and therapeutic dos-
ing schedules (55,56).

VISION, an international phase III prospective, randomized,
open-label trial, reported results in late 2021 (57). The VISION trial
design was derived from the design of ALSYMPCA with respect to
the control and treatment groups (similarities defined in Table 1). In
total, 831 men with metastatic CRPC and previous chemotherapy
exposure were randomized 2:1 to receive a protocol-defined stan-
dard-of-care treatment with or without !”’Lu-PSMA-617. Eligible

TABLE 1
Comparison of 222Ra and '77Lu-PSMA-617 Phase I Trial Designs

Type of review ALSYMPCA (43)

VISION (57)

Therapeutic agent 223Rg

Patient eligibility

ineligible
Treatment arm

Control arm

EBRT, systemic radionuclides

Primary endpoints Overall survival

Secondary endpoints

Progressive CRPC; 2 or more bone metastases
based on bone scintigraphy with no visceral
metastases; previous docetaxel or docetaxel-

223Ra (50 kBa/kg), up to 6 doses every 4 wk

Standard of care: for example, antiandrogens,
excluding concurrent use of chemotherapy,

Total ALP (time to increase, total ALP response);
time to PSA increase; time to first symptomatic
skeletal event (first use of EBRT for skeletal
symptoms or new symptomatic pathologic

7L u-PSMA-617

Progressive metastatic CRPC; PSMA-
positive disease, based on PSMA-PET;
1 or more androgen receptor inhibitors;
previous taxane chemotherapy (1 or 2
agents)

177 .u-PSMA-617 (7.4 GBaq), up to 4 cycles
every 6 wk

Standard of care: for example, antiandrogens,
excluding concurrent use of chemotherapy,
EBRT, systemic radionuclides,
immunotherapy

Overall survival; rPFS

Objective response and disease control
(RECIST); time to first symptomatic
skeletal event (first use of EBRT for
skeletal symptoms or new symptomatic

fracture, spinal cord compression or tumor-
related orthopedic intervention)

FDA-approved indications CRPC with symptomatic bone metastases and

no visceral metastases

ALP = alkaline phosphatase; EBRT = external-beam radiotherapy.

pathologic fracture, spinal cord
compression or tumor-related orthopedic
intervention)

PSMA-positive metastatic CRPC, previous
treatment with androgen receptor pathway
inhibition and taxane-based chemotherapy
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patients had to have demonstrated PSMA-positive metastatic dis-
ease and no PSMA-negative lesions based on **Ga-PSMA-11 PET.
The liberal standard-of-care inclusion criteria allowed patients to
have access to concurrent treatments, excluding cytotoxic chemo-
therapy, systemic radioisotopes (e.g., >*>Ra), immunotherapy and
investigational drugs. These exclusions regarding concurrent
therapy existed given the lack of safety data on combining '"’Lu-
PSMA-617 with these agents. The VISION trial had alternate pri-
mary endpoints, meaning the trial would be positive if either or
both endpoints were reached. These endpoints were rPFS (as
defined by PCWG3) and overall survival. The VISION trial met
both of its primary endpoints, prolonging rPFS (8.7 vs. 3.4 mo; HR,
0.40; 95% CI, 0.29-0.57; P < 0.001) and overall survival (15.3 vs
11.3 mo; HR, 0.62; 95% CI, 0.52-0.74; P < 0.001). Unlike the
ALSYMPCA trial, the VISION trial included radiographic outcome
measures, including objective response and disease control accord-
ing to RECIST; 9.2% of patients achieved a complete response in
the '"7Lu-PSMA-617 group, compared with 0% in the control
group. The VISION trial also met other secondary endpoints,
including delay to first symptomatic skeletal event (11.5 vs. 6.8 mo;
HR, 0.50; 95% CI, 0.40-0.62; P < 0.001) in the '7"Lu-PSMA-617
group.

After achievement of the primary outcome measures of the
VISION trial, an NDA priority review was submitted to the
FDA, and approval was confirmed in April 2022 (48). Given
the inclusion of PSMA PET in the trial protocol, the FDA
approval stipulated that !7"Lu-PSMA-617 eligibility was contin-
gent on PSMA-positive expression on PSMA-11 PET-based
imaging (48).

FUTURE OF RADIOPHARMACEUTICALS IN PCa

The FDA approval of ?*’Ra-dichloride and the success of the
recent phase III VISION trial assessing !”’Lu-PSMA-617 provide
a pathway and a model for future development of radiopharma-
ceuticals in PCa. Careful adherence to published FDA regulations
pertaining to radiopharmaceuticals (7), the principles for trial con-
duct outlined in the PCWG3 recommendations, and considerations
in recommended FDA trial design are critical.

From the recent experiences, important lessons have been
learned that may optimize future radiopharmaceuticals. Given the
variation in regulatory processes globally, improved international
collaboration may improve efficiency in the conduct of phase II
and III trials. Many patients may be treated outside clinical trial
protocols, particularly in countries with less restrictive regulatory

oversight; however, publishing such retrospective data provides
limited value in the context of regulatory approval. Thus, it is par-
amount that early experience with novel agents be published in
the context of trial protocols to add to the body of knowledge
while providing robust clinical data that are beneficial for regula-
tory approval. With respect to study design, there is a need to
reach consensus on an optimal control arm with which to compare
radiopharmaceuticals. The respective control arm treatment should
be commensurate with the risks faced by the treated population.
Indeed, in some scenarios, the use of passive control groups (e.g.,
placebo) may be suitable, though in other trial designs a suitable
active control will be needed. For example, there is some role for
chemotherapy control groups (e.g., docetaxel or cabazitaxel),
although not all patients require chemotherapy.

At present, most studied agents have assessed the role in late PCa,
typically metastatic CRPC. The role of radiopharmaceuticals at ear-
lier times in the PCa course is of interest, though it has a unique set
of challenges (Fig. 2). For example, the PSMAfore trial is a phase
111, open-label, randomized trial assessing the role of '’’Lu-PSMA-
617 in taxane-naive patients versus a change in the androgen recep-
tor pathway inhibitor in metastatic CRPC (NCT04689828) (58).
Use of such agents in even earlier disease states, such as localized
disease, requires the use of more intermediate endpoints, given the
prolonged follow-up required to demonstrate differences in overall
survival. The fact that the optimal endpoint is currently not clear may
be disruptive from a regulatory perspective. In particular, molecular
imaging endpoints—be they based on response or progression—
have been defined, have undergone clinical qualification as clinically
relevant, and are not recognized by regulatory agencies as meritori-
ous for drug approval. Additionally, combination therapies with
radiopharmaceuticals and alternate systemic agents are being investi-
gated, such as immunotherapy agents. Table 2 lists current radio-
pharmaceutical trials in PCa.

It is likely that novel radiopharmaceuticals will soon be devel-
oped and enter clinical-phase trials. Such agents may be directed to
new targets that are overexpressed in PCa tumor cells or the tumor
microenvironment (59). In addition to novel pathways and targets,
variation in therapeutic radionuclides is a likely avenue of develop-
ment. Although the most common radioisotopes are frequently
B-particle emitters, c-emitters such as 22°Ac, 213B, 2!2Pb, and 2! At
are attractive because they provide more energy across a shallower
depth of penetration (25). Future trial designs may require demon-
stration of superiority or noninferiority compared with previously
approved radiopharmaceutical agents.

Non-
metastatic
CRPC

Clinically
localized

prostate Rising PSA

cancer
Lutectomy: "77Lu-PSMA617

Clinical
metastases:
CSPC

. Castration-resistant
. Castration-sensitive

PSMAddition: '77Lu-PSMA617

Bullseye: '77Lu-PSMA-I&T
EnzaP: "77Lu-PSMAB17 +
enzalutimide

UpFrontPSMA: 77Lu-PSMA617

LUuPSMA: ""7Lu-PSMA617

TheraP: 177Lu-PSMA617

VISION: 177Lu-PSMA617

LUPARP: 77Lu-PSMA617 + olaparib

PRINCE: "77Lu-PSMA617 + pembrolizumab

NCTL 03805594: '77Lu-PSMA617 + pembrolizumab
SPLASH: "77Lu-PSMA-I&T

LuCAB: '77Lu-PSMA617 + cabazitaxel

NCT 05204927: 177Lu-PSMA617

FIGURE 2. Trials assessing '""Lu-PSMA-617 therapy in various stages of PCa.
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TABLE 2

Current Radiopharmaceutical Trials in PCa

ClinicalTrials.gov

Trial name number Phase Size (n) Regimen Geographic region
High-risk localized or oligometastatic PCa
Lutectomy NCT04430192 I 20 177 u-PSMA-617 before Australia
prostatectomy
Bullseye NCT04443062 I 58 77Lu-PSMA-617 vs. The Netherlands
standard of care
PROQURE-1 NCT05162573 I 18 EBRT + '7Lu-PSMA-617 The Netherlands
Metastatic CRPC
UpFrontPSMA NCT04343885 I 140 Docetaxel = '"7Lu- Australia
PSMA-617
ProstACT TARGET NCT05146973 Il 50 EBRT + '"7Lu-DOTA- Australia
TLX591
PSMAddition NCT04720157 I} 1,126 Standard of care = '77Lu- United States, Europe,
PSMA-617 Korea, Singapore,
Taiwan
NA NCT04206319 I 26 223Ra United States
NA NCT05079698 I 6 77 yu-PSMA-617 + United States
stereotactic
radiotherapy
First-line therapy for metastatic CRPC
EnzaP NCT04419402 Il 160 Enzalutamide = '7Lu- Australia
PSMA-617
PSMAfore NCT04689828 M 450 177 u-PSMA-617 vs. North America, Europe
change in ARSI
Second-line therapy for metastatic CRPC
LUPARP NCT03874884 I 52 177 u-PSMA-617 + Australia
olaparib
PRINCE NCT03658447 1”1 37 77 Lu-PSMA-617 + Australia
pembrolizumab
NA NCT03805594 I 43 177 yu-PSMA-617 + United States
pembrolizumab
NA NCT04946370 /1l 76 2257¢-J591 + United States
pembrolizumab
SPLASH NCT04647526 11} 415 177 u-PSMA-I&T vs. North America, Europe
second-line ARSI
NA NCT04506567 ] 105 2257 ¢-J591 United States
ARROW NCT03939689 I 120 En1ze?1lutamide + MIP 1095 North America
I
NA NCT04644770 I 70 2255¢ h11B6 United States
SECURE NCT04868604 /1l 44 54Cu-SAR-bisPSMA United States
LuCAB NCT05340374 /1l 44 77 y-PSMA-617 + Australia
cabazitaxel
NA NCT04071236 I/l 24 228Ra + M3814 + United States
avelumab
TATCIST NCT05219500 I 100 2257c-PSMA-I&T United States
NA NCT04886986 /11 33 2257¢ + ""Lu-PSMA-I&T United States
ECLIPSE NCT05204927 I 400 77 u-PSMA-I&T United States
NA NCT04597411 I 30 2257c-PSMA-617 Australia, South Africa
PROSTACT NCT04876651 I 387 177 u-J591 Australia

EBRT = external beam radiotherapy; ARSI = androgen receptor signaling inhibitor; NA = not applicable.
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CONCLUSION

Although radiopharmaceuticals are currently in their infancy,

they represent a promising treatment pathway that warrants careful
interrogation. Presently, significant barriers to entry exist in the
realms of radiopharmaceutical development and progression
through to clinical trials and eventual FDA approval. Despite these
barriers, agents have been approved largely because of the clear
regulatory guides published by the FDA. In metastatic CRPC,
adherence to the framework provided by PCWG facilitated the suc-
cessful designs of the phase III ALYSMPCA and VISION trials.
As such, these recent approvals provide optimism and highlight a
clear pipeline toward NDA application for novel radiopharmaceut-
icals. The roles of radiopharmaceuticals using alternative targeting
ligands and radioactive nuclides, and at different disease points in
PCa, are an area of future research.
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Nanoparticles possess unique features that may be useful for disease
diagnosis and therapy. Preclinically, many different nanodiagnostics
have been explored, but only a few have made it to the market. We
here provide an overview of nanoparticle-based imaging agents cur-
rently used and evaluated in the clinic and discuss preclinical progress
and translational avenues for the use of nanoparticles for diagnostic
and theranostic applications.

Key Words: molecular imaging; oncology; nanodiagnostics; hanome-
dicine; nanoparticles; theranostics
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Imaging plays an important role in disease diagnosis, prediction
of prognosis, and monitoring of therapeutic responses. Imaging
modalities used in routine practice are ultrasound, radiography,
CT, PET, SPECT, MRI, and combinations of these (i.e., SPECT/
CT, PET/CT, and PET/MRI). Optical imaging and photoacoustic
imaging are also gradually finding their way into the clinic, mainly
in the setting of intraoperative imaging approaches. To improve
the distinction between pathologic and normal tissues, contrast
agents and radiolabeled probes are frequently used. In the last 2
decades, nanoparticles have received a lot of interest as imaging
probes. Some nanoparticles are intrinsically magnetically or opti-
cally imageable, whereas others can be imaged only indirectly,
after being labeled with radiotracers or dyes (/).

Nanoparticles tend to circulate for prolonged periods (compared
with small-molecule agents) and display passive accumulation at
pathologic sites such as tumors, metastases, and sites of inflamma-
tion, because of leaky vasculature and a high population of phago-
cytes (2). Furthermore, nanoparticles can be functionalized with
targeting ligands to promote engagement with and uptake by target
cells or tissues. It is because of these features that, beyond applica-
tions in imaging, nanoparticles are also extensively used for drug
delivery. The therapeutic performance of drug-loaded nanomedicines
relies on their ability to reach the pathologic site, which in the case
of tumors usually relies on the enhanced permeability and retention
(EPR) effect (3). Because EPR is a highly heterogeneous phenome-
non, companion nanodiagnostics or theranostic nanoparticles are
needed to stratify patients during translation, to ensure that only
patients presenting good tumor accumulation are included in clinical
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trials (4). At the preclinical level, imaging techniques assist in better
understanding nanoparticle behavior in vivo, providing fundamental
insights to improve drug delivery formulations.

In this perspective, we discuss the development of nanoparticles
as imaging agents, either as purely diagnostic probes for clinical
disease diagnosis and staging or as imaging allies of nanoparticle
therapeutics for improved formulation design, patient stratification,
and nanomedicine translation.

NANOPARTICLE-BASED IMAGING

Nanoparticle-Based Diagnostics in the Clinic

Despite large numbers of preclinical studies using nanoparticles
as imaging probes, only a few have moved to clinical settings (5)
(Supplemental Tables 1 and 2; supplemental materials are available at
http://jnm.snmjournals.org). This is because the particular pharmaco-
kinetic properties of nanoparticles limit their use to very specific
applications. For instance, nanoparticles tend to circulate for relatively
long periods, have a small volume of distribution, and are taken up by
phagocytes. They consequently reside and accumulate mainly in well-
perfused and macrophage-rich tissues, such as liver, spleen, and
lymph nodes. Hence, traditional diagnostic applications of nanopar-
ticles include imaging of liver lesions after intravenous administration
or localization of sentinel lymph nodes (SLNs) after local injection.
Moreover, because of their potent contrast generation properties,
nanoparticles have been used to label stem cells and track their migra-
tion to or retention in pathologic tissues. Recent clinical work has fur-
thermore explored the use of stimulus-responsive nanoparticles, which
can change their behavior or contrast generation depending on their
environment. Such approaches may gradually expand nanoparticle-
based imaging beyond traditional clinical applications.

M Te-Colloids for SLN Mapping and for Inflammation and
Bone Marrow Imaging. The first nanoparticles used in the clinic
were **™Tc-colloids for planar scintigraphy and later SPECT imag-
ing (6). They have been administered since the mid-1960s and are
based primarily on radiolabeled sulfur colloids. *™Tc-colloids are
used to identify SLNs in various tumor entities (e.g., breast cancer,
melanoma, oral cavity tumors, prostate cancer, and cervical cancer)
and to image lymphatic flow. Moreover, these colloids are also used
for radiolabeling of leukocytes to locate sites of infection and inflam-
mation and for imaging of bone marrow distribution. In the European
Union, radiolabeled albumin nanocolloids are more commonly used
than the sulfur counterparts. Although sulfur colloids have a wide
range of sizes (from 10 to 1,000 nm, with filtration removing par-
ticles larger than 200 nm), albumin nanoparticles are much smaller
(~30 nm) and have a narrower size distribution (between 6 and
80 nm), which results in faster migration through the lymphatic
system. Currently, these nanoparticles are still broadly used in daily
clinical practice (Supplemental Table 1).
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Superparamagnetic Iron Oxide Nanoparticles (SPIONs) for
MRI of Liver Tumors. In 1996, ferumoxide became the first SPION-
based imaging formulation approved by the U.S. Food and Drug
Administration (Supplemental Table 1) (6). The large magnetic
moment of SPIONS alter the transverse relaxation times (73) of water
protons, changing their signal properties in MRI. Because around
80% of intravenously injected SPIONs are cleared by Kupffer cells
in the liver, and because liver tumors generally have altered vascular-
ization and a much lower phagocytic capacity, SPIONs were initially
used for carcinoma detection and dysplastic nodule evaluation. Sub-
sequent applications outside the liver included atheroma imaging,
stem cell tracking to identify postadministration location and engraft-
ment, and dendritic cell labeling to monitor vaccine administration
and lymph node trafficking. Given the more favorable pharmacoki-
netics and excretion profiles of gadolinium-based contrast agents
(i.e., SPIONs show poor excretion and strong accumulation in the
liver and spleen), as well as their positive signal generation proper-
ties, most clinical SPION applications have been discontinued,
except for very specific applications such as MR angiography in
patients with renal failure and use as a drug in iron-deficiency anemia
(5,7). Interestingly, in recent years, the use of SPIONs has again
increased in clinical settings, for new specific niche applications.

SPIONs for Imaging Tumor-Associated Macrophages (TAMs).
TAMs are involved in tumor progression and considered to be bio-
markers for an unfavorable prognosis (8). Several new therapeutic
agents target leukocytes, diminishing macrophage infiltration in
tumors. Thus, it is important to identify tumors that present high
levels of TAMs and to monitor how they respond to treatments.
SPIONSs (ferumoxytol) have been used to image macrophages in
high-grade glioma patients (9). MRI measurements have shown a
good correlation with iron-containing TAMs at tumor sites, where
SPIONs were localized inside macrophages and not in tumor cells

or astrocytes, as confirmed by histopathology.
SPIONs for Identifying Lymphoid Tissue. In breast cancer and

melanoma, SLNs can be mapped with **™Tc-colloids and blue dyes.
The use of these agents is limited by several factors, including the
lack of strong optical signal in tissue (blue dye), artifacts originating
from shine-through phenomena (if the SLN is too close to the pri-
mary lesion), poor spatial resolution (e.g., 10 mm for lymphoscintig-
raphy with **™Tc), and the need for using radioisotopes. Hence,
SPIONSs have been clinically explored as alternative mapping probes
for SLN detection, showing diagnostic performance similar to
9mT¢-based methods (10). SPIONs have also been used to identify
lymph node metastases in prostate cancer patients via nanoparticle-
enhanced MRI. Compared with PET/CT imaging with ®Ga-PSMA-
HBED-CC, SPION-enhanced MRI was found to be superior in

identifying smaller suggestive lymph nodes (7).
Fluorescent Silica Dots for Mapping SLNs. Ultrasmall integrin-

targeted fluorescent core-shell silica nanoparticles (also known as
Cornell dots) are being explored in the clinic to locate SLNs. Their
size of less than 8 nm allows for fast renal excretion, resulting in
whole-body clearance half-times of between 13 and 21 h. This rapid
removal from the body favors specific molecular imaging applica-
tions and minimizes safety concerns, such as long-term accumulation
in the liver. A phase I/Ila clinical study has demonstrated the feasibil-
ity and safety of Cornell dot-based SLN biopsy mapping in patients
with melanoma in the head and neck area (Fig. 1A) (/2). Moreover,
Cornell dots radiolabeled with 2*I, #Zr, or **Cu have also been
used as hybrid probes for PET and fluorescence-based imaging for
staging tumors in clinical settings (/3).

NANOPARTICLE DIAGNOSTICS AND THERANOSTICS ~ *

pH-Sensitive Fluorescent Polymeric Nanoparticles for Intra-
operative Imaging. ONM-100 is a micellar fluorescent nanoparticle
imaging agent composed of a pH-sensitive amphiphilic polymer con-
jugated to indocyanine green. The polymeric micelles irreversibly
dissociate in the acidic extracellular tumor microenvironment, and
they fluoresce as a result. In a recent clinical study, ONM-100
enabled intraoperative imaging of 4 different solid tumor types (e.g.
head and neck squamous cell carcinoma, esophageal cancer, breast
cancer, and colorectal cancer) both in vivo and ex vivo in 30 patients
(Fig. 1B) (/4). ONM-100 furthermore promoted the detection of
tumor-positive resection margins in 9 (of 9) patients. Moreover,
nanoparticle fluorescence was observed in 4 occult lesions missed
by standard-of-care surgery or pathologic analysis.

Nanoparticle-Based Surface-Enhanced Raman Spectroscopy
(SERS) for Identification of Surgical Tumor Margin Surfaces.
Lumpectomy (also known as partial mastectomy) is a standard inter-
vention for breast cancer. Unfortunately, additional surgery is
required in up to 50% of patients if pathologic analysis reveals the
presence of carcinoma in the resection margins. Intraoperative identi-
fication of residual carcinoma at the surgical margin surface holds
promise to reduce the number of reexcision surgeries. Recently, a
raman-encoded molecular imaging technique based on gold nanopar-
ticles topically applied to the excised tissue has been developed (15).
This SERS technique allows visualization of the expression of multi-
ple cell surface biomarkers at surgical margins. In a proof-of-concept
study, 57 freshly removed specimens were imaged to characterize
the expression of 4 biomarkers (i.e., human epidermal growth factor
receptor-2 [HER2], estrogen receptor, epidermal growth factor recep-
tor, and CD44), and the detection of breast carcinoma was achieved
with a sensitivity and specificity of 89% and 92%, respectively.

Promising Nanoparticle-Based Imaging Approaches at the
Preclinical Stage

While the amount of preclinical research focusing on developing
novel nanoparticles for imaging applications is vast, only very few
nanodiagnostics are heading toward clinical use. This discordance
is because research is driven mostly by materials science, in which
developing new multifunctional nanomaterials with exotic proper-
ties prevails over trying to overcome key current pitfalls of nano-
particle imaging agents. Nonetheless, it is worth highlighting
several preclinical initiatives that are trying to move toward transla-
tion. For example, some efforts have focused on already-approved
SPIONS, either minimizing some of the features that resulted in
their discontinuation as MRI contrast agents or exploiting them as
probes for new imaging modalities previously not used for diagnos-
tics. Beyond SPIONSs, nanoparticles emitting in the second near-
infrared window (NIR-II) have recently expanded the applicability
of fluorescence imaging, as their deeper tissue penetration and
higher spatial resolution potentially allow for more precise func-

tional and molecular imaging.

SPIONs for Longitudinal Relaxation Time (T;)-Based MR
Angiography. Despite initial approval in the United States and
European Union, most SPIONs were discontinued as 7, contrast
agents because of poorer pharmacokinetic properties and perfor-
mance than for the much smaller gadolinium-based contrast
agents. 7, MRI contrast agents have inherent limitations, including
dark signal (negative contrast) and the blooming effect. Hence, T
contrast agents tend to be preferred by clinicians. Expanding on a
pioneer work in which small SPIONs were used as 7 blood-pool
contrast agents, a study used extremely small SPIONs as contrast
agents for high-resolution 7, MR angiography in beagle dogs and
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FIGURE 1. Nanoparticle-based imaging for diagnosis. (A) Real-time transcutaneous imaging of SLNs using fluorescent silica dots. (Adapted with permis-
sion of (12).) (B) Fluorescence images of different surgically removed tumor and healthy-tissue specimens after ONM-100 administration. (Adapted with per-
mission of (74).) (C) Use of ®*Cu-macrin to image tumor-associated macrophages in orthotopic mouse model of lung adenocarcinoma via PET/CT. Cyan
arrows highlight tumors with high *Cu-macrin uptake. Arrows are used to further highlight those regions in corresponding transverse sections. (Adapted
with permission of (79).) (D) Endoscopy imaging premalignant colorectal lesions using nanoparticle-based SERS. Lesion is highlighted by the white dashed
line in white-light image. Raman signals correlated with presence of lesions (regions 1 and 3), whereas no raman signals were detected in lesion-free region
(region 2). (Adapted with permission of (22).) BC = breast cancer; EC = esophageal cancer; CRC = colorectal cancer; HNSCC = head and neck squamous
cell carcinoma.

macaques (/6). As a proof of concept, cerebral ischemia was
imaged and identified in these large animals. Regarding a potential
clinical future, SPIONs showing 7} contrast may benefit current
niche applications in which conventional SPIONs are used as 75
contrast agents (e.g., SLN imaging and cell tracking), as long as
SPION clustering, which can result in signal quenching, is mini-
mized. Compared with current small-molecule gadolinium che-
lates, SPIONs have diagnostically less optimal pharmacokinetics
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(i.e., slower tissue accumulation, slower compartment exchange,
and slower excretion) and are therefore unlikely to replace them as
general MRI probes.

SPIONs for Magnetic Particle Imaging (MPI) of Perfusion.
Invented in 2001 and commercialized in 2013, MPI has emerged
as a promising imaging technique. MPI provides 3-dimensional
images of SPION distribution and has distinct advantages over
conventional MRI, such as quantitative imaging of nanoparticles
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as positive contrasts, shorter acquisition times, higher temporal
resolution, and absence of signal from tissue. Hence, MPI has
been used for real-time functional imaging, such as detecting per-
fusion deficits in ischemic brains in mice (/7). Regarding its clini-
cal future, MPI faces 2 main challenges. First, most current MPI
systems are designed for animal imaging, and efforts to upscale MPI
scanners to the appropriate size (while providing sufficient imaging
capabilities) are still ongoing and continue to be a challenge. Second,
whereas MPI may outperform SPION-based MRI, MPI is still lim-
ited by the distinct pharmacokinetic features of SPIONS (i.e., slower
accumulation in tissue of interest, slower compartment exchange,
and slower excretion than for small molecules). Moreover, many MPI
studies have focused on imaging the vascular system. Reliable (and
cheaper) techniques for imaging perfusion already exist, including CT
and ultrasound, questioning the need for a more expensive imaging
technique. Taking everything together, the future of MPI as a general
diagnostic tool is disputable, and MPI may be limited to specific appli-
cations such as hot-spot imaging of labeled stem cells (as long as the
cell properties are not disrupted).

SPIONs for Monitoring Immunotherapy. Chimeric antigen
receptor T-cell therapy is approved by the Food and Drug Adminis-
tration for the treatment of chemotherapy-resistant leukemia. How-
ever, in patients with solid tumors, chimeric antigen receptor T-cell
therapy has shown mixed results. As with nanomedicines, one chal-
lenge facing this therapy is monitoring infiltration and accumulation
of the therapeutic entities, that is, the ex vivo engineered T cells, into
the tumor region on intravenous administration, as the therapeutic
response strongly depends on this accumulation. Hence, there may
be a need to track the location of T cells noninvasively. Following
the steps of a pioneer study that monitored dendritic cell therapy
with SPIONSs in melanoma patients, a recent study demonstrated that
SPIONS could also be used to label chimeric antigen receptor T cells,
and their accumulation and distribution could be determined in osteo-
sarcoma-bearing mice by MRI and MPI (I/8). From the different
SPION applications described in this article, tracking of circulating
cells is one with decent clinical potential, as nanoparticles are more
suited than small molecule-based contrast agents for labeling and
tracking stem and immune cells.

%Cu-Labeled Macrin Nanoparticles for PET Imaging of Mac-
rophages. TAM density correlates with cancer progression and
drug response (8), especially during nano- and immunotherapy.
However, imaging the dynamic spatiotemporal distribution of
TAMs is challenging, particularly noninvasively. In this context,
64Cu-labeled macrin nanoparticles were developed to image
TAMs and their response to therapy via PET. Macrin nanopar-
ticles comprise a 20-nm polyglucose core, which prevents renal
clearance and promotes macrophage uptake (>90% of the admin-
istered dose). In a proof-of-concept study, macrin nanoparticles
were used to characterize macrophage responses to chemotherapy
and radiotherapy (Fig. 1C) (/9). Furthermore, TAM-rich tumors
identified by macrin nanoparticle-based imaging showed over a
700% higher nanomedicine accumulation than in TAM-deficient
tumors. This observation corroborates that TAM imaging is useful for
patient stratification in cancer nanomedicine. Beyond cancer, **Cu-
macrin nanoparticles have also been used to monitor macrophages
during infections in mice, rabbits, and pigs (20). Regarding their clini-
cal translation, a phase I clinical trial is currently recruiting participants
to further study **Cu-macrin nanoparticles. The aim of this study is to
evaluate the pharmacokinetics, whole-body distribution, and safety in
healthy individuals, as well as nanoparticle accumulation in disease
sites in patients with cancer, sarcoidosis, and myocardial infarction.
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Nanoparticles with NIR-II Emission for Imaging Immune
Responses. The NIR-II ranges from 1,000 to 1,700 nm. It has
become an attractive optical region for biologic imaging, as tissues
show lower autofluorescence, absorption, and scattering, resulting
in higher spatial resolution and deeper tissue penetration. Taking
advantage of these characteristics, molecular imaging based on
NIR-II has been explored to study immunotherapy responses (21).
Down-converting nanoparticles functionalized with polymers and
antibodies allowed the imaging of programmed death ligand 1 and
CDS8 in mice with colon cancer, with an impressive tumor—to—
normal-tissue signal ratio of 40. Molecular imaging revealed the
presence of cytotoxic T cells in tumors in response to immunother-
apy. Regarding translation, NIR-II fluorescence imaging holds
promise for several niche applications. However, most work done
thus far has relied on quantum dots, carbon nanotubes, and lantha-
nide-based down-converting nanoparticles, which are unlikely to
be translated because they are incompletely excreted from the
body and possess intrinsic tolerability issues. Conversely, although
organic dyes and polymeric nanoparticles loaded with NIR-II fluo-
rophores have somewhat lower quantum yields, they typically dis-
play better excretion profiles and currently are the NIR-II imaging
probes with the brightest clinical future.

Nanoparticle-Based SERS for Intraoperative Imaging. Intrao-
perative imaging of precursor lesions in live animals has been per-
formed by contrast-enhanced raman endoscopy (Fig. 1D) (22).
The nanoparticles used as SERS probes were similar to the ones
used in the clinic for the identification of surgical margin tumor
surfaces via SERS. With this technique, highly sensitive detection
of precursor lesions of gastrointestinal tract cancer in clinically rel-
evant transgenic animal models was achieved. Furthermore, real-
time raman endoscopy systems have already been used in the
clinic in humans, although not for SERS-based imaging. In this
regard, although SERS is one of the most sensitive techniques for
detection and analysis, it requires the use of gold (or silver) nano-
particles. At the moment, the future of gold nanoparticles in the
clinic is unclear (several clinical trials are ongoing), as a fraction
of the injected nanoparticles tends to remain in the liver and spleen
of patients for prolonged periods. Therefore, the clinical future of
gold nanoparticle-enhanced SERS remains uncertain.

IMAGING OF NANOPARTICLES

Patient Stratification in Cancer Nanomedicine

While nanomedicines usually display strong antitumor effects
in preclinical studies, their benefits in clinical settings tend to be
modest, primarily reducing the side effects of drugs (4). To facilitate
clinical translation, oncology practice routinely uses different strate-
gies for patient stratification, including biopsy-based companion
diagnostics (e.g., in vitro testing assays) and imaging-based compan-
ion diagnostics (e.g., nontherapeutic imageable nanoparticles). For
example, in the clinical trials resulting in the approval of trastuzumab
and pertuzumab, only patients with high expression levels of human
epidermal growth factor receptor 2 (HER2, the antigen for both anti-
bodies) were included, as they were most likely to benefit from treat-
ments. In the case of nanomedicines in the clinic, such strategies are
not routinely used to identify patients who should be included in tri-
als and treated with the formulations in question. This is stunning,
since nanomedicine performance is known to be strongly affected by
the extent of tumor accumulation (i.e., EPR effect), which is highly
variable both intra- and interindividually. This lack of stratification
may explain multiple recent failures of cancer nanomedicines in
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clinical trials (23). Taking these notions into account, several recent
studies have now gradually started to explore the use of companion
nanodiagnostics and nanotheranostics to visualize and quantify tumor
accumulation of nanomedicines in patients (Supplemental Tables 1
and 2).

SPIONs as Companion Nanodiagnostics. Ferumoxytol is Food
and Drug Administration—approved for the treatment of anemia in
patients with kidney disease and can be used to characterize nano-
particle tumor accumulation and EPR heterogeneity via MRI (24).
Ferumoxytol accumulation was studied in patients with different
types of malignancy. As anticipated, higher levels of ferumoxytol
accumulation in tumors correlated with a greater reduction in
lesion size on treatment with liposomal irinotecan (which is
approved for pancreatic cancer therapy). This pragmatic way of
visualizing and quantifying nanoparticle accumulation in tumors
via SPION application holds significant clinical potential for use
as a companion diagnostic in cancer nanomedicine.

Radiolabeled Nanoparticles as Nanotheranostic Agents. An
alternative to using a companion nanodiagnostic is coloading nanome-
dicines with both drugs and imaging agents. For example, a clinical
study showed that PET/CT can assess the tumor accumulation of
%4Cu-labeled HER2-targeted liposomal doxorubicin in metastatic
breast cancer patients (25). A retrospective exploratory analysis of

patient outcome confirmed that the tumor deposition of *Cu-labeled
liposome correlated favorably with therapy outcome. This approach
has recently been expanded to other nanoparticle platforms. For
instance, the tumor accumulation of docetaxel-loaded polymeric
micelles has been studied using PET/CT in 7 patients with solid
tumors via radiolabeling of the theranostic nanomedicine formulations
with 3°Zr (Fig. 2A) (26). Looking into the future, there are several
theranostic radioisotopes, such as '7’Lu and '*'I (3~ and v emitters),
that provide both therapeutic and imaging capabilities. These isotopes
have also already been loaded into nanoformulations; however, they
have thus far been tested only in preclinical settings (27).

Gadolinium Nanoparticles as Nanotheranostic Agents. AGulX
(NH TherAguix SA) nanoparticles are ultrasmall (5 nm) polysilox-
ane-based nanoformulations that contain approximately a dozen
chelated gadolinium ions per particle and are being evaluated in
the clinic, particularly for whole-brain radiotherapy enhancement
(Supplemental Table 1). AGulX nanoparticles rely on the potent
radiosensitizing properties of gadolinium, which (like other ele-
ments with a high atomic number) has a high photoelectric absorp-
tion coefficient, delivering a high dose to the surrounding tissue
when exposed to ionizing radiation. Thus far, the results of only a
phase I completed clinical trial have been published (28), in which
single intravenous administrations of AGulX nanoparticles (doses
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FIGURE 2. Imaging of companion diagnostic nanomedicines and nanotheranostics. (A) PET/CT imaging of accumulation of 8°Zr-labeled docetaxel-
loaded polymeric micelles (3%Zr-CPC634) in lung metastases at 96 h after intravenous injection. Arrows indicate tumors. (Adapted with permission of
(26).) (B) Color-coded signal-enhanced MRI of upper half of the head of patient with brain metastases resulting from non-small cell lung cancer after
intravenous injection of AGulX. (Adapted with permission of (28).) (C) Biodistribution images of fluorophore-labeled polymeric micelles obtained using
hybrid micro-CT fluorescence tomography. (Adapted with permission of (32).) T = orthotopically induced triple-negative breast cancer tumor.
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of 15-100 mg/kg of body weight) were studied in 15 patients with
4 types of brain metastases (melanoma, lung, colon, and breast).
AGuIX nanoparticles prominently accumulated in and increased
image contrast in all types of brain metastases for up to a week
after administration (Fig. 2B). At the moment, 7 open clinical tri-
als (phase I/IT or IT) are ongoing, in which the benefits of AGulX
as a radiosensitizer against several cancers (therapeutic perfor-
mance), as well as its ability to guide radiotherapy (theranostic
performance), are being explored. The results of these studies will
define the clinical future of AGulX nanoparticles.

Imaging of Therapeutic Nanoparticles. In addition to nanopar-
ticles specifically developed as imaging or theranostic probes, sev-
eral nanoparticles that are approved for clinical use as therapeutics
also possess intrinsic imaging properties (Supplemental Table 1).
For example, NanoTherm (MagForce AG) is a SPION-based
nanoformulation used for the treatment of localized cancers with
magnetic hyperthermia. These nanoparticles were approved in Europe
for the treatment of glioblastoma in 2011 and recently received the
green light from the Food and Drug Administration to move to a
stage IIb trial for the focal ablation of prostate cancer. SPIONs can
be imaged via MRI and MPI, allowing the study of NanoTherm
tumor accumulation, retention, or distribution if necessary. Another
type of imageable therapeutic nanoparticle is the hafnium oxide
nanoparticle (NBTXR3; Nanobiotix), which in 2019 was approved
by the European Medicines Agency as an intratumorally injected
radiosensitizer for the treatment of soft-tissue sarcoma.
NBTXR3 is also in clinical trials for the treatment of other types
of cancer (Supplemental Table 2). Hafnium is a high-atomic-number
element and (like gadolinium) has a strong photoelectric absorption
coefficient, which causes hafhium oxide nanoparticles to display both
strong radiosensitizing properties and strong CT contrast. Similarly,
gold nanoparticles, which are currently in clinical trials for nucleic
acid delivery to glioblastomas and for photothermal ablation therapy
of solid tumors (29), also show strong contrast in CT, as well as in
photoacoustic imaging. Thus, whereas these nanoformulations were
not initially designed as imaging probes, their intrinsic imaging capa-
bilities may assist in promoting their clinical expansion or translation,
via providing noninvasive and quantitative information on tumor accu-
mulation and distribution and, thereby, via promoting potential patient
stratification.

Preclinical Imaging of Nanoparticles for Improved In Vivo
Performance

When not used as tools for clinical diagnosis and decision mak-
ing, nanoparticle imaging can be performed to better understand
and refine nanoparticle behavior and performance in vivo. Efforts
in this regard include characterizing nanoparticle pharmacokinetics
and biodistribution, performing mechanistic studies on the princi-
ples of nanoparticle tumor accumulation, and monitoring local drug
release from nanoparticles on external stimuli. In the last couple of
years, new studies relying heavily on multiimaging setups have
challenged some of the long-standing paradigms in nanomedicine
and drug delivery.

Imaging Nanoparticles in Circulation and During Extravasation.
The accumulation of nanomedicines in tumors is widely believed
to be caused by passive diffusion of nanoparticles through the gaps
between endothelial cells in tumor blood vessels. This notion, which
is an essential component of the EPR effect, has been one of the driv-
ing forces for the development of nanocarriers that can maximize
convection or diffusion through interendothelial gaps. Recently, new
research has questioned the prominence of this extravasation
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mechanism by identifying new transport processes, such as phagocyte
hijacking in the bloodstream (30). By combining transmission elec-
tron microscopy, 3-dimensional microscopy, and dynamic intravital
microscopy, it has been reported that although gaps between endothe-
lial cells occur, they are not frequent and their role in nanoparticle
tumor accumulation may thus be overestimated. Similar multiimag-
ing efforts have set out to measure nanoparticle uptake rates by
Kupffer cells in vivo, identifying a concentration threshold above
which Kupffer cells get overwhelmed and liver clearance decreases,
prolonging nanoparticle circulation and enhancing the therapeutic
effect of nanotherapies (37).

Multiscale Imaging of the Biodistribution of Nanomedicines.
Clinical-stage polymeric micelles were fluorophore-labeled to
investigate their biodistribution and target site accumulation (32).
The micelles were imaged at the whole-body, tissue, and cellular
level by multimodal and multiscale optical imaging approaches
(Fig. 2C), including 3-dimensional micro-CT fluorescence tomog-
raphy and 2-dimensional fluorescence reflectance imaging, among
others. The polymeric micelles achieved a high tumor accumula-
tion, with values twice as high as those observed in liver and
spleen. Moreover, from the observation that 66% of intratumoral
polymeric micelles were extracellularly located, the authors con-
cluded that the anticancer efficacy of polymeric micelles is likely
caused by release of the drugs in the tumor microenvironment,
providing key information for the design of nanoformulations.
Regarding the remaining 33% of intratumoral polymeric micelles,
they predominantly accumulated in phagocytes, which may pro-
vide new opportunities for nanoimmunotherapy.

Monitoring Drug Release from Nanomedicines. Nanomedicines
need to release their payload at the tumor site to achieve proper ther-
apeutic outcomes. To study drug release in vivo, different imaging
strategies have been explored. One possible approach relies on the
inherent fluorescence emission of chemotherapeutic drugs, such as
topotecan (topoisomerase | inhibitor), which is an anticancer agent
and shows strong pH-dependent fluorescence (33). Alternatively,
triggerable nanomedicine formulations can be coloaded with drugs
and imaging agents that are released at the same time as the drugs.
In such setups, gadolinium chelates have been used on multiple occa-
sions to monitor drug release from (thermo-, sono-, and pH-) respon-
sive liposomes via MRI (34), confirming that therapeutic cargo is
released at the tumor site. These efforts are valuable to optimize for-
mulation design and confirm preclinical performance and clinical
potential, but because of their unpragmatic nature and insufficient
cost efficiency and time efficiency, it is unlikely that they will be
widely implemented in the clinic.

SUMMARY AND OUTLOOK

After several decades of preclinical and clinical progress, suc-
cesses, and setbacks, nanoparticle-based imaging agents are slowly
but steadily making a mark in disease diagnosis and clinical decision
making (Supplemental Tables 1 and 2). Initial paradigms based on
smart, multimodal, or multifunctional nanomaterials that are univer-
sally useful for the detection of all sorts of diseases have shifted to
more pragmatic and realistic approaches in which nanoparticles are
used for very specific diagnostic applications. On the one hand, these
applications are strongly dictated by the pharmacokinetic properties
of the nanoparticles, as well as by their propensity to accumulate in
specific tissues and cells. On the other hand, the applicability of
nanoparticle-based imaging agents strongly depends on the
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availability of alternative diagnostic probes and protocols, or more
explicitly, the lack thereof.

Theranostic nanoparticles, which combine diagnostic and thera-
peutic features in a single formulation, can provide information about
their biodistribution and about target site accumulation, distribution,
and retention. This is a potential avenue toward patient stratification,
which is performed routinely in the development of oncologic treat-
ments but hardly ever in nanomedicine. Advances in this direction
will increasingly profit from combination with machine-learning
techniques, which can contribute to many aspects of basic, transla-
tional, and clinical nanoparticle research, such as via formulation
optimization or via pathologic and radiomic feature identification
related to nanomedicine target site accumulation and efficacy. Novel
nanoparticle formats are furthermore developed to align with advan-
ces in the engineering of novel imaging instrumentation, including
ones implemented in surgical theaters, giving rise to new diagnostic
and theranostic methods. Finally, nanoparticles are also extensively
explored for ex vivo sensing applications, such as in point-of-care
devices and in coronavirus self-tests.

Altogether, it can be concluded that nanoparticles are increas-
ingly impacting clinical imaging and diagnostic decision making
and that there is promising preclinical progress toward the devel-
opment of novel nanoparticle-based imaging protocols.
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Validation of '3F-rhPSMA-7 and '*F-rhPSMA-7.3 PET
Imaging Results with Histopathology from Salvage Surgery
in Patients with Biochemical Recurrence of Prostate Cancer

Markus Kroenke'*?, Lilit Schweigerl’3 , Thomas Horn", Bernhard Haller’, Kristina Schwamborn®, Alexander Wurzer!’,
Tobias Maurer®, Hans-Jurgen Wester’, Matthias Eiber*!, and Isabel Rauscher* !>

! Department of Nuclear Medicine, School of Medicine, Technical University of Munich, Munich, Germany; *Department of Radiology
and Nuclear Medicine, German Heart Center Munich, Technical University of Munich, Munich, Germany, 3Bavarian Cancer Research
Center (BZKF), Munich, Germany; 4Department of Urology, School of Medicine, Technical University of Munich, Munich, Germany,
SInstitute of Medical Informatics, Statistics and Epidemiology, School of Medicine, Technical University of Munich, Munich, Germany;
Department of Pathology, School of Medicine, Technical University of Munich, Munich, Germany; ’Chair of Radiopharmacy, School
of Medicine, Technical University of Munich, Munich, Germany; and *Martini-Klinik and Deparmment of Urology, University Hospital

Hamburg-Eppendorf, Hamburg, Germany

BE_rhPSMA-7, and its single diastereocisomer form, '8F-rhPSMA-7.3,
are prostate-specific membrane antigen (PSMA)-targeting radiophar-
maceuticals. Here, we investigated their accuracy for the assessment
of lymph node (LN) metastases validated by histopathology. Methods:
Data from 58 patients with biochemical recurrence of prostate cancer
after radical prostatectomy receiving salvage surgery after PET imaging
with "®8F-rhPSMA-7 or "8F-rhPSMA-7.3 were retrospectively reviewed.
Two nuclear medicine physicians reviewed all PET scans and morpho-
logic imaging in consensus. Readers were masked from the results of
histopathology. PET and morphologic imaging were correlated with his-
topathology from resected LNs. Results: In 75 of 150 resected regions
in 54 of 58 patients, tumor lesions were present in histopathology. The
template-based specificity of PET ('®F-rhPSMA-7 and '®F-rhPSMA-7.3
combined) and morphologic imaging was 93.3% and 100%, respec-
tively. However, '®F-rhPSMA-7 and '8F-rhPSMA-7.3 PET detected
metastases in 61 of 75 histopathologically proven metastatic LN fields
(81.3%) whereas morphologic imaging was positive in only 9 of 75
(12.0%). The positive predictive value was 92.4% for '®F-rhPSMA-7
and "8F-rhPSMA-7.3 PET and 100% for morphologic imaging. '6F-
rhPSMA-7 and '®F-rhPSMA-7.3 PET performance was significantly
superior to morphologic imaging (difference in the areas under the
receiver-operating-characteristic curves, 0.222; 95% Cl, 0.147-0.298;
P < 0.001). The mean size of PET-positive and histologically confirmed
LN metastases was 6.3 = 3.1 mm (range, 2-15 mm) compared with a
mean size of 9.8 = 2.5 mm (range, 7-15 mm) on morphologic imaging.
Conclusion: '®F-rhPSMA-7 and "®F-rhPSMA-7.3 PET offer a high posi-
tive predictive value comparable to that reported for ®Ga-PSMA-11
and represent a valuable tool for guiding salvage lymphadenectomy.
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HISTOPATHOLOGICAL VALIDATION OF ' SF-RHPSMA PET -

Up to one third of all patients with prostate cancer (PC) will
experience biochemical recurrence after initial curative-intended treat-
ment (/). Salvage therapies such as salvage surgery and other meta-
stasis-directed treatments can prolong the interval until systemic
therapy is needed (2—4). To perform any localized treatment, for
either metastasis or local recurrence, accurate diagnostic imaging is of
utmost importance. Several studies have already proven the superior-
ity of PET targeting the prostate-specific membrane antigen (PSMA)
compared with morphologic imaging (e.g., CT and MRI) for localiza-
tion of recurrent disease or for primary N staging (5,6). In this con-
text, ®Ga-PSMA-11 has been the PSMA-ligand most extensively
assessed in several retrospective and prospective studies, leading to its
approval and recommendation by various guidelines as the preferred
imaging tool for restaging (7—11).

However, '8F-labeled PSMA-targeting ligands are becoming in-
creasingly used in preference to **Ga-labeled counterparts because of
the principal advantages of radiofluorinated tracers (e.g., longer half-
life and large batch production in cyclotrons leading to the possibility
of centralized production and distribution as well as lower positron
energy of '8F compared with ®3Ga) (12).

8F_thPSMA-7 is one such ®F-labeled PSMA-targeting ligand rep-
resenting a class of radiohybrid PSMA (thPSMA) ligands that can be
labeled with '8F for imaging purposes but also with other radioactive
isotopes such as '7’Lu for endoradiotherapy (/3). '*F-thPSMA-7 is
composed of 4 diastereoisomers (‘*F-ThPSMA-7.1-7.4) (14). Of
these, '8F-thPSMA-7.3 was selected for clinical development on the
basis of its superior characteristics in preclinical studies, including fast
clearance from blood pool, liver, and kidneys as well as high tumor
accumulation in LNCaP tumor—bearing mice (/4). '8F-thPSMA-7.3
is currently under investigation in 2 multicenter phase III trials for
PET imaging (NCT04186845 and NCT04186819); it shows proper-
ties similar to those of the isomeric mixture *F-rhPSMA-7, with both
PSMA-ligands demonstrating high detection rates in patients with bio-
chemical recurrence of PC (15,16).

However, to date, no histopathology-validated study on the use
of 8F-thPSMA-7.3 in patients with biochemical recurrence of PC has
been published. Thus, the aim of this retrospective analysis was to
assess the performance of '®F-thPSMA-7 and '8F-thPSMA-7.3 PET
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in patients with biochemical recurrence after radical prostatectomy un-
dergoing subsequent salvage surgery for histopathologic comparison.

MATERIALS AND METHODS

Patients

We retrospectively reviewed the institution’s database for all patients
with biochemical recurrence of PC who underwent either 'F-thPSMA-7
or '®FrhPSMA-7.3 PET and subsequent salvage surgery between Novem-
ber 2017 and June 2020. Patients were excluded if they had not undergone
radical prostatectomy as a primary treatment. In total, 58 patients were
identified. The retrospective analysis was approved by the local ethics
committee (permit 290/18S and 99/19). Administration of '*F-rhPSMA-7
and '8F-thPSMA-7.3 complied with the German Medicinal Products Act,
AMG 8§13 2b, and the responsible regulatory body (government of
Oberbayern).

18F_rhPSMA Synthesis, Administration, and PET Imaging

18FthPSMA-7 and '8F-thPSMA-7.3 were synthesized and used as
previously reported (/3,17,18). Twenty-three (40%) patients received
8F_thPSMA-7, and 35 (60%) patients received the single-isomer '8F-
thPSMA-7.3. '8F-thPSMA-7 and ' F-thPSMA-7.3 were administered
(median activity, 320 MBq; range, 239-399 MBq) as an intravenous
bolus a median of 72 min (range, 60-148 min) before scanning. In total,
49 patients underwent contrast-enhanced PET/CT (Biograph mCT Flow
[Siemens Healthineers]; contrast agent: Imeron 300 [Bracco Imaging]),
and 9 patients underwent PET/MRI (Biograph mMR; Siemens Healthi-
neers). The fully diagnostic PET/CT and PET/MRI examinations were
conducted as previously reported (/9,20). Furosemide (20 mg intrave-
nously) was administered to all patients at the time of tracer application,
and patients were asked to void urine before the scan.

All PET/CT scans were acquired in 3-dimensional mode with time
of flight and in continuous table motion (flowMotion technology, Sie-
mens (27)) with 1.1 mm/s, equal to 2 min per bed position. The PET/
MRI scans were acquired in 3-dimensional mode and step-and-shoot
with 4 min per bed position for PET/MRI. Emission data were cor-
rected for randoms, dead time, scatter, and attenuation and were recon-
structed iteratively by an ordered-subsets expectation maximization
algorithm (4 iterations, 8 subsets) followed by a postreconstruction
smoothing gaussian filter (5 mm in full width at half maximum).

Image Analysis

All "8F-thPSMA-7 and '*F-thPSMA-7.3 PET/CT and PET/MRI data-
sets were reviewed by 2 experienced board-certified nuclear medicine
specialists in consensus. The readers were masked to the results of histo-
pathology. First, the CT dataset of the PET/CT or the dedicated high-
resolution axial T2-weighted turbo spin echo sequence of the pelvis up to
the aortic bifurcation (slice thickness, 5 mm each) of the PET/MRI were
analyzed. Second, after an interval of at least 4 wk, the corresponding '$F-
thPSMA-7 and '8F-thPSMA-7.3 PET scans were read by the same read-
ers, with the morphologic imaging only being used for anatomic allocation.
Findings were rated using a 5-point Likert scale as described previously
(22): PET rating of 5 indicates a tumor manifestation (intense, focal uptake,
uptake higher than in the liver); 4, probable tumor manifestation (uptake
clearly higher than the background level in vessels but less than in the
liver); 3, equivocal findings (faint uptake between muscle and vessels
uptake); 2, probable benign findings (uptake equal to the adjacent muscle);
1, benign findings (no uptake).

For both CT and MRI, the same Likert scale was applied with a rat-
ing of 5 indicating tumor manifestation (lymph node short-axis diame-
ter > 10 mm); 4, probable tumor manifestation (short-axis diameter of
810 mm or a round configuration or a regional grouping); 3, equivocal
findings (short-axis diameter of 8-10 mm, an oval configuration, and
no regional grouping); 2, probable benign findings (short-axis diameter
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< 8 mm); and 1, benign findings (short-axis diameter < 5 mm).
Finally, SUV .« and size (short-axis diameter) of the largest lymph
node per template region rated with a score 4 or 5 were measured.

Surgery and Histopathology

The patients were selected for salvage surgery by an interdisciplin-
ary tumor board based on clinical characteristics and the initial clinical
reads of '8F-rhPSMA-7 or ®F-rhPSMA-7.3 PET. The salvage surgery
was planned based on the information on PET and the surgical fields
were limited to the pelvis including potential local recurrence. Depen-
ding on the location, adjacent lymph node template regions were
resected as well. The lymph node template regions were separately
collected. Uropathologists were masked to imaging results.

Statistical Analysis

The histopathologic results from resected lymph nodes were corre-
lated with the results of morphologic imaging (MRI or CT) and '®F-
thPSMA-7 and '8F-thPSMA-7.3 PET in a patient- and template-based
manner. Further, a separate template-based analysis of 'F-rhPSMA-7
and '"®F-rhPSMA-7.3 was performed. Results from the 5-point Likert
scale were dichotomized to allow estimation of sensitivity, specificity,
positive predictive value (PPV), and accuracy. For the statistical anal-
ysis, we decided that only scores indicating definitive or probable
tumor manifestation on PET and morphologic imaging (scores = 4)
were counted as positive. This decision was based on a clinical consid-
eration that invasive procedures (e.g., secondary lymphadenectomy
and associated general anesthesia) with their potential risks are not jus-
tified if only equivocal findings (score 3) are present.

The overall diagnostic accuracy of template-based data was assessed
using receiver-operating-characteristic (ROC) analyses. ROC curves
were calculated for both modalities. Areas under the ROC curves with
95% Cls were calculated and compared with each other. The approach
proposed by Obuchowski was considered for region-based analyses to
account for correlations of multiple findings within 1 patient with the
help of generalized estimating equations extension of linear regression
model (23). A significance level of 5% was considered for all tests. All
statistical analyses were performed using the statistical software R with
its packages pROC and geepack (24-26).

RESULTS

Patient Characteristics and Histopathologic Results

The data for 58 patients were reviewed. The patients were a
median age of 68.5 y (age range, 51-85 y) and presented with a
median prostate-specific antigen (PSA) level of 0.71 ng/mL (range,
0.16-8.39 ng/mL) before the PET scan. Detailed patient characteris-
tics are presented in Table 1. Supplemental Tables 1 and 2 (supple-
mental materials are available at http:/jnm.snmjournals.org) provide
detailed per-patient information on patient characteristics, imaging
methods, and results.

In 54 of 58 patients, pelvic tumor lesions were confirmed by
histopathology. Overall, 150 template regions were resected, with
75 of these harboring tumor lesions (50%). Most (» = 129) were
part of the typical pelvic lymph node template. Other resected
regions were 9 retroperitoneal locations (n = 6 positive on histo-
pathology) and 12 local regions due to suspicion of local recur-
rence (n = 10 positive on histopathology).

Imaging Results

The template-based areas under the ROC curves for '8F-thPSMA-7
and '"SF-thPSMA-7.3 were 0.891 (95% CI, 0.838-0.944) and for
morphologic imaging 0.669 (95% CI, 0.595-0.742, Fig. 1). '8F-
thPSMA-7 and '8F-thPSMA-7.3 PET performed significantly better
than morphologic imaging for the detection of lymph node metastases
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TABLE 1
Patient Characteristics (n = 58)

Characteristic Data (%)
Age (y)

Median 68.5

Range 51-85
iPSA (ng/mL)*

Median 10.00

Range 1.9-57.9
ISUP grade (n)

1-2 17 (29)

3-4 27 (47)

5 10 (17)

Missing 4 (6.9)
Pathologic T stage at primary RPE (n)

=pT2c 23 (40)

pT3a 11 (19)

=pT3b 18 (31)

Missing 6 (10)
Pathologic N stage at primary RPE (n)

pNO 39 (67)

pN1 10 (17)

Missing 9 (16)
Time between primary surgery and PET (mo)

Median 48

Range 1-278
Prescan PSA (ng/mL)"

Median 0.71

Range 0.16-8.39
Time between PET and salvage surgery (d)

Median 59

Range 19-117
Lymph node regions removed at salvage LAE

N 150

Median 2

Range 1-9
Lymph node regions with metastases at salvage LAE

N 75

Median 1

Range 0-4

*Not available in 12 cases.

"Not available in 1 case.

iPSA = initial PSA concentration; ISUP = International Society
of Urological Pathology; RPE = radical prostatectomy; PSA =
prostate-specific antigen; LAE = lymphadenectomy.

Data in parentheses are percentages unless otherwise specified.

(difference in areas under the ROC curves, 0.222; 95% CI, 0.147—
0.298; P < 0.001).

On the template-based analysis, specificity was 93.3% (95%
CI, 85.9%-97.0%) and 100% (95% CI, not available) for '*F-
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FIGURE 1. Template-based ROC curves for combined data of '8F-
rhPSMA-7 and '8F-rhPSMA-7.3 PET (black line) and morphologic imaging
(CT/MRI) (dotted line) for assessment of lymph node metastases in all 150
lymph node regions. AUC = area under the curve.

thPSMA-7 and '8F-thPSMA-7.3 PET and morphologic imaging,
respectively. '8F-thPSMA-7 and '8F-thPSMA-7.3 PET detected ly-
mph node metastases in 61 of 75 histopathologically proven metastatic
lymph node template regions (sensitivity, 81.3%; 95% CI, 70.1%—
89.0%) whereas morphologic imaging was positive in only 9 of 75
lymph node templates (sensitivity, 12.0% 95% CI, 6.3%-21.6%).
The PPV was 92.4% for '8F-thPSMA-7 and '8F-thPSMA-7.3 PET
and 100% for morphologic imaging. The diagnostic accuracy was
87.3% (95% CI, 80.5%-92.0%) for '8F-thPSMA-7 and '8F-rhPSMA-
7.3 PET and 64.5% (95% CI, 47.2%64.5%) for morphologic imag-
ing (Table 2).

In detail, 75 template regions were free of tumor invasion after
histopathologic evaluation, with 70 of them being correctly identi-
fied as negative with PET and 75 of them being correctly identified
as negative with morphologic imaging. Five template regions (in 3
patients) were classified as suspicious on PET, with no correlation
on histopathology (false-positive), whereas morphologic imaging
resulted in no template regions being judged as false positive. Follow-
up was available in 2 of the patients with false-positive results on
PET with slightly increasing PSA levels after surgery but no sign of
metastasis in the follow-up '*F-thPSMA-7 and '8F-thPSMA-7.3 PET
scan.

Fourteen template regions were false-negative on PET, whereas
66 template regions resulted in a false-negative finding on morpho-
logic imaging. Data for the patient-based analysis are presented in
Supplemental Table 3. A separate analysis of '|F-rhPSMA-7 and
18F_thPSMA-7.3 is presented in Supplemental Table 4; in this table,
8FthPSMA-7 and '8F-rhPSMA-7.3 PET presented with a similar
PPV (92.3% for '®F-thPSMA-7 and 92.5% for '8F-thPSMA-7.3).

Uptake in ®F-rhPSMA-7 and '®F-rhPSMA-7.3 PET and
Lesion Size

The mean SUV,,,, of histologically confirmed pelvic lymph
node metastases rated as suspicious on PET was 16.7 = 24.7 (range,
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TABLE 2
Template-Based Analysis

Histology: lymph node metastasis

8F_rhPMSA-7.3 PET/CT rating Positive Negative Proportions
Combined data for '8F-rhPSMA-7
and '®F-rhPSMA-7.3
Positive 61 5 PPV: 92.4%
(95% Cl, 83.3%-96.8%)
Negative 14 70 NPV: 83.3%
(95% Cl, 72.2%-90.6%)
Total 75 75 150

Sensitivity: 81.3%
(95% ClI, 70.1%-89.0%)

Morphologic imaging (CT/MRI)

Positive 9
Negative 66
Total 75

Sensitivity: 12.0%
(95% Cl, 6.3%-21.6%)

Scores = 4 in PET and morphologic imaging rated positive.

Specificity: 93.3%
(95% Cl, 85.9%-97.0%)

Accuracy: 87.3%
(95% Cl, 80.5-92.0)

0 PPV: 100% (95% ClI, N/A)
75 NPV: 53.2%

(95% Cl, 44.5%-61.6%)
75 150

Specificity: 100%
(95% ClI, N/A)

Accuracy: 64.5%
(95% ClI, 47.2%-64.5%)

NPV = negative predictive value; N/A = not available as cannot be calculated (there exists no Cl for point estimator of 1 in a generalized

estimating equation).

3.3-146.6). The corresponding mean lesion size of these PET-
positive, histologically confirmed lymph nodes was 6.3 £ 3.1 mm
(range, 2—15 mm). The mean size of histologically confirmed lymph
nodes rated as suspicious on morphologic imaging was 10.6 =
2.7 mm (range, 7-15 mm). The mean size of histologically con-
firmed lymph nodes not rated as suspicious on morphologic imaging
was 5.3 = 2.3 mm (range, 2—14 mm).

A representative example of a correctly classified lymph node
metastases by PET/CT is shown in Figure 2.

DISCUSSION

The value of PSMA PET for imaging patients with recurrence of
PC after primary treatment has been extensively reported (5,6,20,
27-29). Here, we reviewed real-world clinical data supporting the util-
ity of the novel PSMA-targeting radiopharmaceuticals '*F-thPSMA-7
and '8F-ThPSMA-7.3. To date, the efficacy of both |F-thPSMA-7
and '8F-thPSMA-7.3 for imaging PC patients has been demonstrated
by several retrospective studies (/5,16,30), including their high accu-
racy for lymph node staging in patients with primary PC (22,37). The
presented data demonstrate a high specificity and PPV of 'SF-
thPSMA-7 and '8F-thPSMA-7.3 PET for lymph node metastases in
patients with recurrent PC after radical prostatectomy validated by
histopathology. On a template-based analysis, '*F-rhPSMA-7.3 offers
a higher accuracy and sensitivity than morphologic imaging.

These results are in line with a similar, histopathologically validated
analysis using ®Ga-PSMA-11 that showed a sensitivity, specificity,
and PPV of 77.9%, 97.3%, and 94.6%, respectively, compared with
81.3%, 93.3%, and 92.4% in our analysis, respectively (5). Further,
the difference in the areas under the receiver-operating-characteristic
curves for morphologic images was 0.139 with %®Ga-PSMA-11
compared with 0.222 with '®F-rhPSMA-7 and '8 F-rhPSMA-7.3 in
our analysis (5). Similar to ®®Ga-PSMA-11 PET, our data show

1812

FIGURE 2. A 75-y-old patient with biochemical recurrence after radical
prostatectomy (ISUP grade group 4, pT3b pNO cMO, iPSA level: 11 ng/mL,
PSA level at time of PET examination: 1.02 ng/mL) and a correctly classified
lymph node metastasis by '®F-rhPSMA-7.3 PET. A morphologically nonsus-
picious lymph node, 5 mm in diameter, is visible in left obturator fossa
on CT (A and B) that shows intense, focal and suggestive tracer uptake in
"8F-rhPSMA-7.3 PET and fused PET/CT (C and E). Salvage lymphadenec-
tomy with histologic evaluation confirmed a single lymph node metastasis
(D and F). Arrow shows lymph node metastasis. iPSA = initial PSA concen-
tration; ISUP = International Society of Urological Pathology.
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that these novel tracers can detect small lymph node metastasis (a
lesion size smaller than 10 mm) in the recurrent PC setting (5). Sal-
vage lymph node surgery represents a therapeutic option for
patients experiencing biochemical recurrence after radical prosta-
tectomy, and previous ''C-choline PET—guided data suggest that
up to 40% of patients may experience recurrence-free survival after
PET-guided salvage lymph node dissection (32). More recently,
Horn et al. showed that in a subgroup of patients with recurrent PC
undergoing PSMA PET—guided salvage surgery, complete bio-
chemical response was achieved in 66% of patients (2). Moreover,
it is believed that PET-guided salvage lymph node dissection may
prolong the time until initiation of hormonal treatment, which is
associated with significant morbidity (33,34). For salvage surgery
with potential complications, a high specificity and PPV are of
utmost importance to avoid unnecessary interventions. Interest-
ingly, the specificity of morphologic imaging on a template base
was also excellent, which is most likely related to the strict criteria
for the determination of metastases. However, as known from the
literature, the sensitivity of morphologic imaging is rather low as
it can detect only lymph node metastases with already enlarged
(>10 mm) lesions.

The pure enantiomeric form of 18F_thPSMA-7, '3F-rhPSMA-7.3,
has been selected as the lead thPSMA compound for clinical devel-
opment on the basis of preclinical assessments showing favorable
safety and kinetic profiles for diagnostic imaging of PC (14,18).
Because of the limited numbers, no sound comparison of the diag-
nostic performance of '|F-rhPSMA-7 versus 'SF-thPSMA-7.3 is
possible in the present study. However, we note similar PPVs for
the 2 compounds, which is the only descriptive statistical value to be
unaffected by the potential selection bias that results from the pre-
sent study design. Another limitation of this retrospective analysis is
its potential selection bias due to the selection of patients and the
lymph node template regions to be removed on the basis of the clini-
cal reads of the '8F-thPSMA-7 and '8F-thPSMA-7.3 PET scans.
Possible imaging-negative nodes could have been missed, which
would impact the sensitivity estimate. Therefore, PPV is the only
descriptive statistical value independent of this bias. Of note, specif-
icity on the patient-based analysis was only informed by 4 cases
(Supplemental Table 3). For different reasons, it was not always fea-
sible to perform surgery shortly after PET examination (median time
between PET and surgery, 59 d; range, 19-117 d). Thus, in princi-
ple, it cannot be excluded that there was tumor progression or even
new tumor lesions at the time of surgery. The data presented in the
supplemental materials for separate analyses of '*F-thPSMA-7 and
18F_thPSMA-7.3 should be interpreted with caution given the limited
number of patients in each group. Further prospective studies with
18E_thPSMA-7.3 are warranted to confirm the diagnostic accuracy for
lymph node staging and to avoid potential bias.

CONCLUSION

8F_rhPSMA-7 and '8F-thPSMA-7.3 PET are superior to mor-
phologic imaging for detecting pelvic lymph node metastases and
helping guide salvage lymph node surgery. They offer a high
PPV, comparable to that reported for **Ga-PSMA-11, while yield-
ing the benefits of a radiofluorinated tracer such as the potential
for scale production and wide-range distribution.
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KEY POINTS

QUESTION: What is the value of the radiopharmaceuticals
18F_rhPSMA-7 and '®F-rhPSMA-7.3 for assessing the presence
of lymph node metastases before potential salvage
lymphadenectomy?

PERTINENT FINDINGS: This histopathologically validated,
retrospective study shows that "8F-rhPSMA-7 and '8F-rhPSMA-7.3
are superior to morphologic imaging and comparable to
88Ga-PSMA-11 for N staging of biochemical recurrent prostate
cancer.

IMPLICATIONS FOR PATIENT CARE: "®F-rhPSMA-7 and
"8F_thPSMA-7.3 can detect small soft-tissue metastases with
a high, template-based specificity of 93%.
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Prostate Cancer: Application of EAU/EANM
Recommendations in Clinical Practice

Chloé S. Denisl, Francois Cousinz, Bram De Laere3’4, Roland Hustinx*? , Brieuc R. Sautois*l, and Nadia Withofs*>>

' Medical Oncology Department, University Hospital of Liege, Liege, Belgium, *Division of Nuclear Medicine and Oncological
Imaging, Department of Medical Physics, University Hospital of Liege, Liege, Belgium; *Department of Medical Epidemiology and
Biostatistics, Karolinska Institutet, Stockholm, Sweden, 4Department of Human Structure and Repair, Ghent University, Ghent,
Belgium, and °GIGA-CRC In Vivo Imaging, University of Liege, Liege, Belgium

For patients with metastatic castration-resistant prostate cancer
(mCRPC), no reliable biomarkers for predicting therapeutic response or
assisting in treatment selection and sequencing are currently available.
Using the recent European Association of Urology and European Asso-
ciation of Nuclear Medicine recommendations, we aimed to compare
response assessment between prostate-specific membrane antigen
(PSMA) PET/CT and conventional imaging in mCRPC patients starting
first-line treatment with a novel hormonal agent (NHA) and to perform a
sequential comparative analysis of PSMA PET/CT—derived parameters
after 4 and 12 wk of therapy. Methods: Data from 18 mCRPC patients
who started NHA treatment and underwent %8Ga-PSMA-11 PET/CT
before therapy initiation (baseline), at week 4 (W4), and at week
12 (W12) in addition to conventional imaging (bone scintigraphy, CT) at
baseline and W12 were retrospectively included. PET/CT images were
quantitatively analyzed for maximum and mean SUV and total PSMA
ligand-positive lesions. Comparative analysis of PET/CT-derived
parameters was performed, and patients were classified as having non-
progressive disease or progressive disease (PD) according to %8Ga-
PSMA-11 PET/CT, prostate-specific antigen, and conventional imaging
criteria. Results: Treatment response was evaluable by ®3Ga-PSMA-11
PET/CT in 16 of 18 patients (89%) and by conventional imaging in 11 of
18 patients (61%). Five of 16 patients classified as having PD by *®Ga-
PSMA-11 PET/CT at W12 had already met progression criteria at W4,
and substantial agreement was observed between W4 and W12
(k, 0.74) ®Ga-PSMA-11 PET/CT results. Nonetheless, 2 of 16 patients
(13%) were incorrectly classified as having PD because of a flare phe-
nomenon on PSMA PET/CT that disappeared at W12. Conclusion:
Volumetric assessments of ®Ga-PSMA-11 PET/CT imaging can im-
prove response evaluation in NHA-treated patients with mCRPC.
Although early response assessments at W4 need to be approached
with caution because of flare, ®*Ga-PSMA-11 PET/CT imaging at W4
and W12 revealed substantial agreement in therapy response assess-
ments; these findings warrant further investigation to distinguish PD
from flare at W4 and help improve the understanding of resistance to
therapy.

Key Words: mCRPC; prostate cancer; tumor quantification; PSMA
PET/CT; flare
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Although new imaging modalities using radionuclides have
become available to—for example—evaluate tumor burden, a practical
tool for improved staging and clinical decision making in metastatic
castration-resistant prostate cancer (mCRPC) is urgently needed. In
current clinical practice, therapy response assessment by means of con-
ventional imaging, encompassing CT and bone scintigraphy (BS), is
typically performed after 12—-16 wk of therapy. However, conventional
imaging has limited sensitivity and specificity for small lymph node
and bone metastases, especially at low prostate-specific antigen (PSA)
levels (1,2). Because of its higher accuracy, prostate-specific mem-
brane antigen (PSMA) PET/CT has gained momentum in staging and
recurrence localization compared with conventional imaging (3-5).

Recently, the European Association of Urology (EAU) in collab-
oration with the European Association of Nuclear Medicine
(EANM) recruited a panel of international experts to reach a con-
sensus statement for the use of PSMA PET/CT in assessing therapy
response for patients with metastatic disease (6). However, semi-
quantitative parameters that should be used for PSMA PET/CT
interpretation were not clearly defined. Moreover, the expert panel
raised awareness for potential “tumor flare” phenomena after the
initiation of androgen deprivation therapy and discouraged the use
of PSMA PET/CT within 12 wk to avoid the misinterpretation of
potential flare as progressive disease (PD).

As PSMA imaging is more widely used in clinical practice, under-
standing the factors underlying PSMA expression modulation is
becoming increasingly important. Interestingly, factors other than
exposure to androgen deprivation therapy, such as a DNA damage
response gene defect (7) or activation of the PI3K-Akt pathway (8),
may modulate PSMA expression. Thus, PSMA PET/CT imaging
may indirectly reflect underlying molecular biology and—besides
being a prognostic tool—may also serve as a predictive biomarker
before biochemical progression or PD on conventional imaging
(8-11). Consequently, exploring response endpoints with PSMA
PET/CT might improve clinical decision making in—for example—
treatment intensification for oligoresistant or oligoprogressive lesions
to delay disease progression (//—13).
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In the present work, we evaluated *®Ga-PSMA-11 PET/CT for
the baseline assessment and monitoring of treatment response in a
retrospective series of patients who had mCRPC and were starting
first-line treatment with a novel hormonal agent (NHA). Addition-
ally, the therapy response determined by ®3Ga-PSMA-11 PET/CT
at 12 wk was compared with the earlier response obtained at 4 wk,
and individual analysis of ®®Ga-PSMA-11 PET/CT—derived para-
meters using the proposed criteria from the expert-based consen-
sus was performed.

MATERIALS AND METHODS

Patients

From a large internal database, files from mCRPC patients who
started first-line treatment with an NHA between January 2018 and
May 2021 at the University Hospital of Liege (Liege, Belgium) were
retrospectively extracted and reviewed. Additional inclusion criteria
comprised patients having undergone **Ga-PSMA-11 PET/CT before
NHA initiation (baseline), at week 4 (W4, =7 d), and at week 12
(W12, =7 d) along with conventional imaging at baseline and W12;
having histologically confirmed prostate adenocarcinoma; having pro-
gressive castration-resistant disease, as defined by castration levels of
testosterone (<<1.7 nmol/L) and clinical, biologic, or radiographic pro-
gression conforming to Prostate Cancer Clinical Trials Working
Group 3 (PCWG3) criteria (/4); and having documented evidence of
metastatic disease (on conventional imaging or **Ga-PSMA-11 PET/
CT) before NHA initiation. Patients who did not meet all inclusion
criteria were excluded. This study was approved by the Institutional
Review Board of the University Hospital of Liege, and written
informed consent was obtained from all patients.

%8Ga-PSMA-11 PET/CT

%8Ga-PSMA-11 PET/CT images were analyzed by a nuclear med-
icine specialist (15 y of experience, including 7 y with PSMA PET/
CT) who was unaware of the clinical data and BS results (MIM Soft-
ware, version 7.0.5; MIM Software Inc.). *Ga-PSMA-11 radiolabel-
ing was performed as previously described (/5). Image acquisition
and tumor volume delineation techniques are summarized in the sup-
plemental materials (supplemental materials are available at http:/
jnm.snmjournals.org) (/6—19). The following semiquantitative varia-
bles were extracted for each patient: SUV,,, of the hottest lesion,
total PSMA ligand—positive tumor volume (PSMA-TV), SUV ean 0f
PSMA-TV, and total PSMA ligand—positive lesions (PSMA-TL, the
product of SUV e, and PSMA-TV) (20,21). In accordance with
EAU/EANM recommendations, the parameters used to assess ther-
apy response for tracer uptake and tumor volume were SUV,,,,, and
PSMA-TL, respectively.

Conventional Imaging

CT (chest-abdomen—pelvis) and BS images were analyzed
according to PCWG3 recommendations (/4) by a nuclear medicine
specialist and a radiologist (10 y of experience) who were unaware
of the clinical data and ®®Ga-PSMA-11 PET/CT results. To enable
therapy response assessment, patients needed to have measurable
disease, defined as the presence of bone lesions on BS or at least 1
measurable lesion on CT, according to RECIST v1.1 (2).

All retrospective image interpretations (°®Ga-PSMA-11 PET/
CT and conventional imaging) were compared with the protocols
issued prospectively as part of the follow-up: if discordances were
observed, another nuclear medicine specialist and radiologist who
were unaware of the clinical and imaging data were to interpret
the images to reach a consensus majority (2 vs. 1).

1816

Therapy Response Assessment

Therapy response was assessed by ®®Ga-PSMA-11 PET/CT and
conventional imaging using EAU/EANM PSMA PET/CT (6) and
PCWG3 (2,14) criteria, respectively (Table 1). The clinical
response rates after 4 wk (°®Ga-PSMA-11 PET/CT) and 12 wk
(°®Ga-PSMA-11 PET/CT and conventional imaging) of therapy
were calculated for patients with PD and those with nonprogres-
sive disease (non-PD) by adding the numbers of patients with a
complete response, a partial response, and a stable response. A
biochemical response was defined according to PCWG3 criteria,
and patients without PSA progression were classified as having
non-PD.

Statistical Analysis

Categoric variables were described using relative frequencies and
percentages. Mean, SD, median, range, and interquartile range (IQR)
were used to describe normally and nonnormally distributed data.
The primary outcome measure of PSMA PET/CT response end-
points was reported as changes at W4 and W12 by means of water-
fall plots. The percentage changes in PSA, SUV 1ax, SUVinean, and
PSMA-TL between baseline and W4 or W12 were calculated using
the following formula:

New val
Change from baseline (%)= 100( ew value 1)

Baseline value

Additionally, the proportions of patients categorized with non-PD
or PD using PSA or conventional imaging response endpoints at
4-12 wk were reported and compared with ®*Ga-PSMA-11 PET/CT
response rates. Cooccurrences of W4 %8Ga-PSMA-11 PET/CT, W12
%Ga-PSMA-11 PET/CT, PSA, and conventional imaging response
categories were tested using the Cohen k-coefficient. All statistical
tests were performed with RStudio (version 1.1.463; RStudio), and a
2-sided P value of <0.05 was considered statistically significant.

RESULTS

Patients and Imaging

From our database, data for 165 patients who had mCRPC and
were starting a first-line treatment with an NHA were extracted. A
total of 144 patients were first excluded because *®Ga-PSMA-11
PET/CT was not performed or not at the required time points. Of
the 21 remaining patients, 3 were further excluded for the following
reasons: 2 patients were registered as having mCRPC by the clini-
cian, but no metastatic disease was detected by either conventional
imaging or ®3Ga-PSMA-11 PET/CT at the time of NHA initiation,
and 1 patient was found to have started his NHA therapy with a
1-mo delay, so the imaging no longer fit the inclusion criteria.
Overall, 18 patients could be included for further analysis (Supple-
mental Fig. 1; Table 2).

PET/CT scans were obtained 76.5 = 14.8 min (mean = SD)
after intravenous injection of 154 * 6.6 MBq of %®Ga-PSMA-11.
Median time intervals between NHA initiation and baseline %®Ga-
PSMA-11 PET/CT, BS, and CT scans were 10 (IQR, 6-27), 5
(IQR, 4-10), and 5 (IQR, 4-12) d, respectively. Follow-up **Ga-
PSMA-11 PET/CT scans at 4 and 12 wk from NHA initiation were
obtained after median time intervals of 29 (IQR, 28-29) and 85
(IQR, 85-85) d, respectively. BS and CT scans at W12 were both
acquired at a median time interval of 86 d (IQR for BS scan,
86-86; IQR for CT scan, 86—87). No disagreement was observed
in the prospective and retrospective image interpretations.
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TABLE 1
Therapy Response Assessment Criteria Based on Imaging

Non-PD

Stable response PD

Partial response

Complete response

Imaging

Response criteria

Not meeting criteria for partial Increase of =20% in sum of

Decrease of =30% in sum of

Disappearance of

CT @)

PCWG3 imaging

target lesions, unequivocal
progression of nontarget

response, complete response,

or progressive disease

target lesions (without new
lesion or nontarget lesion

progression)

all lesions

lesions, or appearance of new

lesions

Appearance of at least

No new lesion or appearance of

No new lesion or appearance of

Disappearance of

BS (14)

=2 new lesions confirmed on

<2 new lesions
subsequent scan

<2 new lesions

all suggestive

lesions

Increase of uptake or tumor PET

Change in uptake and tumor

Reduction of uptake and tumor

Disappearance of

PSMA PET/CT (6)

EAU/EANM PSMA

volume by >30%, appearance
of =2 new lesions (with or

PET volume by =30%,

PET volume by >30%

any lesion with
tracer uptake

without evidence of new

lesions

without CT change), or both

TABLE 2
Characteristics of 18 Patients at Study Entry

PSMA PET/CT rorR THERAPY ASSESSMENT  °

Characteristic Value*
Age ()
Mean 731
SD 6.1
PSA at baseline (ng/mL)
Median 8.04
IQR 5.96-24.8

Time between initiation of first-generation
ADT and mCRPC status (mo)

Median 47.5
IQR 27.0-79.0
Patients with prior local treatment 14 (78)
RP only 4 (22)
RP + ePLND 3(17)
Exclusive RT only 5 (28)
ePLND + aborted RP + RT 2 (11)
Type of prior systemic therapy before
resistance to castration
First-generation ADT 16 (89)
Up-front chemotherapy 2 (11)
ISUP grade group version 8.0 at time of diagnosis
Grade 1 2 (11)
Grade 2 2 (11)
Grade 3 3(17)
Grade 4 6 (33)
Grade 5 4 (22)
Unknown 1(6)
First-line treatment initiated for mCRPC
Enzalutamide (160 mg daily) 17 (94)
Abiraterone (1,000 mg daily) 1(6)

*Unless otherwise indicated, values are reported as numbers of
patients, with percentages in parentheses.

ADT = androgen deprivation therapy; RP = radical
prostatectomy; ePLND = extended pelvic lymph node dissection;
RT = radiotherapy; ISUP = International Society of Urological
Pathology.

Baseline Assessment of Tumor Burden and PCWG3
Clinical Subtypes

At baseline, °8Ga-PSMA-11 PET/CT detected metastatic disease
in all 18 patients (100%), whereas conventional imaging identified
14 of 18 patients with metastases (78%). Overall, baseline tumor
burden quantification (Supplemental Table 1) and subsequent ther-
apy response assessment by *8Ga-PSMA-11 PET/CT could be per-
formed in 16 of 18 patients. Two patients were not evaluable by
PSMA PET: for 1 (UPN7), parameters could not be extracted
because his PSMA-avid lesions were below the fixed volume
threshold for delineation; the unique residual lung nodule for the
other (UPN19)—highly suggestive given the diagnosis of biopsy-
confirmed lung metastases from prostate cancer 3 y before the
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study—was visible on CT but did not show PSMA tracer uptake.
Individual imaging data are listed in Supplemental Figure 2.

Finally, we determined the PCWG3 clinical subtypes using con-
ventional imaging and ®*Ga-PSMA-11 PET/CT (14,22). In 14 of
18 patients (78%), ®*Ga-PSMA-11 PET/CT and conventional
imaging resulted in concordant PCWG3 subtypes. ¥ Ga-PSMA-11
PET/CT upstaged the results for 4 of 18 patients (22%) from non-
metastatic by conventional imaging to nodal involvement. More-
over, the results for 3 patients (UPN5, UPN18, and UPN20) were
upstaged from oligometastatic by conventional imaging to poly-
metastatic by °®Ga-PSMA-11 PET/CT.

Comparison of Therapy Response Assessments at W12

On the basis of PSA values at W12, 17 of 18 patients (94%)
and 1 of 18 patients (6%) were classified as having non-PD and
PD, respectively (Supplemental Table 2). Patients for whom meta-
static disease was not detectable by conventional imaging at base-
line (4/18) still showed no lesions at W12.

Overall, 16 of 18 patients (89%) had disease measurable by *3Ga-
PSMA-11 PET/CT; this result allowed for treatment response assess-
ment in a larger proportion of patients than conventional imaging (11/
18 [61%]). The patients who were not evaluable by conventional
imaging either had no metastases (4/18 [22%]) or had nonmeasurable
disease (3/18 [17%]) (Table 3). Among patients who were evaluable
by conventional imaging, 4 of 18 (22%) had RECIST v1.1-measur-
able disease; in 7 of 18 patients (39%), response assessment was BS
driven because disease was not measurable on CT (2/18 [11%]) or
was present only in bone (5/18 [28%]).

Among the 11 patients who were evaluable by conventional imag-
ing and %¥Ga-PSMA-11 PET/CT at W12, we observed discordances
between imaging techniques in the response categorization for 4
patients (36%) (Table 3). Three patients categorized as having PD by
%Ga-PSMA-11 PET/CT were responding to therapy according to
conventional imaging, and 1 patient was categorized as having PD by
conventional imaging but not by ®®Ga-PSMA-11 PET/CT. The latter
patient (UPN21) demonstrated a 38% increase in the sum of the larg-
est-diameter liver metastases at W12 despite a 42% decline in PSA
from baseline. The distinction between true progression and size pro-
gression related to necrosis will be clarified with follow-up. Overall,
treatment responses according to conventional imaging, ®*Ga-PSMA-
11 PET/CT, and PSA change were concordantly categorized in 5 of
11 patients (45%). Discordant results were observed in 6 of 11
patients (55%) with PD on either conventional imaging or %*Ga-
PSMA-11 PET/CT, despite a PSA response in all but 1 patient
(UPN16). Individual patient data are shown in Supplemental Table 2.

Next, changes in %*Ga-PSMA-11 PET/CT-derived parameters at
W12 were compared with baseline data (Fig. 1A), and concordances
in response categorization according to each parameter were investi-
gated (Supplemental Table 3A). PSMA-TL was concordant with
tracer uptake (SUV ax and SUV e.,) and with the appearance of =2
new lesions in most cases (88%; 14/16 cases), whereas the latter was
concordant with SUV,,,, in only 12 of 16 patients (75%).

Early Therapy Response Assessments (W4) Using PSMA
PET/CT

At W4, 17 of 18 patients (94%) were classified as having PSA
non-PD, whereas 1 of 18 patients (6%) had PSA PD (Supplemental
Table 2). As at W12, 16 of 18 patients (89%) were evaluable by
%8Ga-PSMA-11 PET/CT at W4. Although only fair agreement was
observed in the response categorization between %Ga-PSMA-11
PET/CT at W4 and conventional imaging or PSA at W12,
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TABLE 3
Therapy Response Assessment at W12 According to
PCWGS3 Conventional Imaging, Biochemical (PSA), and
EAU/EANM PSMA PET/CT Response Criteria

Unique patient  Conventional

designation Imaging PSA PSMA PET/CT

7 NEo Non-PD NE
11 NEo Non-PD Non-PD
14 NEo Non-PD Non-PD

6 NEq Non-PD Non-PD

5 NEm Non-PD Non-PD
18 NE.m Non-PD Non-PD
19 NE m Non-PD NE¢

1 Non-PD* Non-PD PD

4 Non-PD* Non-PD Non-PD

9 Non-PD* Non-PD PD
15 Non-PD* Non-PD Non-PD
16 Non-PD* PD PD

2 Non-PDT  Non-PD Non-PD
17 Non-PDT  Non-PD Non-PD
20 Non-PDT  Non-PD Non-PD
12 PD* Non-PD PD
13 PD* Non-PD PD
21 PD' Non-PD Non-PD

"Patient for whom response assessment was BS driven.

TPatient with measurable lesions according to RECIST v1.1.

NEg = not evaluable, if no metastases were detected since
baseline; NE,; = not evaluable, if lesions were visible but not
evaluable by PSMA imaging; NE,,,, = not evaluable, if no measurable
lesions were visible on CT and without bone lesions on BS.

substantial agreement (k = 0.74; P < 0.005) was observed between
®8Ga-PSMA-11 PET/CT at W4 and ®®Ga-PSMA-11 PET/CT at
W12 (Supplemental Table 4). Overall, 7 of 16 patients (44%) were
classified as having PD at W4; 5 of 16 (31%) were so classified at
W12. Importantly, the 5 patients classified as having PD by *Ga-
PSMA-11 PET/CT at W12 had already fulfilled PD criteria at W4.
When 8Ga-PSMA-11 PET/CT—derived parameters were com-
pared at W4 and W12, a larger number of discordant results was
observed at W4, especially between PSMA-TL and SUV ..« (Sup-
plemental Table 3). At W4, 4 of 16 patients (25%) demonstrated
an increase in the SUV,,,, of greater than 30%; this increase was
sustained until W12 in only 1 patient (UPN12). This flare phenom-
enon led to incorrectly classifying 2 patients (UPN2 and UPN17)
as having PD at W4 (Fig. 1B). For both patients, this flare phe-
nomenon resolved by W12, and the patients were classified as
having non-PD (Fig. 1A). Finally, unlike SUV., SUViean
showed few modifications at W4 (IQR, —1.0% to +10.8%) and
showed no discordance between W4 and W12. It was significant
only in patient UPN1, who was confirmed to have PD at W12.

DISCUSSION

Despite EAU/EANM consensus statements on PSMA PET/CT
response assessment criteria (6), recommendations or guidelines on
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EANM PSMA PET/CT criteria in our data-
set and the least influenced by the flare
phenomenon (Supplemental Table 3). The
underlying mechanism behind PSMA “flare”
after androgen deprivation therapy is poorly
understood. Similar to BS tumor flare de-
finitions (25), the increase in SUV,,, on
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%8Ga-PSMA-11 PET/CT may also lead to a
concomitant increase in PSMA-TV (and,
thus, PSMA-TL) because of activity spillover
or emergence of previously invisible or non-
significant lesions at baseline and may result
in the misinterpretation of PD, which is why
the EAU/EANM did not recommend PSMA
PET/CT imaging before 12 wk. The volu-
metric changes associated with a flare phe-
nomenon may be significant but remain
transitory; for example, for patient UPN17,
the increase in SUV ., by 54% at W4 led to
28 the appearance of 4 new lesions and an
increase in PSMA-TL by 163%. By W12,
the SUV . had decreased by 70% (i.e., 16%
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PSMA-TL decreased by 49% from baseline
(Fig. 1).

When comparing PSMA PET/CT at W4
and W12, we made 3 observations. First, an
increase in SUV ., at W4 with a decrease
in PSMA-TL, with or without new lesions,
was confirmed at W12 to be linked to a
flare phenomenon (e.g., for patients UPN2
and UPN14). Second, new lesions at W4
without an increase of greater than 30% in
SUVmax, independently of PSMA-TL, were

Number of new lesions compared to baseline

2

FIGURE 1.

which segmentation algorithm or PSMA PET/CT—derived parame-
ter(s) should be used are lacking. Various thresholding techniques,
such as using fixed thresholds (mostly, SUV .« of greater than 3) or
relative thresholds (e.g., 40%-45% of the SUV ,,, of the selected
lesion), also exist for PET image segmentation (/6—18,23). Here, we
applied a combined fixed SUV ,,, of greater than 3 and a lesion vol-
ume threshold of greater than 0.5 mL to select and delineate PSMA-
positive lesions. Although potential misinterpretation of background
foci as small lesions was avoided in this way, this approach underesti-
mated the number of liver metastases in 2 of 16 patients (12.5%)
because of the difficulties in delineating lesions from the intense nor-
mal liver background activity. Combining liver-based and relative
thresholds to limit image sampling errors and compensate for the
spillover effect might also overcome the liver background-lesion dis-
crimination issue (20,21). Moreover, as low-dose CT may underesti-
mate small visceral lesions that can also be PSMA negative (24),
PSMA imaging should be combined with thin-slice contrast-enhanced
CT to optimize tumor burden enumeration and monitoring.

In contrast to tracer intensity of uptake, volumetric parameters
were the most adequate for assessing treatment response using EAU/

PSMA PET/CT rorR THERAPY ASSESSMENT  °

Waterfall plots of changes in PSMA PET/CT-derived parameters (SUVean, SUVmaxs
PSMA-TL, PSA, and number of new lesions) at W12 (A) and W4 (Fig. 1B) in comparison to baseline
PSMA PET/CT (n = 16), stratified according to PSMA-TL and therapy response assessment (i.e.,
non-PD in black and PD in red, as defined in Table 1). Horizontal dashed line represents +30% cut-
off. Dotted line represents cutoff at n = 2 lesions. Patients are presented in same order in A and B.

confirmed to be progressive at W12 (e.g., for
patients UPN1 and UPNI13). Third, when
both SUV,,.x and PSMA-TL increased at
W4, with or without new lesions, PD could
not be distinguished from flare (e.g., for
patients UPN12 and UPN17). Thus, defining
PD on the basis of SUV,,,x alone does not seem to be feasible, and
SUVnax should always be evaluated in combination with the other
parameters to limit misinterpretation of flare as PD. Although at early
time points SUV ,,,, may provide a hint to a nuclear medicine special-
ist of the presence of a flare phenomenon, no flare was observed after
W12, and SUV,,,.x at W12 did not change the therapeutic response
evaluation in our cohort.

Furthermore, the EAU/EANM recommendations on the use of
uptake thresholds based on PERCIST were arbitrarily chosen, as
these have been validated only for '3F-FDG PET. Even though
tracer uptake in PSMA imaging does not reflect direct metabolic
activity, modified PERCIST criteria were shown to perform better
than morphologic criteria such as RECIST in metastatic PC—as
molecular changes appeared earlier than morphologic ones (26).
Although the aim of the present study was not to validate PER-
CIST criteria in PSMA imaging, we observed that caution should
be taken when those criteria are used, especially for early imaging.
Indeed, changes in tracer uptake are not synonymous with PD but
rather seem to reflect biomolecular changes leading to modifica-
tions in PSMA expression, as indicated by the heterogeneous
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responses at the patient level, and further highlight the fact that
additional data are needed to shed light on the mechanisms of
PSMA expression and tracer uptake. Besides flare, the modulation
of PSMA expression may also reflect intrinsic tumor tissue modifi-
cations conferring potential treatment resistance (/0). In our data,
the 5 of 16 patients (31%) with PD at W12 according to PSMA
PET/CT had already met progression criteria at W4. Two of those
patients (UPN12 and UPN13) had PD according to conventional
imaging, and 1 patient (UPN16) had PSA progression.

With these EAU/EANM recommendations, patients with non-
PD may be further subdivided into those with a stable response,
those with a partial response, and those with a complete response,
depending on the reductions in both SUV,., and PSMA-TL
(Table 1). However, these criteria may need to be revised, as the
extent of reduction in SUV .« and volumetric parameters rarely
seemed comparable (Fig. 1). For example, at W12, 4 of 11 patients
would be classified with a partial response (>30% reductions in
both SUV .« and volumetric parameters) and 7 of 11 patients
would be classified with a stable response even though 5 of the 7
achieved a significant (>30%) reduction in PSMA-TL. Data are
also lacking on the thresholds that should be used, especially to
define PD. For example, according to the current recommenda-
tions, PD may be defined by a 30% increase in tumor volume, but
the recently proposed RECIP criteria have set a lower threshold of
20%; in addition, these parameters have been shown to carry prog-
nostic value after !7’Lu-PSMA therapy (27). Moreover, in contrast
to PERCIST, RECIP does not include tracer uptake modifications
for evaluating response to !”’Lu-PSMA therapy. Nonetheless, this
parameter could be of potential use for improving patient stratifi-
cation before therapy initiation and was recently shown to predict
a higher likelihood of a response to '”’Lu-PSMA therapy than to
cabazitaxel (28).

The integration of minimally invasive molecular biomarkers,
such as circulating tumor DNA, with novel imaging might facili-
tate discrimination between PD and flare and guide therapeutic
intervention at early response assessment time points. As shown in
a recent work, circulating tumor DNA does not seem to rise in
patients with an increase in PSA or bone flare on conventional
imaging (29). Additionally, the introduction of PSMA PET/CT in
mCRPC might improve disease control rates by identifying oligor-
esistant or oligoprogressive lesions, which could be subjected to—
for example—metastasis-directed therapy, while preserving the
antitumoral effect of the systemic agent on the responsive lesions
(12,13).

Overall, molecular imaging parameters have the potential to act
as predictive biomarkers of response to treatment, but whether
modifying a treatment plan according to them improves patient
outcomes has yet to be determined in larger prospective trials. The
main limitations of the present study were the small number of
patients who were retrospectively included and the absence of val-
idated criteria for the interpretation of PSMA PET/CT scans and
the delineation method.

CONCLUSION

Volumetric assessments of PSMA PET/CT imaging can improve
metastasis detection and image-based response assessment in
NHA-treated patients with mCRPC. At early imaging time points,
flare phenomena can be observed, typically denoted by an increase
in SUV .« that resolves by W12. Overall, although early response
assessments at W4 need to be approached with caution, our
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comparative analysis of PSMA PET/CT imaging at W4 and W12
revealed substantial agreement in the therapy response assessments,
thus warranting further investigation to distinguish PD from flare
at W4.
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KEY POINTS

QUESTION: Is the use of EAU/EANM recommendations for PSMA
PET/CT feasible for therapy assessment of mCRPC patients, and
can early imaging detect resistance to treatment?

PERTINENT FINDINGS: EAU/EANM recommendations improve
PSMA imaging reporting and evaluation of NHA-treated mCRPC
patients, but caution should be taken in the interpretation of
SUVax in early imaging. Early PSMA uptake modifications
occurred as early as 4 wk after therapy and showed substantial
agreement with imaging at W12.

IMPLICATIONS FOR PATIENT CARE: Early imaging may
contribute to improving therapy selection and sequencing in the
mCRPC context, and adding biologic biomarkers may provide
further insight into the biology behind PSMA expression and help
distinguish early progressive disease from flare.
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%3Ga-PSMA-11 PET/MRI in Patients with Newly Diagnosed
Intermediate- or High-Risk Prostate Adenocarcinoma: PET
Findings Correlate with Outcomes After Definitive Treatment

Farshad Moradi', Heying Duan', Hong Song', Guido A. Davidzon', Benjamin I. Chung?, Alan E. C. Thong?,
Andreas M. Loening®, Pejman Ghanouni®, Geoffrey Sonn”, and Andrei Iagaru'

! Division of Nuclear Medicine and Molecular Imaging, Department of Radiology, Stanford University, Stanford, California;
Department of Urology, Stanford University, Stanford, California; and *Division of Body MRI, Department of Radiology,

Stanford University, Stanford, California

Prostate-specific membrane antigen (PSMA) PET offers an accuracy
superior to other imaging modalities in initial staging of prostate can-
cer and is more likely to affect management. We examined the prog-
nostic value of ®Ga-PSMA-11 uptake in the primary lesion and
presence of metastatic disease on PET in newly diagnosed prostate
cancer patients before initial therapy. Methods: In a prospective study
from April 2016 to December 2020, ®®Ga-PSMA-11 PET/MRI was per-
formed in men with a new diagnosis of intermediate- or high-grade
prostate cancer who were candidates for prostatectomy. Patients
were followed up after initial therapy for up to 5 y. We examined the
Kendall correlation between PET (intense uptake in the primary lesion
and presence of metastatic disease) and clinical and pathologic find-
ings (grade group, extraprostatic extension, nodal involvement) rele-
vant for risk stratification, and examined the relationship between PET
findings and outcome using Kaplan-Meier analysis. Results: Sev-
enty-three men (age, 64.0 = 6.3 y) were imaged. Seventy-two had
focal uptake in the prostate, and in 20 (27 %) PSMA-avid metastatic dis-
ease was identified. Uptake correlated with grade group and prostate-
specific antigen (PSA). Presence of PSMA metastasis correlated with
grade group and pathologic nodal stage. PSMA PET had higher per-
patient positivity than nodal dissection in patients with only 5-15 nodes
removed (8/41 vs. 3/41) but lower positivity if more than 15 nodes were
removed (13/21 vs. 10/21). High uptake in the primary lesion (SUV yax
> 12.5, P = 0.008) and presence of PSMA metastasis (P = 0.013)
were associated with biochemical failure, and corresponding hazard
ratios for recurrence within 2 y (4.93 and 3.95, respectively) were similar
to or higher than other clinicopathologic prognostic factors. Conclu-
sion: ®Ga-PSMA-11 PET can risk-stratify patients with intermediate-
or high-grade prostate cancer before prostatectomy based on degree
of uptake in the prostate and presence of metastatic disease.

Key Words: oncology: GU; PET; PET/MRI; prostate cancer; biochemi-
cal recurrence; prostate-specific membrane; antigen; prostatectomy
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Patients diagnosed with localized prostate adenocarcinoma
have generally prolonged natural history, although some patients
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experience rapid progression after initial curative intent prostatec-
tomy or radiation therapy. Initial risk stratification affects treatment
decisions and subsequent management of prostate cancer patients.
Risk stratification is primarily based on clinical tumor stage, histo-
logic grade group, and the prostate-specific antigen (PSA) level (1),
although incorporating molecular markers is increasingly being con-
sidered (2). Imaging is indicated in all men with unfavorable interme-
diate-, high-, or very-high-risk disease (3,4). The presence of nodal or
distant metastatic disease on cross-sectional imaging or bone scintig-
raphy affects management and prognosis. Prostate-specific membrane
antigen (PSMA) PET/CT or PET/MRI has significantly better sensi-
tivity and higher diagnostic yield for detection of metastatic disease
(5,6). Unfortunately, the outcome data on patients with metastasis
that is occult on anatomic imaging and bone scintigraphy are sparse.
Extrapolation of data from prostatectomy and pelvic nodal dissec-
tion suggests that prognosis of patients with nodal metastasis could
be variable (7). After prostatectomy, even in node-positive patients,
75% achieve complete biochemical response and are at low risk for
recurrence and caner specific mortality (8). There is a need for
prognostic models to identify patients at risk for persistent or recur-
rent disease based on PET versus others who do not benefit from
overtreatment.

We and others have examined the clinical utility of pretherapy
vertex to mid-thigh %®Ga-PSMA-11 PET as a part of PET/MRI in
newly diagnosed prostate cancer patients and correlation with histo-
pathology (9-11). We now examine the association between PET
findings and outcomes/biochemical recurrence after initial therapy.

MATERIALS AND METHODS

Patient Population

The study protocol was approved by the Stanford University Institu-
tional Review Board, and all subjects signed a written informed con-
sent form. Patients with newly diagnosed intermediate- or high-risk
prostate cancer (PSA = 10 ng/mL, cT2b or greater, or Gleason score
= 7) who were scheduled for radical prostatectomy were enrolled
from April 2016 until December 2020 (NCT02678351). The protocol
has been described previously (/7). Exclusion criteria were androgen
deprivation therapy, neoadjuvant chemotherapy, or radiation therapy
before the planned prostatectomy.

PET/MR Imaging Protocol

%8Ga-PSMA-11 was prepared as described previously (/7,12). The
mean * SD administered dosage was 160.8 * 31.1 MBq (range,
91.4-236.4 MBq). After an uptake time of 50.0 * 8.9 min (range,
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40-108 min), patients were imaged from mid-thighs to vertex using a
time-of-flight simultaneous PET/MR scanner (SIGNA; GE Health-
care) in 3-dimensional mode for 4 min per bed position in 5-9 beds.
Delayed pelvic PET/MRI including prostate multiparametric MRI
(mpMRI) was obtained after voiding, at 70.5 * 13.4 min (range,
43-108 min) after the initial scan. A 2-point Dixon 3-dimensional T1-
weighted spoiled gradient-echo MR sequence was acquired using the
volume coil for MR-attenuation correction.

Image Analysis

PET images acquired before October 2017 (33 patients) were inde-
pendently reviewed in correlation with MRI by 2 nuclear medicine
physicians with 13 and 5 y of experience (/). Subsequent studies were
reviewed by one of the original nuclear physicians (with more than 13 y
of experience) using MIM (version 7; MIM Software Inc.). PET findings
were communicated with the referring surgeon and the information was
used as a part of clinical decision making. SUVs normalized based on
body weight were measured for prostate lesions and physiologic activity
in liver, spleen, right parotid gland, and mediastinal blood pool sepa-
rately by a radiologist/nuclear medicine physician (with 10 y of experi-
ence). For prostate lesions, SUVy,, and SUV ., were recoded for
initial images, and SUV,,,,x was recorded for delayed images. Physio-
logic activity was recorded using SUV .., per Prostate Cancer Molecu-
lar Imaging Standardized Evaluation recommendations (/3). Lesion
PSMA index was calculated using SUV .., comparison with blood pool
and liver activity (/4).

Outcome Analysis

Biochemical persistence and recurrence were assessed via review of
all available electronic medical records (including PSA results and
clinical notes). Biochemical failure was defined as PSA = 0.4 ng/mL
after prostatectomy or persistent PSA that was followed by adjuvant
therapy. Recurrence was defined as a rise in PSA at least 6 wk after
radical prostatectomy with or without adjuvant therapy measuring
= 0.2ng/mL that was subsequently confirmed by a follow-up measure-
ment (/5) or any rise in PSA that was treated with salvage therapy.

Statistical Analysis

Analysis was performed using MATLAB (R2021B) Statistics and
Machine Learning toolbox (The MathWorks). A multistep analysis
was performed. PET findings were dichotomized (low vs. high uptake
in the primary lesion, presence of metastatic disease). We next exam-
ined the correlation between PET findings and clinical and pathologic
parameters in prostate cancer risk stratification. Finally, we examined
the relationship between PET findings and outcomes.

There is no a priori threshold for dichotomizing uptake in prostate
although uptake higher than twice activity in normal liver parenchyma
has been suggested for metastatic lesions (/3,7/4). To explore a basis
for thresholding of the primary prostate lesion (or the dominant lesion
if more than one lesion were present), we used histogram and cluster
analysis. The Shapiro-Wilk test was used to examine normality of
SUV,ax distribution. We subsequently used cluster analysis of the
SUVax based on L1-norm (k-medians) with £ = 2. The resulting cat-
egories (low vs. high uptake) were stable for SUV ,,,x < 12.5 (n = 40)
or SUV ..x > 20 (n = 13), but classification was variable for SUV .«
between 12.5 and 20 (i.e., k-median results depended on initial state,
n = 20). We used an SUV of 12.5 as the cutoff threshold for future anal-
ysis, which is close to twice average normal liver activity (11.88 g/mL)
in our patients, and more evenly divided the patients into low- and high-
uptake groups compared with a higher cutoff value.

We also explored reliability of physiologic uptake that can define
an internal reference per subject (/6). Coefficient of variation was
used to examine the variability of physiologic uptake. Person correla-
tion coefficient was used to estimate the contribution of factors that

IniTiaAL PSMA PET CoRRELATES WITH OUTCOME ~ *

systematically affect physiologic uptake in different organs to the
overall variability of physiologic uptake.

Metastatic disease on °®Ga-PSMA-11 PET/MRI was categorized as
absent versus present (regardless of number of metastases). For clinical
parameters, conventional categories were used (PSA level: <10,
10-20, >20; clinical tumor stage: T1-2a, T2b/c, =T3; grade group: 2,
3, =4) (17).

Kendall T was used to assess correlation between PET findings and
clinical and pathologic parameters. A cutoff value of P < 0.05 was
used for significance. The Kruskal-Wallis H test was used to examine
whether a similar number of nodes were sampled during pelvic dissec-
tion between various groups.

Survival Analysis. The relationship between PET findings and out-
comes was analyzed using Kaplan—Meier survival plots and log-rank
test using MatSurv (https://github.com/aebergl/MatSurv) (18).

RESULTS

Patient Characteristics and Pathologic Findings

Seventy-five men were enrolled in this study (Fig. 1). One
patient was excluded because of equipment failure. No imaging
could be done in one patient, and PET/MRI was terminated early
(after acquisition of pelvis and lower abdomen) in another patient
because of claustrophobia. The data for prostate lesions and regional
lymph nodes include 73 patients (Tables 1 and 2). The data for dis-
tant metastasis and physiologic uptake include 72 patients.

Sixty-five patients underwent prostatectomy 12.4 = 15.4d
(median, 7 d; range, 1-95 d) after PET. In all cases, clinically signifi-
cant prostate cancer was confirmed. On average, 14.83 = 10.84
lymph nodes (median, 13; range, 0-54) from 64 patients were sub-
mitted for pathologic examination. The Gleason grade group after
prostatectomy correlated with grade group based on initial biopsy
(Kendall 1 = 0.42, P = 0.0002), and was unchanged, revised up, or
revised down after prostatectomy in 32, 26, and 5 patients, respec-
tively (Table 3.

In 72 of 73 patients, follow-up data were available (34.4 =
15.49 mo after PET; median, 35.91 mo; range, 4.86—60.7 mo). Per-
sistent disease (based on PSA failure) was documented in 10 patients
after prostatectomy and 4 after other treatments. Biochemical

( )

Newly diagnosed clinically localized intermediate-
or high-risk prostate cancer patients who were
candidates for prostatectomy (n = 75)

No imaging (n =2,
|——p cquipment failure,

severe claustrophobia)

\ J
v
( )
PET/MRI mid-thighs to vertex + delayed post-void
pelvic (n =72)
PET/MRI of the pelvis and lower abdomen (n = 1)
\ /\
( Y4 )\

Prostatectomy (n = 65)
(pelvic dissection, n = 64)

—» No follow up (n = 1)

Other treatments (n = 8)

\ VAN J/

v v

( N/ )\
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FIGURE 1. Study diagram.
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TABLE 1
Clinical Characteristics of Patients Included in Study
(h=73)
Characteristic  Mean = SD Median and range
Age at time of 64.0 £ 6.3 66; range, 44-75
PET (y)
Weight (kg) 86.0 = 13.3  85.3; range, 62.1-138.3
Body mass 272 + 34 26.6; range, 20.9-43.8
index (kg)
PSA (ng/mL)* 12.9 + 21.1  8.6; range, 3.0-176

*PSA data not available in 1 patient.

recurrence (after initial complete response) was documented in 14
patients after prostatectomy and in 6 patients after prostatectomy and
adjuvant therapy.

PET Findings

Except for 1 patient, focal uptake was identified within the pros-
tate gland. In 7 patients (including a patient with negative PET
results) MI showed more lesions, and in 26 patients PET showed
more lesions. For the remaining patients, a PET-positive lesion
was congruent with mpMRI in 36 patients and incongruent in 1
(Table 4). In 20 patients (27.4%), PET showed focal uptake out-
side the prostate consistent with metastatic disease in 66 lesions
(3.3 = 4.6 sites per patient; median, 1; range, 1-19) (Table 5).

Metastatic Disease on PET Versus Pelvic Dissection

Of 16 patients with pathologically proven N1 disease, 9 had
PSMA metastasis (56% per patient sensitivity). There were 9
patients for whom nodal dissection did not reveal metastasis (pNO)
but who had PSMA metastasis. The extent of a pelvic lymph node
dissection confounds the probability of positive lymph nodes.
Patients with PSMA metastasis and negative pelvic dissection had

TABLE 2
Gleason Score and Clinical Stage of Patients
Included in Study

Primary tumor n

Gleason score (biopsy)*

3+4 14 (19.2%)
4+3 20 (27.4%)
4+40r3+5 18 (24.7%)
4+5 19 (26%)
Clinical T stage’
Tic 33 (45.2%)
T2a 13 (17.8%)
T2b 7 (9.6%)
T2c 6 (8.2%)
T3a 8 (11%)

*Not known in 2 patients.
TNot known in 6 individuals.

TABLE 3
Initial Biopsy Versus Prostatectomy

Grade group based on initial biopsy

Final grade group 2 3 4/5
2

3 6 9 0
4/5 8 12 14

on average less than half of the number of lymph nodes sampled
compared with patients for whom both PET and pelvic dissection
showed metastatic disease, or only pelvic dissection showed meta-
static disease (11.7 = 5.2 vs. 244 * 13.1 and 27.3 £ 15.7,
respectively, P = 0.012, Kruskal-Wallis test). The per-patient
%8Ga-PSMA-11 PET/MRI positivity rate was 2.5 times higher
than pelvic nodal dissection when 5-15 nodes were surgically
sampled (Table 5).

Degree of ®Ga-PSMA-11 Uptake. For prostate lesions (domi-
nant lesion if multiple lesions are present), the SUV ;. was 14.53 *
10.42 (median, 10.64; range, 3.61-50.12 g/mL) and the SUVeu
was 9.18 £ 7.21 (median, 6.69; range, 2.13—40.24 g/mL). Figure 2A
depicts the histogram of SUV . of the dominant prostate lesion in
our dataset. The distribution is asymmetric and nongaussian (P <
0.001, Shapiro-Wilk test). A cutoff value of 12.5 (~55th percentile)
was used for subsequent analysis as the threshold for high uptake.
Uptake on initial PET and delayed pelvic PET was highly correlated
(r = 0.968, Fig. 2B) and followed a similar distribution, with the
equivalent delayed SUV cutoff of 13.5.

The average uptake in liver, spleen, blood pool, and parotid
gland were 5.94 = 1.53, 9.33 = 3.11, 1.26 £ 0.24, and 16.08 *=
3.94 g/mL, respectively (corresponding to interpatient coefficients
of variation of 0.26, 0.34, 0.19, and 0.25, respectively; Fig. 2C).
SUVinax or SUV,,cq of the prostate lesion did not correlate with
physiologic uptake in the liver, spleen, blood pool, or parotid
gland (» < 0.12 for all tests). Correlation between physiologic
uptake in various organs was weak, with the highest between liver
and spleen (» = 0.224, P = 0.058; Fig. 2D).

Relationship Between PET Findings and Clinicopathologic
Risk Factors

Uptake in the primary lesion and presence of PSMA metastasis
correlated with several clinical and pathologic factors as detailed
in Table 6. The notable exception was a nonsignificant correlation
between clinical or pathologic T stage (extraprostatic extension) and

TABLE 4
Laterality of PSMA-Avid Lesion Versus PIRADS 4 or 5
Lesions on Prostate mpMRI

mpMRI
PSMA PET No lesion R L Bilateral
No lesion 0 0 1
R 1 13 1
L 1 0 10
Bilateral 5 10 9 13
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TABLE 5
Positivity Versus Number of Lymph Nodes Removed During Pelvic Nodal Dissection

Pelvic dissection

PSMA PET

No. of nodes removed pNO pN1 Positivity rate No metastasis Metastatic disease Positivity rate
1-2 2 0 0 2 0 0

5-15 38 7.3% 33 8 19.5%
>15 8 13 61.9% 11 10 52.4%

PET findings (in contrast to the study of Lima et al. (/9)). High
uptake in the primary lesion correlated more with preprostatectomy
PSA level and D’Amico risk category whereas PSMA metastasis
correlated more with grade group and nodal involvement.

Relationship Between PET Findings and Outcome

High uptake (SUV,.x > 12.5) and presence of PSMA metasta-
sis were associated with biochemical failure or rapid recurrence
within 2 y after prostatectomy. In contrast, patients with low
uptake in the primary lesion who did not have evidence of meta-
static disease on PET had low likelihood of experiencing recur-
rence within the follow-up period (Fig. 3). The outcomes were
worse in patients with high uptake in the primary lesion and
PSMA metastasis (Fig. 4). Results were similar when the analysis
included all patients rather than only patients who underwent pros-
tatectomy (P = 0.008 for uptake in primary, P = 0.0135 for
PSMA metastasis, and P = 0.001 for the combination of the two).
Alternative measures of uptake using body surface area and lean
body mass also showed significant differences in survival (P <
0.05) between high and low uptake when a comparable cutoff
threshold (about 55 percentile of corresponding population values)
was used. Neither SUV ¢, nor lesion index (/4) (defined based on
SUV,cak) reached statistical significance.
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max

SUV.

r=0.967, P<0.0001

® 0

20 40

v SUV___ Initial PET
max

Q o o ,0 O
Nt Nt
Prostate lesion SUV

max

C 25 D r=0.224, P=0.058
. -,
20 c 15 .
< .
g .
c > . °
g 15 3 o .
>E Uc) 10 : s * : ':'..-
= o ooy
2 10 3 EOA .
[+% . * Seee
5 - R
.
0
S @ ot wd x 2 4 6 8 10
RS DRI
? ENE LN Liver SUV.

mean

FIGURE 2. Uptake in primary prostate cancer versus physiologic
uptake. (A) Histogram of SUV o« of primary lesion on initial PET. (B) Corre-
lation between early and delayed SUV,.«. (C) Average uptake in blood
pool, liver, spleen, and right parotid gland (error bars indicate SD). *Lesion
uptake (using SUV,ax) is also plotted for comparison (white bar). (D) Poor
within-subject correlation between liver and spleen uptake.

IniTiaL PSMA PET CoRrRRELATES WITH OUTCOME ~ *

PET findings correlated with the duration of biochemical response
after initial therapy (including adjuvant therapy) (Fig. 5). The hazard
ratio for PET compared with clinicopathologic factors for biochemi-
cal recurrence within the first 24 mo are depicted in Table 7. High
uptake in the primary cancer and presence of PSMA-avid metastasis
were associated with higher hazard ratios for early recurrence com-
pared with clinicopathologic factors, although our sample is too
small to allow for statistical comparison and testing independence.
Kaplan—Meier survival analysis showed worse outcome for patients
with bilateral disease in the prostate (based on either PET or MRI)
or if PET and MRI results were incongruent (P = 0.125, not
significant).

DISCUSSION

In patients with newly diagnosed intermediate- or high-risk pros-
tate cancer who were candidates for radical prostatectomy, *3Ga-
PSMA-11 PET/MRI findings were closely linked with clinical and
pathologic risk factors. High ®*Ga-PSMA-11 uptake in the primary
lesion and presence of PSMA-avid metastatic disease were nega-
tively associated with response to initial therapy and duration of
biochemical response. Our findings add to the evidence of the util-
ity of PSMA PET in the initial workup of prostate cancer and cor-
relation between PSMA expression and tumor behavior (20).

Dedicated prostate MRI was performed in the same session in
conjunction with PET and helped identify prostate lesions (partic-
ularly lesions with very low uptake). Uptake and conspicuity
increase on delayed PET. Nonetheless, most lesions were readily
visible on the initial PET, including lesions that were identified
only on PET or lesions with indeterminate appearance on mpMRI
that were not prospectively called. Although survival analysis did
not use MRI findings, scanner hardware, attenuation correction
methodology, and postprocessing affect image quality and SUV
measurements, which should be considered before applying our
results to data from PET/CT or other PET/MRI systems.

A PSMA PET sensitivity of 56% for nodal involvement here is
in line with that of other studies (27,22). Therefore, the absence of
PSMA metastasis does not indicate that a pelvic nodal dissection
is not required (23). Several patients had nodal involvement on
PET that was not confirmed pathologically. PSMA PET has high
specificity (23—-26), so we suspected undersampling, corroborated
by our analysis. Accurate surgical staging requires extensive lym-
phadenectomy, which increases surgical morbidity. The positivity
rate of PET in our study was 2.5 times higher than limited pelvic
dissection (sampling up to 15 lymph nodes), and only slightly
lower than extensive pelvic nodal dissection (52% vs. 62%).
Therefore, PSMA PET could be supplementary to surgical pathol-
ogy in staging patients undergoing nodal dissection, particularly if
for any reason extensive nodal dissection is not performed. Our
survival analysis also suggests that despite limited sensitivity, the
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TABLE 6
Cross-Tabulation of the Relationship Between PET Findings and Clinical or Pathologic Risk Factors in Prostate Cancer

SUV nax PSMA-avid metastasis
Prognostic factor <12.5 >12.5 Kendall = Absent Present Kendall =
D’Amico risk category 0.35 (P = 0.0027) 0.15 (P = 0.2)
Intermediate 21 6 22
High 19 27 31 15
Grade group 0.24 (P = 0.034) 0.31 (P = 0.0058)
2 17 6 20
3 15 16 24
4/5 8 11 9 10
PSA 0.33 (P = 0.0037) 0.21 (P = 0.068)
<10 30 15 36
10-20 8 12 14
>20 1 6 3
Clinical T stage 0.23 (P = 0.052) 0.08 (P = 0.48)
Tic 19 14 23 10
T2a 13 0
T2b/c 8 8 5
=T3 1 8 7 2
Extraprostatic extension 0.02 (P = 0.85) 0.07 (P = 0.57)
Negative 16 13 22 7
Positive 19 17 25 11
Nodal involvement 0.18 (P = 0.12) 0.34 (P = 0.0036)
pNO 29 19 39 9
pN1 6 10 7 9

Number of patients in each group is specified.

prognostic value of PSMA PET (in terms of hazard ratio of bio-
chemical recurrence) can be comparable to pathologic nodal stag-
ing given variable prognosis of pN1 disease (7).

PSMA expression and histologic tumor grade are linked (27) and
PSMA plays a complex role in tumor progression (28), which is
consistent with our finding of slower progression in patients with
low uptake in the primary tumor. Low PSMA expression could
reduce the sensitivity of PET for metastatic disease but might have

Uptake in prostate lesion PSMA metastasis
A |, Uetakeinp B .,
= 08 suy, .. <125 08
2 M Absent
2
3 06 06
Q
L
Q
g 04 sy, >125 %4
_% Present
© o2 02
P =0.00604 P=0.03419
0.0 0.0
0 20 40 60 0 20 40 60

Time after PET (mo) Time after PET (mo)

FIGURE 3. Kaplan—-Meier Analysis for disease free survival after prosta-
tectomy according to uptake of primary lesion (A) (SUVax On initial PET),
and presence of metastatic disease on PET (B). Censored events are
marked with a tick.
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little impact on the overall prognostic value of PSMA PET if can-
cers with low PSMA expression would have low probabilities for
metastatic spread in the first place. ®®Ga-PSMA-11 uptake and grade
group were correlated in our data (Table 6), which partially explains

1.0
SUVmaX < 12.5 and no metastasis
< 0.8
2
c
=}
® 0.6
[0)
9 ok
‘*8)-) 04 | SUVmaX > 12.5 or metastasis
©
o) , ) ,
@ t t {
0O g0 SUV,, > 12.5 and metastasis
P =0.00264
0.0 . . .
0 20 40 60
Time after PET (mo)

FIGURE 4. Kaplan—-Meier Analysis for disease-free survival after prosta-
tectomy as a function of uptake in primary cancer and presence of meta-
static disease. Patient with both high uptake in primary cancer and
metastatic disease on PET had worse survival than patient who had no or
only 1 risk factor. *Exclusive disjunction.
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El SUV, ., > 12.5 or metastasis .
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02 02 02 ment strategies in patients with high uptake
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Time after PET (mo) ease on PET.
FIGURE 5. Proportion of patients without biochemical progression after initial treatment with or  CONCLUSION
without adjuvant radiation therapy over time according to uptake of primary prostate lesion (A), pres- . .
PSMA PET in initial evaluation of

ence of metastatic disease on PET (B), or combination of them (C). “Exclusive disjunction.

better prognosis in patients with low uptake in the prostate. Nonethe-
less, for every grade group, we noticed that those with an SUV .,
< 12.5 tended to have longer recurrence-free survivals. Larger stud-
ies could shed light into the value of incorporating PSMA uptake in
prognostic models of prostate cancer in addition to histologic grade.
This question could be particularly relevant in patients who decide
not to undergo prostatectomy because in nearly half our patients, the
grade group based on initial biopsy changed after prostatectomy.

To simplify our analysis, we categorized uptake to low versus
high. Variations on how this was done (e.g., normalizing based on
lean body mass instead of weight) did not affect our results, although
using SUV ¢, (Which could underestimate uptake in small lesions)
did have an impact on the results. Uptake categorization and
Kaplan—Meier analysis was reproducible on repeated PET/MRI of
the pelvis performed after voiding, suggesting that SUV ., was a suf-
ficiently robust measure in our study (29). Dichotomizing a continu-
ous variable is, however, associated with certain issues such as loss
of information (30), and further studies may be needed to confirm the
relationship between SUV and duration of biochemical response.

A limitation of our study is that we did not examine how PET
findings affected management. Heterogeneity in initial treatment
strategies in prostate cancer can confound survival analysis. A few

TABLE 7
Prognostic Factors for Biochemical Recurrence Within
24 Months After Initial Response

Hazard ratio

in patients
Hazard ratio who underwent
(95% Cl) prostatectomy
Factor (n=72) (n = 65)

SUVay > 12.5

PSMA metastasis
D’Amico high risk
Grade group > 2
PSA > 10 ng/dL

=cT2b

=pT3

pN1

Unadjusted log-rank hazard ratio; ratio > 1 indicates increased
probability of recurrence.

4.93 (1.87-13.04)
3.95 (1.26-12.42)
1.06 (0.39-2.83)
2.74 (1.03-7.34)
1.48 (0.56-3.96)
3.53 (1.08-11.56)
1.35 (0.52-3.53)
3.57 (1.09-11.72)

5.148 (1.94-13.66)
4.14 (1.30-13.19)
1.11 (0.42-2.96)
3.12 (1.18-8.24)
1.72 (0.63-4.69)
4.12 (1.19-14.29)
1.35 (0.52-3.53)
3.22 (1.01-10.21)

IniTiaAL PSMA PET CoRRELATES WITH OUTCOME ~ *

patients with intermediate- and high-risk

prostate cancer correlates with the probabil-
ity of biochemical failure or recurrence at least as well as clinical
and pathologic factors. Patients with low uptake in prostate lesions
and no evidence of metastatic disease on PET are unlikely to have
recurrence within the first 2 y after initial treatment. Patients with
high uptake in prostate cancer and metastatic disease are at risk for
early recurrence and may require frequent surveillance and aggres-
sive treatments.
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KEY POINTS

QUESTION: Is ®Ga-PSMA-11 PET useful in the assessment
of risk for failure after prostatectomy or early biochemical
recurrence?

PERTINENT FINDINGS: High ®®Ga-PSMA-11 uptake in primary
prostate cancer and the presence of PSMA-avid metastatic
disease on PET are significant adverse prognostic factors after
initial therapy.

IMPLICATION FOR PATIENT CARE: ®®Ga-PSMA-11 PET has
higher positivity rate than limited pelvic lymphadenectomy for
metastatic disease and identifies patients who could benefit from
additional treatment or frequent surveillance.
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88Ga-RM2 targets gastrin-releasing peptide receptors (GRPRs), which
are overexpressed in prostate cancer (PC). Here, we compared preop-
erative ®*Ga-RM2 PET to postsurgery histopathology in patients with
newly diagnosed intermediate- or high-risk PC. Methods: Forty-one
men, 64.0 = 6.7 y old, were prospectively enrolled. PET images were
acquired 42-72 min (median = SD, 52.5 * 6.5 min) after injection of
118.4-247.9 MBq (median + SD, 138.0 = 22.2 MBg) of ®8Ga-RM2.
PET findings were compared with preoperative multiparametric MRI
(mpMRI) (n = 36) and ®Ga-PSMA11 PET (n = 17) and correlated to
postprostatectomy whole-mount histopathology (n = 32) and time to
biochemical recurrence. Nine participants decided to undergo radia-
tion therapy after study enrollment. Results: All participants had inter-
mediate- (n = 17) or high-risk (n = 24) PC and were scheduled
for prostatectomy. Prostate-specific antigen was 8.8 + 77.4 (range,
2.5-504) and 7.6 * 5.3 ng/mL (range, 2.5-28.0 ng/mL) when partici-
pants who ultimately underwent radiation treatment were excluded.
Preoperative ®Ga-RM2 PET identified 70 intraprostatic foci of uptake
in 40 of 41 patients. Postprostatectomy histopathology was available
in 32 patients in which #Ga-RM2 PET identified 50 of 54 intraprostatic
lesions (detection rate = 93%). %8Ga-RM2 uptake was recorded in 19
nonenlarged pelvic lymph nodes in 6 patients. Pathology confirmed
lymph node metastases in 16 lesions, and follow-up imaging con-
firmed nodal metastases in 2 lesions. ®®Ga-PSMA11 and %8Ga-RM2
PET identified 27 and 26 intraprostatic lesions, respectively, and 5 pel-
vic lymph nodes each in 17 patients. Concordance between %8Ga-
RM2 and ®8Ga-PSMA11 PET was found in 18 prostatic lesions in 11
patients and 4 lymph nodes in 2 patients. Noncongruent findings were
observed in 6 patients (intraprostatic lesions in 4 patients and nodal
lesions in 2 patients). Sensitivity and accuracy rates for ®*Ga-RM2 and
58Ga-PSMA11 (98% and 89% for $8Ga-RM2 and 95% and 89% for
58Ga-PSMA11) were higher than those for mpMRI (77% and 77%,
respectively). Specificity was highest for mpMRI with 75% followed by
58Ga-PSMA11 (67%) and ®3Ga-RM2 (65%). Conclusion: ®Ga-RM2
PET accurately detects intermediate- and high-risk primary PC, with a
detection rate of 93%. In addition, ®8Ga-RM2 PET showed signifi-
cantly higher specificity and accuracy than mpMRI and a performance
similar to ®Ga-PSMA11 PET. These findings need to be confirmed in
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larger studies to identify which patients will benefit from one or the
other or both radiopharmaceuticals.
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Prostate cancer (PC) remains the most common noncutaneous
cancer in American men and the second highest cause of cancer-
related mortality (/). Cancer stage at diagnosis defines subsequent
management. Although low-risk PC (Gleason score 6, pretreat-
ment prostate-specific antigen [PSA] < 10 ng/mL, and clinical
stage T1-T2a) may be managed with active surveillance, patients
with higher grade, clinically significant cancers typically receive
treatment. Imaging plays a crucial role in initial staging. Multi-
parametric MRI (mpMRI) is widely used for initial evaluation.
However, mpMRI may miss clinically significant PC in 5%-8%
(2) to 35% (3) of cases.

Molecular imaging with PET and CT (PET/CT) or PET/MRI is
changing the landscape of PC staging with the development and
regulatory approval of new radiopharmaceuticals. The most prom-
ising radiopharmaceuticals target prostate-specific membrane anti-
gen (PSMA). PSMA is highly overexpressed in 90%-95% of PC
(4-7). However, it is not specific to PC (8,9) and false-positive
(FP) findings have been reported (/0-13). Thus, there is a contin-
ued need for other imaging targets. ®®Ga-RM2 is a bombesin
receptor antagonist that targets the gastrin-releasing peptide recep-
tor (GRPR) with high affinity (/4). GRPR is highly overexpressed
in several cancers including breast (15, 16), small cell lung cancer
(17), gastrointestinal stromal and neuroendocrine tumors (18,19)
and in PC (20-24), especially in earlier stages, making it an attrac-
tive target for initial staging (20).

In this study we compared preoperative 8Ga-RM2 PET and
mpMRI with histopathology after radical prostatectomy (RP) in
patients with newly diagnosed intermediate- or high-risk PC. In a
subgroup of patients, comparison with °®Ga-PSMA11 PET was
also available.

Duan et al. 1829



TABLE 1

Patients’ Characteristics (n = 41)
Characteristic Data
Age (y) 64 * 6.7 (50-78)
PSA (ng/mL) 8.8 = 77.4 (2.5-504)

PSA (excluding radiation
therapy patients [ng/mL])

7.6 + 5.3 (2.5-28.0)

Risk (n)
Intermediate 17 (41.5%)
High 24 (58.5%)
Gleason score from preoperative biopsy* (n)
7 18 (45%)
8 12 (30%)
9 10 (25%)

Clinical stage (n) cT1b: 2 (56%);

cT1c: 18 (43.9%)
cT2a: 6 (14.6%);
cT2b: 6 (14.6%);
cT2c: 3 (7.3%)

cT3a: 6 (14.6%)

Preoperative biopsy 40
available (n patients)

mpMRI (n patients) 36
58Ga-PSMA11 PET (n patients) 17
Postoperative histopathology 32

available (n patients)

*Gleason score of 1 patient was unavailable.
Numeric factors are expressed as median *= SD (range).

MATERIALS AND METHODS

Participants

Patients scheduled to undergo RP for newly diagnosed, nontreated,
intermediate- or high-risk PC were prospectively enrolled in 2 clinical
trials evaluating the performance of **Ga-RM2 (NCT03113617) and
%8Ga-PSMAI11 (NCT02678351). This study was approved by the local

institutional review board. Written informed consent was obtained
from all participants. Presurgical clinical assessments included serum
PSA, Gleason score, clinical stage, and risk assessment according to
the D’ Amico classification (25). Patients were followed up to evaluate
time to biochemical recurrence (BCR).

Scanning Protocols

%8Ga-RM2 PET. Discovery 690 PET/CT (n = 19), Discovery MI
PET/CT (n = 19), or SIGNA PET/MRI (n = 3) scanners (GE Healthcare)
were used for “*Ga-RM2 PET. Details of PET/CT and PET/MRI
acquisitions were previously described (26,27). The choice of PET/CT
or PET/MRI was dictated by the funding available to support the clini-
cal trials. Discovery MI PET/CT and SIGNA PET/MRI use the same
silicon photomultiplier—based detectors, and we previously reported
their clinical evaluation (28,29).

%8Ga-PSMAI1 PET. A SIGNA PET/MRI scanner (GE Health-
care) was used for ®®Ga-PSMAI11 PET. Details of PET/MR image
acquisition were previously described (27).

%8Ga-RM2 and ®®Ga-PSMAI11 were synthesized as previously
reported (30).

mpMRI Protocol

The protocol consisted of T2-weighted imaging, diffusion-weighted
imaging, and dynamic contrast-enhanced imaging sequences using a
3T scanner (MR750; GE Healthcare). Details of mpMR image acqui-
sition were previously described (37).

Histopathology

Hematoxylin-eosin—stained slides from whole-mount prostate specimens
were analyzed according to standard of care. The slides were annotated by a
genitourinary pathologist to outline areas of cancer across the entire gland.

Fusion of Histology and PET/MRI

The RAPSODI registration framework was used to align correspond-
ing preoperative axial T2-weighted imaging, whole-mount histopathol-
ogy, and **Ga-PSMA11 PET/MRI using rigid, affine, and deformable
transformations (32). This registration ensures a slice-to-slice alignment
between histology—including ground-truth cancer labels—mpMRI,
and PET/MRI. The methodology relies on precise prostate segmenta-
tions, automatically generated by a validated deep learning model, and
its accuracy was evaluated using a Dice Similarity coefficient (33).

Image Analysis
Two nuclear medicine physicians reviewed and analyzed PET
images independently and in a random,

masked fashion with the knowledge that par-
ticipants were scheduled to undergo RP for
known PC. Any focal uptake of **Ga-RM2 or
%8Ga-PSMA11 higher than the adjacent back-
ground and not associated with physiologic
accumulation was deemed suggestive of PC
(34,35). The number and location of each
lesion and its SUV ., were recorded. A visual
comparison was performed between annotated
suggestive lesions on PET and cancer-anno-
tated histology slides. A lesion was deemed
true-positive when annotations on PET and
histopathology matched and considered true-
negative when uptake on PET was not above
background and when there was no cancer
annotation on corresponding histopathology
slides.

FIGURE 1. A 50-y-old patient with intermediate-risk PC and PSA of 5.27 ng/mL. ®Ga-RM2 PET/CT (A,
axial PET, fused PET/CT, CT, and maximum-intensity-projection images, respectively) shows focal uptake
in left mid gland (red arrows) correlating to Gleason 4 + 3 prostate cancer (black arrow) on histology (B).
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mpMRI was interpreted as standard of care
using PI-RADS criteria version 2 (36).
Lesions with a PI-RADS score = 3 were
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TABLE 2
SUV,nax of 88Ga-RM2 in Verified Intraprostatic Lesions and
Lymph Node Metastases Compared with Benign Prostate
and Lymph Node Uptake

58Ga-RM2 SUVmax P
SUVhax prostate cancer 6.1 = 5.9 (2.3-32.2) 0.04
SUVihax lymph node 4.7 = 3.3 (1.9-12.2) '
metastases
SUVnax prostate cancer 6.1 = 5.9 (2.3-32.2)
<0.001

SUVnax benign prostate 1.8 + 0.5 (0.5-3.3)

SUVpax lymph node 4.7 = 3.3 (1.9-12.2)
metastases <0.001

SUVpax benign lymph 0.5 = 0.2 (0.1-0.9)

nodes

Numeric factors are expressed as median = SD (range).

recorded. A PI-RADS score of 3 was considered equivocal, PI-RADS
4 likely, and 5 highly likely for PC.

Statistical Analysis

A logistic regression model was used to determine the predictive
value of preoperative biopsy, mpMRI, ¥ Ga-RM2, and *®Ga-PSMA11
PET for final histopathology and risk prediction. Sensitivity, specific-
ity, and accuracy were stratified to intermediate- and high-risk groups
for ®3Ga-RM2 and ®*Ga-PSMA11. A McNemar test determined differ-
ence between ®*Ga-RM2 and mpMRI for sensitivity, specificity, and
accuracy. A Wilcoxon signed-rank test was performed to determine
differences between SUV,,,.. Concordance correlation was used for
%8Ga-RM2 and %®Ga-PSMA11 SUV,,,.. The degrees of correlation
are: > (.99, almost perfect; 0.95-0.99, substantial; 0.90-0.95, moder-
ate; and < 90, poor agreement. Spearman correlation was used for
evaluation of SUV,,,, and time to BCR. Statistical analyses were per-
formed with Stata (version 16.1; Stata Corp. LLC). Continuous data
are presented as median * SD, with minimum-maximum values. A
P value of <0.05 was considered significant except when Bonferroni
adjustment was applied for concordance analyses (P value < 0.0025
significant) and risk prediction (P value < 0.017 significant).

RESULTS

Forty-one men (age, 64.0 = 6.7 y [range, 50-78 y]) scheduled to
undergo RP for PC were prospectively enrolled. Seventeen (41.5%)
participants had intermediate-risk and 24 (58.5%) had high-risk
PC. PSA was 8.8 = 77.4 ng/mL (range, 2.5-504 ng/mL) and 7.6 =
5.3 ng/mL (range 2.5-28.0 ng/mL) when participants who received
radiation therapy (RT) were excluded. PSA was undetectable 3 mo
after RP in all but 3 patients. In 1 patient, preoperative biopsy was
not available and PC was diagnosed by imaging and PSA. All par-
ticipants (n = 41) were imaged with ®®Ga-RM2 PET, 36 of 41
underwent additional mpMRI, and 17 of 41 underwent %®Ga-
PSMAI11 PET. Of these 41 patients, 32 underwent RP and 9 opted
for RT after enrollment in the protocol and completion of the scan.
Patient characteristics are shown in Table 1.

%%Ga-RM2 PET

%8Ga-RM2 PET identified 70 intraprostatic foci in 40 of 41 and
focal uptake in 19 nonenlarged pelvic lymph nodes in 6 of 41
patients. One participant had a negative °®Ga-RM2 PET scan
result.

TABLE 3
Lesion Detection Rates with Histopathologic Confirmation Among modalities

Postsurgical whole-mount pathology

Presurgical

FP (n) lymph FN (n) lymph

FN (n)
prostate

FP (n)
prostate

Lymph
nodes (%)

Prostate
lesions (%)

Lymph Negative

Prostate

Patient (n)

nodes

nodes

Patient (n) nodes Patient (n) scan

lesions

Modality

32

4

1

16/19 (88.9%)

50/54 (92.5%)
17/18 (94.4%)
38/42 (90.5%)

1

70 40 19

26
49

68Ga-RM2

13
30

4/5 (80%)

0
2

17
36

%Ga-PSMA11
mpMRI

4 10

1/1 (100%)

%8GA-RM2 PET IN PrIMARY PROSTATE CANCER

40
16
40

43
34
16

151

PIRADS = 4
Gleason score 6
Gleason score = 7

PIRADS 3
Biopsy

« Duan et al.

1831



lymph nodes each. Concordance was seen in
18 intraprostatic lesions (example shown in
Fig. 2) and 3 lymph nodes. Histopathology
was available in 13 patients and confirmed
18 of 19 and 17 of 18 intraprostatic lesions
and 4 of 5 and 3 of 5 lymph node metastases
for 8Ga-RM2 and °*Ga-PSMAL11, respec-
tively. On a per-lesion analysis, ®*Ga-RM2
had 1 FP and 2 FN intraprostatic lesions,
whereas ®®Ga-PSMA11 had 1 FP and 3 FN.
Six patients had incongruent uptake (exam-
ples shown in Supplemental Figs. 1 and 2;
supplemental materials are available at
http://jnm.snmjournals.org): cancer was pre-
sent in 5 of 6 lesions on %*Ga-RM2 versus 3
of 4 on ®*Ga-PSMA11.

%8Ga-PSMA11 SUV,,,, of verified PC was
significantly higher than that of lymph node
metastases (P = 0.002). No statistically signif-
icant differences were noted when comparing
SUV, . for %Ga-RM2 with **Ga-PSMAI11
for intraprostatic cancers (P = 0.43) or lymph

FIGURE 2. A 65-y-old man, presenting with PSA of 9.5 ng/mL and Gleason 3 + 4 lesion on presur-
gery biopsy. ®Ga-PSMA11 PET/MRI (A) and ®®Ga-RM2 PET/CT (B) axial PET, fused PET/CT, CT,
and maximum-intensity-projection images, respectively, show concordant focal uptake in left ante-
rior apex of prostate (arrows), correlating to Gleason 3 + 3 on histology (C, arrow).

In the 32 patients who underwent RP, ®*Ga-RM2 identified 54
intraprostatic foci, with 50 of 54 (92.6%) confirmed by histology
(example shown in Fig. 1). Four lesions in 4 patients were false-
negative (FN). A total of 527 lymph nodes were removed, of which
26 of 527 proved to be metastases in 8 participants. ®*Ga-RM2 PET
identified 19 lymph nodes in 6 patients, of which 16 were verified
by pathology. The 3 unverified positive lymph nodes were seen in
the 3 patients whose PSA did not decrease after RP, suggesting TP
for metastases. Two lesions were subsequently confirmed by stan-
dard-of-care '8F-fluciclovine PET after RP.

The SUV,,., of histologically verified intraprostatic lesions was
statistically significantly higher than that of verified lymph node
metastases (P = 0.04) and benign prostatic uptake (P < 0.001).
%8Ga-RM2 uptake in lymph node metastases was also significantly
higher than that in benign nodes (P < 0.001). SUV ., findings are
summarized in Table 2.

mpMRI

mpMRI identified lesions in 36 of 41 participants: 43 PI-RADS
= 4 lesions (vs. 64 on corresponding ®*Ga-RM2) in 33, and 6 PI-
RADS 3 lesions (vs. 5 on corresponding ®®Ga-RM2) in 3 patients. In
the 30 participants who underwent RP, mpMRI detected 42 intrapro-
static lesions with 38 confirmed by histopathology (vs. 50 seen and 48
verified lesions on corresponding ®*Ga-RM2). One suggestive pelvic
lymph node was seen and verified as PC metastasis on mpMRI (vs.
18 seen and 16 verified pelvic lymph nodes on corresponding %*Ga-
RM2 PET). Four lesions were FP on histopathology, and 10 lesions
were FN. Table 3 summarizes detection rates of the 3 modalities.

%8Ga-PSMA11 and *®Ga-RM2 PET
In 17 participants, ®®Ga-RM2 and ®®Ga-PSMA11 PET identified
27 and 26 intraprostatic lesions, respectively, and 5 positive pelvic

1832

node metastases (P = 0.25). ®*Ga-RM2 and
%8Ga-PSMA11 were poorly correlated be-
tween the left and right prostate. Table 4
summarizes °*Ga-RM2 and %®Ga-PSMAI1
findings.

Sensitivity, Specificity, and Accuracy

All 3 modalities—®3Ga-RM2, %Ga-PSMA11 PET, and mpMRI—
were significant predictors for PC (P = 0.0025). For intraprostatic
lesions, both ®Ga-RM2 and ®*Ga-PSMA11 had higher sensitivity and
accuracy rates than mpMRI, whereas specificity was highest for
mpMRI (Supplemental Table 1). For intraprostatic and lymph node
lesions, specificity increased for both radiopharmaceuticals, whereas
sensitivity decreased for ®®Ga-PSMA11 (Supplemental Table 2). Sig-
nificantly higher sensitivity (P = 0.01) and accuracy (P < 0.01) were
seen for ®*Ga-RM2 PET than for mpMRL

Sensitivity, specificity, and accuracy for *Ga-RM2 were slightly
higher for the high-risk than for the intermediate-risk group. For
%8Ga-PSMA1, the opposite was found (Supplemental Table 3).

For the relationship and predictive value of PSA (grouped into <5,
5-10, 10.1-15, and =15 ng/mL), PI-RADS (3, =4), and SUV
for histopathologic outcome, the only significance found was a higher
SUV ax 0f ¥Ga-RM2 in PSA =5 versus PSA <5 (P < 0.0025, Fig. 3).

Follow-up

Six patients were lost in follow-up. After RP, patients (n = 26)
were followed for 28.6 * 11.7 mo (range, 7.0-47.3 mo). PSA
remained undetectable in 15 patients, whereas 11 developed BCR
17.7 = 10.8 mo (range, 2.8-32.0 mo) after RP. ®3Ga-RM2 SUV, .«
of intraprostatic lesions and time to BCR were negatively corre-
lated (r = —0.34), meaning the lower the SUV ., the longer the
time to BCR. The correlation of PSA and time to BCR was also
negatively correlated (r = —0.25), indicating the lower the PSA,
the longer the time to BCR.

DISCUSSION

In this study, we prospectively compared GRPR-targeting *3Ga-
RM2 PET with whole-mount histopathology after RP in patients
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TABLE 4
Correlation of #Ga-RM2 and 8Ga-PSMA11 PET in 17 Patients and Comparison to Histopathologic Outcome in 13 Patients

Postsurgical pathology

68Ga-PSMA11

68Ga-RM2

Confirmed/total (%) FP/FN  Confirmed/total (%) FP/FN

P

5Ga-PSMA11

68Ga-RM2

Variable

17

178.7 = 31.7 (124.3-233.8)

140.6 = 11.7 (125.1-162.8)

Injected activity (MBQ)

48.0 + 7.4 (40-75)

53.5 * 7.4 (46-72)

Time to scan (min)

0.43
0.25

13

+ 5.8 (3.6 —25.5)

7.7

6.1 + 4.6 (2.3-19.3)

SUVax prostatic lesion (verified)

1.0 (2.3-5.1)

+

4.3

3.4 (1.9-10.7)

+

3.9

SUVax lymph node lesion verified)

1/3
2/2
1/0
1/2

1/2 17/18 (94.4%)
11

1/0
0/2

18/19 (94.7%)

Prostatic lesions

3/5 (60%)
3/4 (75%)
0/1 (0%)

4/5 (80%)
5/6 (83%)

Lymph node lesions

Incongruent prostatic lesions

1/1 (100%)

Incongruent lymph node lesions

17); PSA = 7.5 + 3.6 ng/

3.0 +56d(1-21d)(n =

Numeric factors are expressed as median + SD, (range) and as mean (95% Cl). Time between ®3Ga-RM2 and ®8Ga-PSMA11 PET
mL (2.5-14.7 ng/mL) (n = 17). Concordance correlation between 8Ga-RM2 and ®8Ga-PSMA11 PET for left prostatic lesions was 0.77 (95% Cl, 0.56-0.98) and for right prostatic lesions

0.68 (95% Cl, 0.41-0.95), respectively; agreement was poor.

with newly diagnosed PC. Sensitivity and accuracy were high for
%8Ga-RM2 at 98% and 89%, respectively, and were comparable to
those for ®Ga-PSMA11 and superior to those for mpMRI. However,
a specificity of 65% was lower than that for mpMRI. These results
were comparable to previously reported sensitivity, specificity, and
accuracy rates of 89%, 81%, and 83% for prostatic lesions and sensi-
tivity of 70% for lymph node metastases for ®®Ga-RM2 PET/CT in a
smaller cohort of 14 men with primary PC and 3 with BCR (37).

%8Ga-RM2 and **Ga-PSMA11 both showed high detection rates
for primary PC and lymph node metastases but were poorly corre-
lated. A recently published study compared *®Ga-RM2 and ®*Ga-
PSMA11 PET/MRI in staging of 19 men with biopsy-proven
high-risk PC, with histopathology available in 12 patients.
Although the detection rate of 95% for the primary tumor is simi-
lar that in to our study, the positivity rates for lymph nodes were
lower (37% for ¥Ga-PSMA11, 21% for ®®Ga-RM2). Apart from a
negative ®Ga-RM2 finding in 1 participant, concordant uptake
was seen between ¥Ga-RM2 and 8Ga-PSMA11 (38). The incon-
gruent uptake pattern in our cohort might be due to our more het-
erogeneous groups of intermediate- and high-risk PC. However,
the difference in expression pattern of PSMA and GRPR is consis-
tent with our previous findings in BCR PC (30,39) and is sup-
ported by immunohistochemistry showing that GRPR and PSMA
expression are not correlated (40). Fassbender et al. found in a
voxel-based approach that °8Ga-RM2 and %%Ga-PSMAI1 in
8 patients with primary PC showed similar averaged SUV pean;
however, on a per-patient basis, they found a different intensity,
revealing again a different expression pattern of GRPR and
PSMA (41).

We found no correlation between *®Ga-RM2 uptake and Glea-
son score or tumor volume, but a positive correlation between
PSA and ®Ga-RM2 SUV,,.x. SUV,..x Was also negatively corre-
lated to time to BCR. This negative correlation is supported by
previous findings in patients with BCR PC showing a positive cor-
relation between *8Ga-RM2 positivity and PSA and PSA velocity
and, conversely, a negative correlation of SUV,,,, and PSA with
time to BCR indicating that the higher °®Ga-RM2 SUV,,,, and
PSA, the shorter the time to BCR (27). However, there is contro-
versy (24) as to whether GRPR density is related to a better prog-
nosis of PC (20,21) or found in high-risk tumors as our results
indicate. Larger studies with a longer follow-up are needed to
understand these possible correlations.

The need now is to understand if and how these radiopharma-
ceuticals may provide complementary and useful information in
patients with PC at various stages and risks. Given the high tumor
heterogeneity in PC, and that neither ®®Ga-RM2 nor ®*Ga-PSMA11
are 100% sensitive or specific and hence attributing to FP and FN
lesions, a bispecific tracer that targets GRPR and PSMA simulta-
neously may present a promising imaging option (42).

Limitations of this study include the relatively small number of
patients, especially of participants undergoing both *Ga-RM2 and
%8Ga-PSMAI11 PET, and the different imaging modalities used,
that is, different PET/CT scanners and PET/MRI. In addition, not
all participants had histopathology data available because some
elected to undergo RT. Correlating lymph node positivity to histo-
pathology is a challenge because not all lymph nodes seen on PET
were resected. PET data were analyzed by readers who were
aware that participants were scheduled to undergo RP for known
PC, whereas readers for mpMRI were unaware that participants
were scheduled for RP as mpMRI was part of clinical care for PC
diagnosis.

%8GA-RM2 PET IN PriMARY PROSTATE CANCER  * Duan et al. 1833
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FIGURE 3. Boxplot of ®Ga-RM2 SUV . stratified to PSA < 5 ng/mL
and = 5 ng/mL. Patients with PSA = 5 ng/mL had a statistically signifi-
cantly higher SUV o (P = 0.0025).

CONCLUSION

%8Ga-RM2 PET accurately detects intermediate- and high-risk
primary PC with a significantly higher specificity and accuracy
than mpMRI and a performance similar to ®*Ga-PSMA11 PET.
The poor correlation between °%Ga-RM2 and ®%Ga-PSMAI11
underline the different expression patterns of GRPR and PSMA
and the complex tumor biology of PC. Larger prospective studies
are needed to identify which patients will benefit from one, the
other, or both radiopharmaceuticals.
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KEY POINTS

QUESTION: Is ®8Ga-RM2 PET a useful tool in the initial staging of
PC?

PERTINENT FINDINGS: Forty-one patients with newly diagnosed
PC underwent ®Ga-RM2 PET; a subgroup also underwent
mpMRI (n = 36) and ®®Ga-PSMA11 PET (n = 17). ®®Ga-RM2 PET
showed high sensitivity, accuracy, and detection rates of 98%,
89%, and 93%, respectively. Specificity at 65% was lower than
that of mpMRI (75%). Poor correlation to ®Ga-PSMA11 indicates
the different expression patterns of GRPR and PSMA in PC.

IMPLICATIONS FOR PATIENT CARE: ®®Ga-RM2 PET accurately
detected intermediate- and high-risk primary PC with a significantly
higher sensitivity and accuracy than that mpMRI and a performance
similar to that of ®Ga-PSMA11 PET. Larger prospective studies are
needed to identify which patients will benefit from one, the other, or
both radiopharmaceuticals.
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The theranostics concept using the same target for both imaging and
therapy dates back to the middle of the last century, when radioactive
iodine was first used to treat thyroid diseases. Since then, radioiodine
has become broadly established clinically for diagnostic imaging and
therapy of benign and malignant thyroid disease, worldwide. How-
ever, only since the approval of SSTR2-targeting theranostics follow-
ing the NETTER-1 trial in neuroendocrine tumors, and the positive
outcome of the VISION trial has theranostics gained substantial
attention beyond nuclear medicine. The roll-out of radioligand ther-
apy for treating a high-incidence tumor such as prostate cancer
requires the expansion of existing and the establishment of new
theranostics centers. Despite wide global variation in the regulatory,
financial and medical landscapes, this guide attempts to provide
valuable information to enable interested stakeholders to safely initi-
ate and operate theranostic centers. This enabling guide does not
intend to answer all possible questions, but rather to serve as an
overarching framework for multiple, more detailed future initiatives. It
recognizes that there are regional differences in the specifics of regu-
lation of radiation safety, but common elements of best practice valid
globally.
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The theranostics concept—that is, using the same target for
both imaging and therapy—has been the cornerstone of therapeutic
nuclear medicine since the introduction for treatment of thyroid dis-
ease in the early 1940s. Despite the fact that jodine-131 ('*'I) and
yttrium-90 (*°Y)-radiolabeled anti-CD20 antibodies showed excellent
long-term clinical outcomes in low-grade non-Hodgkin lymphomas
(1-3), these agents have largely been replaced by nonradioactive ther-
apies, mainly due to market forces and the relative ease of delivering
nonradioactive treatments. The success story of iodine theranostics in
thyroid diseases and the recent approval of lutetium-177 ['7"Lu]Lu-
DOTATATE following the landmark NETTER-1 (7) trial have
increased the applications of targeted radionuclide therapies. The
expansion of the theranostics concept beyond thyroid cancer and neu-
roendocrine tumors toward higher incidence diseases like prostate
cancer (and subsequently to other tumors) shifts nuclear medicine
and radionuclide therapy into the spotlight of modern cancer thera-
pies. VISION, a prospective randomized phase 3 trial, showed that in
prostate cancer, the most common and second most fatal cancer in
men, the use of up to 6 cycles of [!”’Lu]Lu-PSMA-617 increased the
median overall survival by 4 mo (15.3 vs. 11.3 mo, HR 0.62; 95%
CI 0.52 —0.74; P < 0.001) (2) in patients with metastatic castration-
resistant prostate cancer (mCRPC).

A tremendous increase in the demand for theranostics proce-
dures can be expected in anticipation of FDA and EMA approval
of ['"7Lu]Lu-PSMA-617, and this projected surge in demand for
both theranostics infrastructure and appropriately skilled profes-
sional staff will pose a challenge and opportunity for healthcare
systems. Even in countries with a strong track record in radionu-
clide theranostics, the existing infrastructure may be insufficient to
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meet the growing demand (3,4). Thus, theranostics and radionuclide
therapy need to get ready for the demand from cancer patients, refer-
ring physicians and society. Here we provide an enabling guide for
p stakeholders interested in setting up a dedicated theranostics center.
Special attention is given to regulatory considerations and require-
ments, logistical and technical challenges, medical considerations
including training, collaboration with clinical partners and treatment
indications and important lessons learnt from early adopters of thera-
nostics. We also provide advice for troubleshooting during creating a
theranostics service. This guide does not cover the specific require-
ments associated with the in-house production of radiopharmaceuti-
cals since there is no global harmonization, and national laws differ
considerably.

REGULATORY, LOGISTICAL AND TECHNICAL
CONSIDERATIONS

The design, construction and subsequent operation of a theranos-
tics service has to be guided by the fundamentals of radiation protec-
tion established by the appropriate regulatory agencies. In Europe,
the International Atomic Energy Agency (IAEA) through the Inter-
national Basic Safety Standards (BSS) (5) are a set of consensus
requirements derived from knowledge of radiation biology and radi-
ation protection, respectively (6). In the USA, the Nuclear Regula-
tory Commission (NRC) governs safety standards and delegates’
responsibilities to specific states (Agreement States) in many instan-
ces. The European Commission Directive 2013/59/EURATOM is a
legal act that establishes the recommendations and requirements of
the BSS and ICRP for EU countries, which have been transposed
into national law by the Member States. Sections 2 and 3 of the BSS
specify that requirements that apply to all existing and planned expo-
sure situations must be considered when establishing and operating a
theranostics center.

The BSS requires that legal entities apply to the regulatory author-
ity for a license. Therefore, the regulatory basis for operating a thera-
nostics center is a radioactive material license (RAM), in accordance
with the national regulations and laws governing the handling of
radioactive materials for medical applications, as defined in ICRP
Publication 105 (7). This must cover all aspects of both diagnostic
and therapeutic use of radiopharmaceuticals. Prerequisites for apply-
ing for a RAM license include the existence of adequate infrastruc-
ture, sufficient personnel (including trained physicians, technologists,
nursing staff, a Radiation Safety Officer (RSO), a Medical Physics
Expert (MPE)), sufficient means of radiation protection, and pro-
cesses for discharge management of treated patients and handling of
radioactive waste and sewage. To this end, several requirements must
be met, depending on the respective spectrum of diagnostics and ther-
apies applied and the radiopharmaceuticals used. In the US, regula-
tions differ but require a suitable radiation license and appropriately
qualified authorized users to allow administration of the radiopharma-
ceutical therapies.

RADIONUCLIDES AND RADIOPHARMACEUTICALS USED

A commonly used theranostic pair is gallium-68 (**Ga) for PET/CT
diagnostics and '7’Lu for therapy. In the US, [**Cu]**Cu-DOTA-
TATE is commonly used in addition to [**Ga]®®*Ga-DOTAT-TATE
or DOTA-TOC. However, °°Y is also occasionally therapeutically,
as are fluorine-18 (*8F)- and technetium-99 m (°**™Tc)-labeled diag-
nostic compounds. Table 1 summarizes the main properties of these
radionuclides.

How 10 SET UP A THERANOSTICS CENTER  *

With "7Lu, attention must be paid to the underlying manufactur-
ing pathway, which may result in unwanted long-lived accompanying
nuclides that require special consideration in terms of storage and dis-
posal of waste depending on local regulations. '7’Lu is made either
by direct neutron irradiation of '7®Lu targets (!’Lu (n,y) reaction) or
indirectly as a decay product of the neutron irradiation of ytterbium-
176 ("7°Yb (n,y) reaction), which produces '"’Yb that decays to
77Lu. In the indirect reaction, no long-lived contaminants are created.
However, in the direct reaction, small quantities of metastable
lutetium-177 (*”™Lu) with a half-life of 161 d may be present (7).
In this case, '""™Lu may account for approximately 0.02% of the total
amount of !”’Lu in the final radiopharmaceutical. ®®Ga may either be
obtained from a radionuclide generator (®Ge/*®Ga-generator) or
produced by proton irradiation of zinc-68 (°¥Zn(p,n)*3Ga). The dif-
ferent production pathways of the radionuclides are associated with
different radionuclidic impurities that must be taken into account,
i.e. germanium-68 and gallium-67, respectively (8). The *°Y currently
available for radiolabeling is of high radionuclidic purity with no
relevant amounts of accompanying nuclides (9). Long-lived radio-
active contaminants may require specific regulatory attention.

RADIATION PROTECTION, SHIELDING

Shielding of syringes and vials, as well as in some jurisdictions,
waste and storage containers, is an important aspect of reducing
external exposure among staff, the public and patients. After admin-
istration of the radiopharmaceutical, it may be necessary (mainly in
Europe, and in some cases in the US depending on exposure rates)
to isolate the patient from other persons, either within the hospital or
in the public domain. The type of radiation emitted from the thera-
nostics compound will dictate the extent of shielding required. This
can vary from PMMA (polymethyl metacrylate) storage boxes for
vials and waste containers, lead pots and tungsten syringe shields, to
concrete waste bunkers or lead-lined treatment rooms. This infra-
structure must be prepared according to local regulation and must be
in place before any activity involving radiation is carried out. Appro-
priateness of the control measures must also be demonstrated, usu-
ally in the form of a written radiation risk assessment that considers
radiation protection of both employees and patients. Established risk
analysis methods such as failure mode and effects analysis (FMEA)
or fault tree analysis (FTA) should be used for this purpose. Compli-
ance with NRC and/or state radiation safety regulations is required
in the US.

STORAGE OF RADIOPHARMACEUTICALS

Radiopharmaceuticals must be stored in a safe, secure, and
environmentally appropriate (such as refrigerated or frozen) place
to which only the licensee and appropriate staff may have access.
In addition, provisions for the safe storage and custody of radioac-
tive materials must be in place, including protection against theft,
fire, and chemicals. Transport and movement of radioactive mate-
rials to, from, and within the hospital must be carefully docu-
mented so that any radioactive material can be tracked from
source to final use and disposal.

ADMINISTRATION OF RADIOPHARMACEUTICALS

Accurate quantification of the radioactivity administered to the
patient is the first step of the radiopharmaceutical administration
and traceability chain. A radionuclide calibrator measures the activ-
ity and cross-calibrates other equipment. It is therefore essential to
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TABLE 1
Physical Characteristics of the Commonly Used Theranostics Pairs 8Ga/'""Lu and %8Ga/®°Y

Physical characteristics*

Energy [keV]
Radionuclides Gamma Beta or Alpha Half-life Pharmaceuticals’ Use
%8Ga 511 (caused by 1899 (B7) 1.13 h [*8Ga]Ga-PSMA-11 Diagnostic
annihilation) [*Ga]Ga-PSMA-I&T
[*8Ga]Ga-DOTA-TATE
(NETSPOT™)
[*8Ga]Ga-DOTA-TOC
(SomaKIT TOC®)
18 511 (caused by 634 (B) 1.83 h Piflufolastat F18 (Pylarify®)
annihilation) ['®F]F PSMA-1007
['®FIDCFPyL
Ly 113 (6%) 498 (B7) 6.73d ['"7Lu]Lu-PSMA-617 Therapy
208 (11%) ['"7Lu]Lu-PSMA-I&T
['"7Lu]Lu-DOTA-TATE
(Lutathera®)
90y Bremsstrahlung 2280 (B") 2.67d [*°Y]Y-DOTA-TOC
9omTg 140 (89%) not relevant 6.01 h [*°*™Tc]Tc-MDP Diagnostic
[®*™Tc]Tc-DPD
[*°™Tc]Tc-HDP
223Rg 154 (6%) 5716 (a), 5606 (), 11.44 d 223RaCl, (Xofigo®) Therapy
269 (14%) 6819 («), 7386 (),
6623 («)
1370 (B7)
1420 (87)

*Data are extracted from The Lund/LBNL Nuclear Data Search V 2.0 (http://nucleardata.nuclear.lu.se/toi/).

TWithout claim to completeness.

ensure that calibration is traceable to primary standards when these
are available (10-12).

A well-documented program for quality assurance (QA) and qual-
ity control (QC) is essential to ensure the dependable performance of
safe, accurate and reproducible equipment operation and the appropri-
ate clinical administration of radiopharmaceuticals (10,13,14). Fol-
lowing installation of any new instrument, acceptance testing must
confirm that the system meets the performance specifications and to
provide a baseline for comparison during routine QC. The type and
frequency of QC tests should follow national guidelines.

The theranostics compounds can be administered in several ways:

Adequate shielding must be ascertained to avoid undesirable
beta and gamma irradiation and to minimize the risk of con-
tamination, e.g., by using hybrid shielding consisting of layers
of PMMA and lead/tungsten, which results in attenuation of
both beta and gamma radiation and minimizes the occurrence
of bremsstrahlung. A syringe is prepared with the therapeutic
agent, and the qualified operator administers the drug via cor-
rectly placed and patent intravenous access. This is followed
by flushing with saline. This method is particularly used for
drugs such as PSMA ligands, which do not require specific
administration as a bolus. Alternatively, the syringe content can
be administered via perfusor or injection pump. To minimize
staff radiation exposure it is recommended to use automatic
dispensing and semi- or fully automated infusion pumps for
the administration of the radiopharmaceuticals.

1838

RADIOACTIVE WASTE

Storage for decay is essential for the clearance of radioactive
waste containing short-lived radioisotopes, with a half-life of less
than 100 d. “Clearance is the removal of radioactive material from
regulatory control provided that the radionuclide concentrations
are below specific clearance levels” (12).

Waste may be stored for decay and subsequent discharge in a
locked, ventilated and properly demarcated room. It is recommended
to segregate radionuclides according to the expected time required
for their decay (e.g., initial activity and physical half-life). For exam-
ple, the shorter lived waste from PET/CT diagnostics (syringes,
swabs, vials, etc.) should be separated from that of the longer lived
radionuclides used for the therapy. There should also be sufficient
space in these rooms for interim storage of potentially contaminated
items (e.g., patient clothing, patient diapers, perfusors, etc.). The ori-
gin of the waste should be recorded to ensure proper identification.

Disposal of aqueous radioactive wastes must strictly follow the
recommendations set out in the national regulations. These may
allow a limited amount of highly diluted wastewater to be dis-
posed of into the public sewage system or require specific process-
ing such as filtration and/or specific storage systems before
release. Local regulatory authorities may also additionally require
the facility to regularly assess the environmental and radiologic
impact of radiation work being undertaken.

If long-lived contaminants such as 177mp g (t1/2 = 160 d) are
present in the radiopharmaceutical, the waste (e.g., vials, cannula,
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infusion lines, swabs, etc.) should be stored separately from other
waste until the time limit for disposal according to national law is
reached. Specific attention must be paid to isolation, storage and
disposal of biohazardous and radioactive waste which may contain
patient fluids. Potential contamination of liquid waste (i.e., excreta)
with "™Lu must also be considered, and any wastewater treatment
or storage facilities used—if applicable—must be inspected for capac-
ity and compliance with regulatory limits. Installation of separate
toilets for patients treated with theranostics compounds potentially
containing '7"™Lu is also an option.

RELEASE OF PATIENTS AFTER TREATMENT

Prior to injection of a radioactive substance, radiation safety
guidance should be given to the patient and family (where applica-
ble) regarding rules of conduct to reduce the potential radiation
exposure to others. Release of patients after diagnostic procedures
does not require extensive or any (USA) measures, since the phys-
ical and effective half-life of radiotracers involved is usually only
a few hours. With %8Ga-, **Cu-, or '3F-based tracers it is therefore
usually sufficient to restrict direct contact between the patient and
vulnerable individuals (pregnant women, children) during the
hours immediately after patient release. In the US, no or limited
radiation specific discharge instructions are given following diag-
nostic procedures. The situation is somewhat different for patient
discharged after therapeutic administrations, as the activity levels
here are significantly higher. ICRP Publication 94 (15,16) and IAEA
Safety Report no. 63 (/7) comment on the release of patients after
radionuclide therapy. A dose limit of 1 mSv/y for the public and a
dose constraint of 5 mSv/episode for caregivers (a family member or
paid helper who regularly looks after a child or a sick, elderly, or
disabled person) have been proposed as acceptable limits. However,
in many countries there are different limits and specifications that
must be followed after therapeutic administration of radionuclides.
In [Y7Lu]Lu-PSMA-617 therapy, for instance, patients are typically
treated with an activity of 7.4 GBq and the initial dose rate from the
patient after the injection is in the order of 50 wSv/h at a distance of
1 m. If, as in many countries, a dose rate threshold of 30 wSv/h at a
distance of 1 m is used as release criterion, the therapy can be
applied as an outpatient treatment and patients can return home
within 6 h of administration (/8). Consideration must be taken
when more than one radionuclide therapy per year is administered.
For example, if a patient is treated with 6 cycles of PSMA-targeted
therapy per year, the cumulative exposure received by the family
members, the caregivers and the public must be considered. In this
case, exposure to members of the public that the patient has fre-
quent contact with (such as family members, children or co-
workers) should be kept below one sixth of the annual limit after
each cycle. The same considerations can be applied to ['7’Lu]Lu-
DOTATATE therapies.

For both therapies, the high excretion rate in the first hours after
therapy administration must be considered: after 4 h, approxi-
mately 50% of the activity may be renally excreted (1/9,20). To be
compliant with the dose limits, a system needs to be established to
measure or estimate activity in patients before discharge and cal-
culate the exposure that members of the household and public may
receive (European standards do not apply in other parts of the
world). The result should be recorded. One method of estimating
the acceptable activity of radiopharmaceuticals in patients upon
discharge from hospital is to calculate the time integral of the
ambient equivalent dose rate and compare it with the dose limits.

How 10 SET UP A THERANOSTICS CENTER  *

Direct measurement of patient activity before discharge is commonly
performed and can be used as a patient-specific guide to minimize
radiation exposure to caregivers and the general public. The patient
should be given written instructions on precautions for the first few
days after discharge. In particular, contact with pregnant women and
small children should be avoided. Special attention should be given
to the risk of contamination via urine, especially in the case of incon-
tinent patients and children. In some cases, it may be appropriate to
mandate hospital isolation due to this risk, even if the external dose
rate is deemed adequately low. In some countries, including Ger-
many, Austria and Italy, hospitalization is in any case mandatory
following radionuclide therapy.

HANDLING OF DECEASED PERSONS

Despite careful patient selection, death of patients, while receiv-
ing therapy or soon after, could happen. Such cases could increase
as the use of radiopharmaceutical treatments becomes more widely
used. If such situations arise, appropriate measures must be taken
to handle the corpse. This includes restricted access to the room
occupied by the deceased until a proper decontamination and sur-
vey have been completed. Radioactive corpses must be identified
as a potential hazard using proper identifiers. In case of leakage of
radioactive substances, a body bag is needed. In addition, surveil-
lance may be needed in all stages of disposal (/7). None of this
however is currently required in the US but careful discussions are
commonly held with funeral homes regarding safe handling of
patients who have died soon after receiving a radiopharmaceutical
therapy.

Handling (preparation for burial or cremation) of a body containing
significant radioactivity must be performed under the supervision of a
radiation protection officer (/7). Depending on the national regula-
tions, cremation may be postponed for several days or even weeks.
Autopsy is not advisable in such cases and must be kept to a mini-
mum. In consultation with the radiation protection officer, all neces-
sary radiation protection and decontamination measures must be
undertaken for personnel, instruments and the workplace.

TREATMENT PLANNING, OPTIMIZATION AND VERIFICATION

Council Directive 2013/59/Euratom calls for the planning, optimi-
zation and verification of all radiotherapy exposures in the geographi-
cal areas of the EU. The EANM recently provided guidance on how
to interpret the Directive’s statements for NM treatments (27). Thera-
nostics procedures are the epitome of such exposures, allowing the
appropriateness of therapy to be determined via companion diagnos-
tic imaging, followed by post-administration therapy imaging for
treatment verification, followed by further diagnostic response im-
aging. %%Ga- is generally accepted as the favored diagnostic compan-
ion for !7’Lu-based therapies although copper-64 (**Cu) is seeing
increased application in some settings. Most countries in the EU,
North America and the Far East show a fairly high density of PET
centers, that is, at least 1/million (22). The short half-life of *®Ga
can make transport to centers difficult unless the production site is
a short distance away or production is carried out within an in-
house radiopharmacy facility. With the emerging availability of
licensed kits for ®®Ga-labeled tracers, the clinical availability of
these compounds and the longer lived tracers such as ®*Cu will
increase as well. Considering the many advantages of PET/CT
imaging as a companion diagnostic tool, all efforts should be made
to equip the countries still lacking so that equal access to therapies
can be achieved, as highlighted by the Lancet Oncology Commission
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on Medical Imaging and Nuclear Medicine (22). Scaling up access of
imaging, treatment, and care quality will produce substantial health
and economic benefits, and avert millions of death, but will require
initial investment before a return is observed (22).

The complexity of the task and the resources required to imple-
ment theranostics will vary depending on the respective radiopharma-
ceutical, application and desired clinical end-point (23). Commercial
software applications are now available, some of which have
FDA/EMA approval and are intended to perform dosimetric evalua-
tion (24). However, in many centers, software developed in-house is
still widely used and remains a valuable option for research purposes
and post-therapy dosimetry.

Dosimetry calculations require measurements of the distribution
of activity in the targets of interest at different time-points to deter-
mine the time-integrated activity (25,26). Methods requiring less
resourcing include whole-body, blood and bone marrow dosime-
try, which use external probe measurements of the activity in a tis-
sue biopsy, blood sample or whole body (27). The number and
frequency of activity measurements require careful consideration
and should match the desired biological and clinical endpoint. For
wider implementation, there is growing interest in minimizing the
number of imaging sessions while having a sufficient level of
accuracy to achieve the desired treatment outcome and reduce
patient burden and hospital costs. Nearly all radiopharmaceutical
therapies approved in the US do not require dosimetry as a part of
the product labeling.

Publications on general principles and practice of PET/CT
imaging as well as information about the EARL accreditation pro-
gram for the harmonization of '8F, ®Ga and 8°Zr imaging are pro-
vided by the EANM (28,29). The EANM guidelines provide
recommendations on setting up quantitative SPECT/CT imaging
with examples of potential clinical applications and include details
on scanner calibration, image acquisition parameters, and recon-
struction and correction methods (30,37). The EANM also pro-
vides general guidance on documenting and reporting dosimetry
data to facilitate the reproducibility of results (32), as well as a
detailed methodology on the evaluation and calculation of uncertain-
ties in absorbed dose calculations (33). Guidance on logistical and
technical considerations when developing quantitative imaging and
dosimetry protocols is available for 3'T (34-38), 1""Lu (39—41), *°Y
(42), **Ra (43—45). The Radiological Society of North America
QIBA profiles can inform PET and SPECT applications as can use
of the SNMMI Clinical Trials Network Phantoms.

MEDICAL CONSIDERATIONS AND REFLECTIONS

Application of radionuclide therapies requires the involvement
and coordination of multiple stakeholders—inter- but also intra-
professionally. Whereas in regular patient care the treating physician
is also the referring physician, patients undergoing radionuclide therapy
are typically followed by clinicians who are not nuclear medicine
physicians. In the case of prostate cancer patients, the majority are
seen and followed by urologists and medical oncologists. However,
radioligand therapies are delivered by authorized users, most typi-
cally within nuclear medicine departments. Accordingly, coordina-
tion and communication with the treating physician are of utmost
importance, especially as the indication of radioligand therapies
must be appropriately sequenced in the disease journey of a patient.
An active presence and participation of nuclear medicine specialists in
the multidisciplinary team is mandatory to ensure acceptance and
awareness of radioligand therapies. While in the past our contribution
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to multidisciplinary teams was often limited to presenting diagnostic
images, we now must play a more active role in providing our expertise
for potential treatment. Overall, a proactive approach promoting
theranostics methods will facilitate the adoption and acceptance of
our field by our clinical colleagues. This role change also needs to be
reflected in the training of junior doctors and the continued education
of board-certified nuclear medicine specialists.

INTEGRATED CARE

The success of a theranostic center highly depends on the level
of integration within an oncologic practice. Indeed both diagnostic
imaging as well as radioligand therapy have to be embedded within
the oncologic workflows to facilitate access to the patient flow con-
trolling clinicians. Not surprisingly the currently most successful
theranostic centers are embedded in strong cancer centers focusing
on neuroendocrine tumors and prostate cancer. Accordingly in
anticipation of an ever growing number of theranostic indications,
a close collaboration with all clinical domains managing cancer
patients is very important.

INTRA-PROFESSIONAL STAKEHOLDERS

Apart from the interprofessional complexity of theranostics, it is
also important to address the multiple specialties and skill sets
involved in the successful operation of a theranostics center. In
addition to medical expertise including both physicians and well-
trained support staff such as nurses, the administration of either
commercially or locally produced theranostics agents requires the
involvement of medical physicists, radiochemists/radiopharmacists
and radiation safety experts. Whereas many of the skill sets
required for theranostics resemble those needed for diagnostic
nuclear medicine procedures, the higher activity levels needed for
therapy, the different radionuclides involved and the multiple steps
in the process, from validating the indication to delivering the
radiopharmaceutical, often calls for a significantly higher degree
of knowledge but also requires more time. The less infrastructure
and local expertise that is already in place, the more demanding
the transition to a state-of-the-art theranostics center will be. Need-
less to say, the adjustments required from a center with experience
in delivering high-activity radioiodine therapies will be less oner-
ous than those for a site currently only dealing with diagnostic out-
patient procedures or 22°Ra outpatient treatments.

TRAINING AND EDUCATION

The expected surge in demand for theranostics centers entails
numerous challenges. Accessibility and availability of a skilled,
well-trained workforce represent one of the greatest unmet needs,
alongside upscaling of the healthcare system to accommodate the
expected demand for radionuclide therapies. Training and educa-
tion of existing board-certified nuclear medicine specialists is of
high importance, as is the incorporation of radionuclide therapy
and the concept of theranostics into the curricula of the ongoing
training programs for junior doctors. Besides learning how to
apply radionuclide therapy, understand the right timing for thera-
nostics and the alternative treatments that could be available, deal
with typical toxicity profiles and manage the corresponding side
effects, there is also an overall shift toward being more actively
involved in patient treatment. While cross-training in radiology is
helpful for the diagnostic nuclear medicine procedures, the spec-
trum of radionuclide therapies rather demands a profound expertise
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in internal medicine, oncology and/or urology. Experienced thera-
nostics centers in countries such as The Netherlands, Switzerland,
Germany, the United Kingdom and others should accommodate
interested nuclear medicine specialists from elsewhere to acquaint
them with the application of radionuclide therapies. In the US, radi-
ation oncologists can become authorized users, but current training
for such practitioners in radiopharmaceutical therapy is often quite
limited as their focus is external beam therapy in most centers.
Practical training of nuclear medicine technologists is also needed,
along with continuous education programs for the development of
skills and dissemination of best practice principles. The success of
theranostics and the independence of nuclear medicine are directly
dependent on our success in meeting patient demand. In parallel,
the introduction of theranostics fellowships mutually accepted by
national and international nuclear medicine and clinical societies
needs to be pursued. Nuclear medicine physicians who have attained
expertise in theranostics will in turn be able to inform the clinicians
about all specific aspects of the new treatments with radionuclides.
The goal is for medical oncologists and urologists to reach a similar
level of comfort with referring patients for these treatments as that
reached by clinicians dealing with clinical indications of I in care
of thyroid diseases. In the US, the SNMMI has endorsed the usage
of the term “nuclear oncologist” to refer to nuclear medicine physi-
cians with special expertise in treating cancer patients with targeted
radiopharmaceuticals. This term associated with appropriate training
and experience may better reflect the critical role of the oncology
focused nuclear medicine physician and warrants further use.

LESSONS LEARNT

Based on our experience, the most important aspect in prepara-
tion for the likely surge in theranostics treatments is to seek advice
and experience from centers already actively involved in such treat-
ments. Of the lessons learnt, by far the most important is that care-
ful preparation and planning are key to successful implementation.

With an increase in the breadth of theranostics services being
delivered comes a larger variety of patients with a wider range of
comorbidities and potential complications in safely delivering a
radionuclide therapy. Historically, with I-131 thyroid treatments
we have been privileged in treating relatively young and healthy
patients. While Xofigo® ([*2*Ra]RaCl,) treatments brought in an
older, frailer population, the reduced radiation risks from the
alpha-emitter meant that therapies could still be safely delivered in
high numbers as an outpatient service in most countries.

PSMA ligand treatments, particularly when radiolabeled with
Lu-177, do not necessarily benefit from the same logistical advan-
tages, and thought should be given to the potential complications
that could arise from treating such patients. Most notable, from
experience, is the increase in the number of patients presenting
with some form of lower urinary tract symptom. The degree of
incontinence will vary from patient to patient and may be controlla-
ble through the wearing of absorbent diapers, or through external,
self-inserted or semipermanent catheterization. Artificial sphincters
and other interventions have also been observed. For a treatment
where the primary form of excretion is via the urinary system, this
aspect should not be overlooked. A thorough and clear patient his-
tory is required so that control measures can be put in place to deal
with these complications and there are no surprises on the day of
therapy and once the patient returns home.

Consideration should also be given to the patient after treat-
ment. Responsibility for the radiation and potential risks that may
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occur to the patient, the public and the environment do not stop
after the patient has left the hospital. Contingency planning is
required to deal with the unexpected, be it disease, treatment, or
unrelated emergency care. Examples that have been experienced
include blood transfusions for anemia, orthopedic surgical inter-
ventions and even patient death (46). It should be recognized that
theranostics treatments will impact surrounding and local hospitals
in addition to those delivering the radionuclide therapy. It is also
likely that the receiving center and staff will not have the expert
knowledge or facilities to deal with radioactive patients or poten-
tially will not possess the required licenses to administer radioac-
tivity or to handle such a patient on site. Good communication and
coordination between centers are therefore paramount.

With the expected demand for treatments, outpatient or day
case administrations are appealing with a view to increasing patient
throughput. However, patient preparation and treatment delivery
should not be rushed. Even in centers and countries where treat-
ments can be delivered as a day case, preparations should be in
place to respond to delays and contingency plans should be in place
to admit the patient overnight, should the need arise. Until the
number of theranostics centers increases, extended patient travel
time can be expected as current centers cover a wider geographical
area. Radiation restrictions during this period should be considered
and guidance given as to whether it is more appropriate for the
patient to stay in local accommodation rather than undertake a
lengthy journey home immediately after therapy.

PROVIDING POINTS OF CONTACT

Promoting theranostics and the scale-up of sites providing
access to radionuclide therapy is a joint effort involving multiple
professional societies such as EANM and SNMMI, international
agencies such as IAEA, but also multiple industry-driven initia-
tives. A very solid source of information are procedural guidelines
promoting the use of innovative diagnostic and therapeutic radio-
nuclides such as [**Ga]Ga-PSMA ligands (47), [!"Lu]Lu-PSMA
ligands (48), [***Ra]RaCl, (49), and on a more general level pep-
tide receptor radionuclide therapy (37), among many others. The
leading professional societies generally attempt to provide early
guidance on how to use novel theranostics, even in cases where
clinical evidence is still lacking. For detailed review, both EANM
and SNMMI provide direct access to an overview of procedural
guidelines (46,50). In addition, several EANM committees, such
as the EANM Oncology & Theranostics Committee, or the SNMMI
Therapy Centre of Excellence serve as an entry point for individuals
requesting assistance or information on how to promote theranostics
at local level. More recently, multiple joint initiatives have been
launched, paving the way for an understanding of theranostics within
the oncologic community and facilitating the increased exchange
between clinicians and nuclear medicine experts. A pioneering exam-
ple of this is the joint ESMO/EANM initiative offering advanced
courses on diagnostic and therapeutic applications of nuclear medi-
cine in oncology. Additional industry-driven initiatives have recently
been announced and will also provide very valuable sources of edu-
cation and training.

SUMMARY

The expansion of theranostics applications beyond thyroid cancer
and neuroendocrine tumors to a higher-incidence disease such as
prostate cancer is triggering the up-scaling of existing and new thera-
nostics centers. This guide establishes an overarching framework
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helping practitioners to understand what is needed and required to
set up a theranostics center. Despite a widely varying regulatory,
financial and medical landscape, the nuclear medicine community
will doubtless prove capable of responding to the expanding practice
in this field. The era of theranostics offers a great opportunity to
improve patient care, and theranostics will become a mainstay of
personalized cancer treatment. As a community we have the experi-
ence and facilities to deliver, with careful preparation and collabora-
tion we will see expansion, and will be ready and able to respond to
the demand placed on us as theranostics continues to develop.
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8Ga-labeled fibroblast activation protein (FAP) inhibitor ((8Ga-FAPI) PET
targets ®®Ga-FAPI-positive activated fibroblasts and is a promising
imaging technique for various types of cancer and nonmalignant pathol-
ogies. However, discrimination between malignant and nonmalignant
58Ga-FAPI-positive lesions based on static PET with a single acquisition
time point can be challenging. Additionally, the optimal imaging time
point for ®Ga-FAPI PET has not been identified yet, and different 8Ga-
FAPI tracer variants are currently used. In this retrospective analysis, we
evaluate the diagnostic value of repetitive early ®®Ga-FAPI PET with
%8Ga-FAPI-02, ®8Ga-FAPI-46, and ®Ga-FAPI-74 for malignant, inflam-
matory/reactive, and degenerative lesions and describe the implications
for future ®Ga-FAPI imaging protocols. Methods: Whole-body PET
scans of 24 cancer patients were acquired at 10, 22, 34, 46, and 58 min
after the administration of 150-250 MBq of ®Ga-FAP!I tracer molecules
(8 patients each for %Ga-FAPI-02, ®8Ga-FAPI-46, and ®Ga-FAPI-74).
Detection rates and SUVs (SUVnax and SUVyean) for healthy tissues,
cancer manifestations, and nonmalignant lesions were measured, and
target-to-background ratios (TBR) versus blood and fat were calculated
for all acquisition time points. Results: For most healthy tissues except
fat and spinal canal, biodistribution analysis showed decreasing uptake
over time. We analyzed 134 malignant, inflammatory/reactive, and de-
generative lesions. Detection rates were minimally reduced for the first 2
acquisition time points and remained at a constant high level from 34 to
58 min after injection. The uptake of all 3 variants was higher in malig-
nant and inflammatory/reactive lesions than in degenerative lesions.
88Ga-FAPI-46 showed the highest uptake and TBRs in all pathologies.
For all variants, TBRs versus blood constantly increased over time for all
pathologies, and TBRs versus fat were constant or decreased slightly.
Conclusion: %8Ga-FAPI PET/CT is a promising imaging modality for
malignancies and benign lesions. Repetitive early PET acquisition added
diagnostic value for the discrimination of malignant from nonmalignant
68Ga—FAPI—positive lesions. High detection rates and TBRs over time
confirmed that PET acquisition earlier than 60 min after injection delivers
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high-contrast images. Additionally, considering clinical feasibility, acqui-
sition at 30-40 min after injection might be a reasonable compromise.
Different ®®Ga-FAPI variants show significant differences in time-
dependent biodistributional behavior and should be selected carefully
depending on the clinical setting.

Key Words: fibroblast activation protein; FAPI; PET; cancer;
biodistribution
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PET using fibroblast activation protein (FAP) inhibitor labeled
with 8Ga (®®Ga-FAPI) targets ®*Ga-FAPI-positive fibroblasts that
occur in the tumor microenvironment as cancer-associated fibroblasts
(1-3), as well as in benign pathologies, such as fibrotic (4,5), reactive
(6), and degenerative (7) processes. Numerous studies have demon-
strated the great potential of ®®Ga-FAPI PET/CT for imaging of vari-
ous malignant (8,9) and nonmalignant diseases, especially fibrotic
and inflammatory (/0-13) and degenerative (/4,15) diseases.

In most of these studies, static PET images were acquired 1 h after
injection of the ®®Ga-FAPI tracer, in analogy to '*F-FDG PET. Some
studies have evaluated *®Ga-FAPI PET/CT at different acquisition
time points or dynamic ®*Ga-FAPI PET (13,16-19), but the reported
results are based on small numbers of patients and are partially con-
flicting. To date, it is not clear which time point should be considered
optimal for ®*Ga-FAPI PET acquisition. Moreover, a large variety of
%8Ga-FAPI tracer variants is currently in use at different centers, and
only a small number of preclinical (20) and clinical (6,8,16) studies
have compared different ®3Ga-FAPI variants regarding their biodistri-
bution and imaging properties for different pathologies.

In this retrospective analysis, we evaluated a repetitive early %3Ga-
FAPI PET protocol with PET acquisition at 10, 22, 34, 46, and 58 min
after tracer application, wherein 3 ®3Ga-FAPI variants (®*Ga-FAPI-02,
%8Ga-FAPI-46, and ®®*Ga-FAPI-74) were applied in 8 patients. The aim
of this study was to describe the differential biodistribution and imaging
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properties of the 3 variants over time for malignant, degenerative, and
inflammatory/reactive lesions and to determine an optimal time point
for %8 Ga-FAPI PET acquisition with respect to optimal imaging quality,
detection rate, and workflow.

MATERIALS AND METHODS

Patient Characterization

Twenty-four patients (aged 34-83 y; average, 61 y) with different
types of cancer were examined by *®Ga-FAPI PET/CT. To avoid poten-
tial therapy effects on ®*Ga-FAPI PET signaling, only patients without
surgery, radiotherapy, or chemotherapy within the last 4 wk were exam-
ined. Median intervals between treatments and “Ga-FAPI PET were
13 mo (range, 1-240 mo) for surgery, 29 mo (range, 2-260 mo) for
radiotherapy, and 7 mo (range, 1-240 mo) for chemotherapy. All patients
were referred by their treating physicians for ®*Ga-FAPI PET/CT because
of clinical indications. All patients gave written informed consent to the
scientific evaluation of their personal data. This study was approved by
the local institutional review board (study S-115/2020). Patient characteris-
tics and tracer variants for each patient are given in Supplemental Table 1
(supplemental materials are available at http://jnm.snmjournals.org).

Repetitive °®Ga-FAPI PET/CT
Diagnostic imaging was performed under the conditions of the
updated declaration of Helsinki, §37 (Unproven Interventions in Clinical

Practice), and in accordance with the German Pharmaceuticals Law §13
(2b) for medical reasons. FAPI tracers (FAPI-02, FAPI-46, and FAPI-
74; 8 patients each) were labeled with ®Ga as previously described (20)
and applied intravenously (80 nmol/GBq). Within the first 10 min after
tracer injection, CT scans were performed with a Biograph mCT Flow
PET/CT scanner (Siemens Medical Solutions) using the following
parameters: slice thickness of 5 mm, increment of 3—4 mm, soft-tissue
reconstruction kernel, and CARE Dose4D. PET scans were acquired
exactly 10, 22, 34, 46, and 58 min after tracer administration (named as
time points 1, 2, 3, 4, and 5) with a standardized field of view allowing
whole-body scans within 12 min in 3 dimensions (matrix, 200 X 200)
in FlowMotion at 1.6 cm/min. Emission data were corrected for random
events, scatter, and decay. Reconstruction used an ordered-subset
expectation maximization algorithm with 2 iterations and 21 subsets,
gauss-filtered to a transaxial resolution of 5 mm in full width at half
maximum. Attenuation correction was performed using low-dose non-
enhanced CT data.

Image Analysis and Quantification

Volumes of Interest (VOIs). SUVs using a VOI technique were
quantitatively assessed by 2 of the authors independently at first, fol-
lowed by a consensus reading between them. Tracer biodistribution in
patients and uptake at pathologic sites were quantified by SUV ean
and SUV,,,,. Normal organs were evaluated using a sphere, placed
inside the organ parenchyma, with a diameter of 5 mm for oral
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mucosa, parotid glands, thyroid, myocardium, pancreas, kidneys, and
spinal canal (C7); 10 mm for blood, colon, and fat tissue; and 15 mm
for brain, lungs, liver, spleen, and muscles. VOIs for blood were
drawn at the beginning of the descending aorta on the first axial slide
on which the aortic arch was no longer visible, and VOIs for fat were
drawn within gluteal fat tissue at the height of the acetabulum.
Respecting SUV calculation for pathologies, spheric regions of interest
were drawn around the lesions on *®Ga-FAPI PET images acquired at
58 min after injection and were automatically adapted to a 3-dimen-
sional volume by PMOD software (PMOD Technologies LLC) at a
50%—-70% isocontour. All VOIs for normal tissues and pathologies
were automatically transferred to the previous time points by PMOD
software in order to achieve identical intraindividual VOlIs.

We determined dominating tracer variants for each tissue by evalu-
ating the mean absolute SUV ., and SUV .., at the initial and fol-
lowing time points. Variants with the highest values and marked
differences from the other 2 variants were considered dominant. If the
differences between different °*Ga-FAPI tracers were not distinct,
they were considered approximately equal.

Lesions were classified as malignant, inflammatory/reactive, or
degenerative on the basis of clinical information and CT morphology.
Only lesions with highly suggestive characteristics for 1 of these clas-
ses were analyzed. Detection rates for all classes of lesions were deter-
mined by 3 of the authors as previously described (/8).

An increase, constant level, or decrease in *®Ga-FAPI uptake was
determined on the basis of visual assessment and the trends in mean
absolute SUV ,ax 0 SUV 1 can OVer time.

Statistical Analysis

We performed descriptive analyses for patients and their character-
istics. For determination of SUVs, median and range were used. The
correlation of **Ga-FAPI uptake within or outside the lesions was
determined using a 2-sided ¢ test. A P value of less than 0.05 was
defined as statistically significant. Excel (version 2111; Microsoft) and
Origin (version 2021b; OriginLab Corp.) were used for statistical
analyses.

RESULTS

Patient Cohort

Supplemental Table 1 summarizes the demographic and clinical
data of all patients. Overall, 1 patient was treatment-naive, having
metastasis at the initial presentation. Of the 23 patients with sus-
pected recurrence or progression after resection, chemotherapy, or
radiotherapy, some patients showed evidence of a local tumor
only (6 patients), metastasis only (8 patients), both local tumor
and metastasis (6 patients), or no tumor (3 patients).

Biodistribution

Figure 1 shows the biodistribution in terms of SUV,,., and
SUV nean Over time for all physiologic tissues. Organs were catego-
rized as having high or low %*Ga-FAPI avidity (B). For most tissues,
SUVinax and SUV e, decreased continuously, whereas SUV ;. and
SUV hean tended to increase for fat tissue and to remain constant
for the spinal canal. By comparing tissue uptake for the 3 variants,
Figure 2 shows the dominating variant for each tissue.

For each variant, Figure 3 shows representative maximum-intensity
projections and axial ®Ga-FAPI PET/CT images of blood pool,
lungs, and muscles. In accordance with the data of Figure 2, these
typical examples underline the biodistribution of the variants and
show that the highest uptake by blood was for **Ga-FAPI-02. How-
ever, the highest uptake by muscle tissue was for **Ga-FAPI-46,
according to the kinetics shown in Figure 1 and the data of Figure 2.
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FIGURE 2. Dominating ®8Ga-FAPI variant for each considered tissue,
with red indicating highest uptake; yellow, medium uptake; green, lowest
uptake; and orange, approximately equal uptake.

Supplemental Figure 1 shows an intertissue comparison of the biodis-
tribution at 34 and 58 min after injection.

Detection Rate

On the basis of clinical information and CT morphology, 134
lesions were classified as malignant, inflammatory/reactive, or
degenerative and were used for further analysis. Three lesions
were labeled “other” because they could not be matched with 1 of
the 3 classes and were not further analyzed. Table 1 summarizes
all 137 lesions. Lesions rated as malignant numbered 34 of 49
(69.4%) for °8Ga-FAPI-02, 21 of 52 (40.4%) for **Ga-FAPI-46,
and 16 of 36 (44.4%) for ®3Ga-FAPI-74.

Respecting **Ga-FAPI-02 and ®Ga-FAPI-74, 2 malignant lesions
of 47 total lesions (4.3%) and 1 malignant lesion of 36 total lesions
(2.8%), respectively, could not be detected on imaging at the first
time point but were detectable at the following 4 time points. For
%8Ga-FAPI-46, a retroperitoneal liposarcoma remained unde-
tected over all 5 time points. Two degenerative lesions of 52
total lesions (3.8%) were not detected at the first time point, and
1 of these (1.9%) was not seen at the second time point either.
Both were detectable at the following time points. All inflamma-
tory/reactive lesions were detected at all 5 time points for each
variant (Table 2).

Uptake over Time in Malignant, Inflammatory/Reactive, and
Degenerative Lesions

The different types of lesions differed in their time-dependent
uptake. Figure 4 provides an overview of the SUV ;. and SUV,ean
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FIGURE 3. (A) Representative maximum-injection projections of ®Ga-FAPI PET/CT for ®8Ga-FAPI-02 (top row, 56-y-old man with resected pancreatic
carcinoma, staging for metastases, no local recurrence, single hepatic metastasis), 58Ga-FAPI-46 (middle row, 64-y-old man with pancreatic cancer,
staging for suspected local recurrence, no metastases), and *®Ga-FAPI-74 (bottom row, 60-y-old man with pancreatic carcinoma, staging in advance of
radiation therapy, primary, single hepatic metastasis) over time with acquisition time points of 10 min (1), 22 min (2), 34 min (3), 46 min (4), and 58 min (5)
after application. (B) Representative axial ®®Ga-FAPI PET/CT images of upper thorax showing uptake for blood, muscle, and lungs over time with acquisi-
tion time points of 10 min (1), 22 min (2), 34 min (3), 46 min (4), and 58 min (5) after application of ®®Ga-FAPI-02 (left column, 56-y-old man with resected
pancreatic carcinoma, staging for metastases, no local recurrence, single hepatic metastasis), ®*Ga-FAPI-46 (middle column, 58-y-old man with retro-
peritoneal liposarcoma, staging in advance of neoadjuvant radiation therapy, primary, 3 metastases), and ®8Ga-FAPI-74 (60-y-old man with pancreatic
carcinoma, staging in advance of radiation therapy, primary, single hepatic metastasis). p.i. = after injection.

kinetics of different types of lesions at the 5 acquisition times,
allowing a comparison between variants. Respecting ®3Ga-FAPI-
02, malignant lesions showed a slightly increasing uptake over time
whereas benign lesion tended to be constant or slightly decreasing.
The absolute values among the 3 lesion types were similar.

For %®Ga-FAPI-46, malignant and inflammatory/reactive lesions
show higher uptake than degenerative lesions. Moreover, the uptake
within these lesions was higher than for ®®Ga-FAPI-02 or **Ga-FAPI-
74. Additionally, regarding *Ga-FAPI-46, malignant and inflamma-
tory/reactive lesions featured a slope over time, whereas uptake by
degenerative lesions remained roughly unchanged.

%8Ga-FAPI-74 showed higher uptake in malignant and inflam-
matory/reactive lesions than in degenerative lesions. The uptake
remained constant or increased only slowly for malignant and
inflammatory/reactive lesions over time. However, the degenera-
tive pathologies showed an increasing uptake over time, finally
approaching the level of the 2 other types of pathologies. This

RepETITIVE 8 GA-FAPI PET ACQUISITION  * Glatting et al.

finding is demonstrated in Figure 5 by a ®Ga-FAPI-74 PET/CT
scan of a patient with a solitary hepatic metastasis, pancreatitis,
and an insertion-related tendinopathy in the right trochanter
region. The uptake associated with the insertion-related tendinop-
athy increased over time, whereas the uptake by the hepatic metas-
tasis and pancreatitis decreased slightly (Supplemental Table 2).

Target-to-Background Ratios (TBRs) over Time in Malignant,
Inflammatory/Reactive, and Degenerative Lesions

Because fat tissue showed an increasing *®Ga-FAPI uptake for
all 3 variants over time, contrary to the other healthy tissues, and
because uptake by fat can easily be measured in a clinical setting,
the SUV,.x and SUV, .., of fat tissue were used to calculate
TBRs versus fat tissue in addition to TBRs versus blood. The cor-
responding graphs are in Figure 6.

In comparison with ®3Ga-FAPI-02 and °Ga-FAPI-74, %®Ga-
FAPI-46 showed a higher TBR versus blood and versus fat for
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TABLE 1
Number of Malignant, Inflammatory/Reactive, and
Degenerative Pathologies for Each Radiotracer

Variant Pathology n
88Ga-FAPI-02 Total 49 (100.0%)
Malignant 34 (69.4%)
Inflammatory/reactive 4 (8.2%)
Degenerative 9 (18.4%)
Other 2 (4.1%)
58Ga-FAPI-46 Total 52 (100.0%)
Malignant 21 (40.4%)
Inflammatory/reactive 8 (15.4%)
Degenerative 22 (42.3%)
Other 1(1.9%)
58Ga-FAPI-74 Total 36 (100.0%)
Malignant 16 (44.4%)
Inflammatory/reactive 9 (25.0%)
Degenerative 11 (30.6%)
Other 0 (0.0%)

malignant, inflammatory/reactive, and degenerative lesions at all
acquisition times. In contrast to the curve progression of TBR ver-
sus blood, which increased over time for all variants at different
slopes for all 3 kinds of lesions, TBR versus fat tended to remain
constant or to decrease slightly. This behavior was particularly
evident for ®Ga-FAPI-02 in inflammatory/reactive pathologies,
whereas 8Ga-FAPI-74 still showed an increase in TBR versus fat
over time only for degenerative lesions.

DISCUSSION

In this retrospective analysis, we found different time-dependent
biodistributions for the 3 variants °®Ga-FAPI-02, °®Ga-FAPI-46,
and ®®Ga-FAPI-74, implicating the benefit of careful selection of
the variant depending on the tissue of interest and the clinical set-
ting. Furthermore, this study demonstrated the differential behav-
ior of malignant, inflammatory/reactive, and degenerative lesions
over time by considering the uptake and TBR versus blood and fat
tissue.

Time-Dependent Biodistribution of ®8Ga-FAPI Variants
Biodistribution analysis showed that SUV ., and SUV .., declined
over time for all tissues except fat tissue (increase) and spinal cord
(constant). The detection rate for each variant was slightly reduced at
10 min after injection for all variants; for *Ga-FAPI-46, the detec-
tion rate was still reduced at 22 min but was stable at a high level
between 34 and 58 min. To optimize the selection of *Ga-FAPI var-
iants, we identified the dominating variant for each tissue. The vari-
ant showing the lowest uptake, and thus lowest background, within
healthy tissue is considered a potential optimal variant. Given the
differential muscle-to-fat ratio between female and male patients and
the variability in body mass, it might be of interest to analyze fat and
muscle signaling with respect to the sexes and body mass index in
order to minimize background activity through optimal variant selec-
tion. This analysis may also be interesting with respect to reduction
of radiation exposure but would require a larger cohort than ours.
However, as the magnitude of uptake by malignant and benign
lesions, and thereby the TBRs, also affects the suitability of a variant
for a certain clinical context, uptake and TBR over time were ana-
lyzed in malignant, inflammatory/reactive, and degenerative lesions.
Generally, the uptake was higher in malignant and inflammatory/
reactive lesions than in degenerative lesions for all 3 variants. How-
ever, different trends could be observed for the different variants.
The slightly increasing or constant uptake of ®*Ga-FAPI-02 over

TABLE 2
Detection Rates and Undetected Lesions at Different Acquisition Time Points

Detection rate and undetected lesions

Variant 10 min 22 min 34 min 46 min 58 min
58Ga-FAPI-02 95.7 100,0 100,0 100.0 100.0
Malignant 2/34 0/31* 0/34 0/34 0/34
Inflammatory/reactive 0/4 0/4 0/4 0/9 0/4
Degenerative 0/9 0/6™ 0/9 0/9 0/9
58Ga-FAPI-46 94.1 96.1 98.0 98.0 98.0
Malignant 1/21 1/21 1/21 1/21 1721
Inflammatory/reactive 0/8 0/8 0/8 0/8 0/8
Degenerative 2/22 1/22 0/22 0/22 0/22
58Ga-FAPI-74 97.2 100.0 100.0 100.0 100.0
Malignant 11 0/16 0/16 0/16 0/16
Inflammatory/reactive 0/9 0/9 0/9 0/9 0/9
Degenerative 0/11 0/11 0/11 0/11 0/11

*In 1 patient with 3 malignant and 3 degenerative lesions, image acquisition failed at time point 2.

Data are percentages.
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and small box indicates mean. Data outliers are shown separately within graph. Trending lines

regarding mean are shown.

time might indicate rapid uptake within the lesions and only a
slow washout. Notably, in pathologies, ®Ga-FAPI-46 showed
the highest uptake of all variants. Along with the observation
that °8Ga-FAPI-46 showed a lower background activity in blood
and other tissues, this variant also manifested the highest TBRs.
Although °Ga-FAPI-46 featured a slightly increasing uptake
within malignant and inflammatory/reactive lesions, there was
an approximately constant uptake for degenerative lesions over
time. ®®Ga-FAPI-74 showed an approximately constant level of
uptake over time for malignant and inflammatory/reactive lesions
but an increase for degenerative lesions.

Uptake and TBRs in Pathologies over Time

Most previous studies analyzing several acquisition time points
demonstrated that time-dependent differences are small from 10 to
180 min after injection (6,13,18,21). Hu et al. observed a nonsignifi-
cant increase in SUV ,,, over time between 10 and 60 min after injec-
tion but calculated a significant increase in TBRs versus blood over
time (/6). In our study, we found only small differences in uptake

RepETITIVE 8 GA-FAPI PET ACQUISITION  * Glatting et al.

arguing that TBR versus blood was small
initially and increased over time and that
some lesions were undetected early after
tracer application because of the small ini-
tial TBR versus blood (/6). At the same
time, the authors postulated that it might
not be necessary to postpone the acquisition
because tumor detection was not improved
at later time points. On the other hand, Ferdinandus et al. rea-
soned—on the basis of a retrospective study including 69 patients
who underwent ®3Ga-FAPI-46 PET 10 and 60 min after injec-
tion—that detection rates at the 2 acquisition times did not differ
(18). Because of the improved feasibility and scan volume, the
authors decided to implement early acquisition time points in future
PET protocols.

Contrary to this conclusion and partly agreeing with the results
of Hu et al., our study showed that the detection rate was slightly
reduced at 10 min after injection (mainly caused by undetected
malignant and degenerative lesions), thus arguing against perform-
ing clinical interpretation based on an early acquisition at 10 min
after injection only. Along with the increasing TBR versus blood
and the constant TBR versus fat over time, our finding suggested
that the later time points would favor optimal clinical interpreta-
tions of PET/CT. Taking clinical practicability and feasibility into
account along with a sufficient detection rate, acquisition at 3040
min after injection is what we recommend and appears to be a rea-
sonable compromise.
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%8Ga-FAPI PET/CT is a promising, innova-
tive imaging modality for various malignancies
and for various benign conditions. Repetitive
early PET acquisition added diagnostic value
for discrimination of malignant from nonma-
lignant ®Ga-FAPI-positive lesions. TBRs and
high detection rates over time confirmed that
PET acquisition earlier than 60 min after injec-
tion delivers high-contrast images. According
to our findings, by taking clinical practicability
and feasibility into consideration along with a
sufficient detection rate, we recommend acqui-
sition at 3040 min after injection. Different
%8Ga-FAPI variants show significant differ-
\ 1 ences in their time-dependent biodistributional
behavior and should be selected carefully
depending on the clinical setting.
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PET/CT scans (bottom) of 56-y-old man with pancreatic carcinoma after resection (no local recur-
rence, 4 metastases) over time with acquisition time points of 10 min (1), 22 min (2), 34 min (3), 46

min (4), and 58 min (5) after application. Clinically, patient showed hepatic metastasis (green arrows,
second row, malignant manifestation), pancreatitis-related uptake (red arrows, third row, inflamma-
tory lesion), and insertion-related tendinopathy in right trochanter region (yellow arrows, fourth row,

degenerative lesion). p.i. = after injection.

Limitations

Several limitations of our analysis must be considered. One arises
from the relatively low number (24) of patients included. Thus, conclu-
sions on our data should be drawn with caution. A second limitation is
that the lesions were not histologically confirmed. Our classification of
pathologies had to be based on morphologic CT anomalies. Third,
VOIs for the biodistribution analysis and for pathologies were defined
using the dataset of the last acquisition time point and subsequently
transferred to the previous time points in order to achieve identical
intraindividual VOIs. This method can lead to uncertainty caused by
movement artifacts within the first 4 acquisition time points, even
though datapoints with visually obvious spatial differences were ex-
cluded from the dataset. Furthermore, because of the only small number
of degenerative lesions examined using *Ga-FAPI-74, the surprising
finding of markedly increasing uptake over time for degenerative
lesions has to be interpreted carefully. Another limitation is the hetero-
geneity of the patient cohorts per variant. Although emphasis was put
on pancreatic carcinoma within the patient groups, rarer malignancies
such as liposarcomas, which are known to show FAP expression not
only by cancer-associated fibroblasts but also by neoplastic cells, (22)
were included and may have reduced the intergroup comparability.
Since the results among tumor entities did not differ markedly, our con-
clusions might be relevant beyond the considered tumor entities.
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KEY POINTS

QUESTION: What is the rationale for selection of optimal tracer
variants and acquisition times for ®®Ga-FAPI PET?

PERTINENT FINDINGS: The background activity of most tissues
decreased over time, and the detection rates for pathologies were
minimally reduced at early acquisition times. ®Ga-FAPI-46
showed the highest uptake in all pathologies. For all variants and
pathologies, TBRs versus blood increased over time and TBRs
versus fat were constant or decreased slightly.

IMPLICATIONS FOR PATIENT CARE: %Ga-FAPI variants show
significant differences in their time-dependent biodistributional
behavior and should be selected carefully depending on the
clinical setting.
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A Dimeric FAP-Targeting Small-Molecule Radioconjugate
with High and Prolonged Tumor Uptake
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Imaging procedures based on small-molecule radioconjugates target-
ing fibroblast activation protein (FAP) have recently emerged as a
powerful tool for the diagnosis of a wide variety of tumors. However,
the therapeutic potential of radiolabeled FAP-targeting agents is lim-
ited by their short residence time in neoplastic lesions. In this work, we
present the development and in vivo characterization of BiOncoFAP,
a new dimeric FAP-binding motif with an extended tumor residence
time and favorable tumor-to-organ ratio. Methods: The binding proper-
ties of BiOncoFAP and its monovalent OncoFAP analog were assayed
against recombinant human FAP. Preclinical experiments with '77Lu-
OncoFAP-DOTAGA ("7"Lu-OncoFAP) and ' Lu-BiOncoFAP-DOTAGA
("""Lu-BiOncoFAP) were performed on mice bearing FAP-positive HT-
1080 tumors. Results: OncoFAP and BiOncoFAP displayed compara-
ble subnanomolar dissociation constants toward recombinant human
FAP in solution, but the bivalent BiOncoFAP bound more avidly to the
target immobilized on solid supports. In a comparative biodistribution
study, "7 Lu-BiOncoFAP exhibited a more stable and prolonged tumor
uptake than "77Lu-OncoFAP (~20 vs. ~4 percentage injected dose/g,
respectively, at 24 h after injection). Notably, '“Lu-BiOncoFAP showed
favorable tumor-to-organ ratios with low kidney uptake. Both 77Ly-
OncoFAP and '77Lu-BiOncoFAP displayed potent antitumor efficacy
when administered at therapeutic doses to tumor-bearing mice.
Conclusion: '7"Lu-BiOncoFAP is a promising candidate for radioli-
gand therapy of cancer, with favorable in vivo tumor-to-organ ratios,
a long tumor residence time, and potent anticancer efficacy.

Key Words: fibroblast activation protein; theranostics; OncoFAP;
targeted radiotherapy; dimeric targeting ligands
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DOI: 10.2967/jnumed.122.264036

Small-molecule radioconjugates (SMRCs) are pharmaceutical
products comprising a small organic ligand that acts as a tumor-
targeting agent and a radionuclide payload that can be exploited
for both diagnostic and therapeutic applications (/—3). The thera-
nostic potential of SMRCs—that is, the possibility to perform
imaging and therapy with the same product—facilitates the clini-
cal development of this new class of drugs (4-7). Patients who
can predictably benefit from targeted radioligand therapy are accu-
rately selected through dosimetry studies (8). '”’Lu-DOTATATE
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(Lutathera; Advanced Accelerator Applications), a radioligand thera-
peutic targeting somatostatin receptor type 2, is the first SMRC prod-
uct that gained marketing authorization for therapy of neuroendocrine
tumors (9). The use of this drug has consistently shown high response
rates and long median progression-free survival in a multicenter
phase 1II clinical trial (/0). More recently, a second product, named
77Lu-PSMA-617, was shown to provide therapeutic benefit to
PSMA-positive metastatic castration-resistant prostate cancer patients
in a large phase III clinical trial (/7). Radioligand therapy with '7"Lu-
PSMA-617 prolonged imaging-based progression-free survival and
overall survival when added to standard care (/7).

In the last few years, a new category of pan-tumoral tumor-tar-
geting SMRCs specific to fibroblast activation protein (FAP) has
been successfully implemented for the diagnosis of solid tumors
(12-15). FAP is a membrane-bound enzyme highly expressed on
the surface of cancer-associated fibroblasts in the stroma of more
than 90% of human epithelial cancers. FAP expression in healthy
tissues is negligible (12,13,16,17). We have recently reported the dis-
covery of OncoFAP, the small-molecule FAP-targeting agent with the
highest affinity reported so far (/8). Proof-of-concept targeting studies
with ®Ga-OncoFAP-DOTAGA (%®Ga-OncoFAP), a PET tracer based
on OncoFAP, have confirmed excellent biodistribution in patients
with different primary and metastatic solid malignancies (/9).

The efficacy of radioligand therapeutics correlated strongly with
their residence time in tumors (9,20-23). Although '"’Lu-DOTA-
TATE and PSMA-617 are characterized by a sustained tumor resi-
dence time in patients (i.e., ~61 h for 7’Lu-PSMA-617 and ~88h
for ”7Lu-DOTATATE) (24,25), SMRCs based on FAP-targeting
agents are typically cleared from solid lesions in a few hours
(26,27). In preclinical biodistribution experiments, !”’Lu-OncoFAP
selectively localized on neoplastic lesions (~38 percentage injected
dose [%ID]/g 1 h after systemic administration), but half the dose
delivered to the tumor was lost within 812 h (/8). A comparable
tumor-targeting performance and pharmacokinetic profile have
been reported for other FAP-targeting SMRCs by Loktev et al.
(e.g., the tumor uptake of '""Lu-FAPI-46 decreased from 12.5 %ID/g
at 1 hto 2.5 %ID/g at 24 h after administration) (28). Importantly, a
rapid washout from tumors was observed not only in mice but also in
patients treated with '7’Lu-FAPI-46 (26,29).

In an attempt to extend the tumor residence time of FAP-targeting
SMRCs and to maximize the exposure of cancer cells to biocidal
radiation, we developed BiOncoFAP, a dimeric FAP-targeting Onco-
FAP derivative. In this work, we describe the in vitro characterization
of BiOncoFAP and we report the first preclinical biodistribution and
therapy studies with a radiolabeled preparation of this novel dimeric
FAP-targeting compound.
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MATERIALS AND METHODS

Chemistry and Radiochemistry

(8)-4-((4-((2-(2-cyano-4,4-difluoropyrrolidin-1-yl)-2-oxoethyl)carba-
moyl)quinolin-8-yl)amino)-4-oxobutanoic acid (named OncoFAP-COOH),
OncoFAP-fluorescein, OncoFAP-Alexa488, and OncoFAP-IRDye750
were synthesized as previously reported by Millul et al. (/8). OncoFAP-
DOTAGA (compound 1) and BiOncoFAP-DOTAGA (compound 4) were
labeled with cold lutetium by incubation with [™Lu]LuCl; in acetate
buffer at 90°C for 15 min to obtain "*Lu-OncoFAP-DOTAGA (com-
pound 2) and "'Lu-BiOncoFAP-DOTAGA (compound 5), which were
used as reference compounds for in vitro characterization (inhibition
assay and serum stability). The structures of OncoFAP and BiOnco-
FAP conjugates are depicted in Figure 1. Detailed experimental chemi-
cal procedures are described in the supplemental material (available at
http://jnm.snmjournals.org).

OncoFAP-DOTAGA (compound 1) and BiOncoFAP-DOTAGA
(compound 4) were radiolabeled with '"’Lu using different specific
activities for the different studies (biodistribution and therapy). Before
the biodistribution study, precursors (compound 1 or 4, 100 nmol)
were dissolved in 100 pwL of phosphate-buffered saline (PBS) and
diluted with 200 pL of sodium acetate (1 M in water, pH 8). Twenty
megabecquerels of '"’Lu solution were added, and the mixture was
heated at 90°C for 15 min, followed by dilution with 1,600 wL of PBS
to achieve a final volume of 2 mL. Before the therapy studies, precur-
sors (compound 1 or 4, 5 nmol) were dissolved in 5 pL of PBS, and
then sodium acetate buffer (30 nL, 1 M in water) and 15 or 70 MBq
of '""Lu solution were added. The mixture was heated at 90°C for
15 min, followed by dilution with 130 pL of PBS to afford a final vol-
ume of 200 wL. Quality control of the radiosynthesis was performed
using radio-high-performance liquid chromatography. The possibility of
forming a stable complex between the so-obtained '’’Lu-radiolabeled
derivatives and the target antigen was tested by coincubating the com-
pounds with recombinant human FAP (hFAP) and loading the mixture
onto a desalting PD-10 column run by gravity (Supplemental Fig. 1).

In Vitro Inhibition Assay on hFAP

The enzymatic activity of hFAP on the Z-Gly-Pro-AMC substrate
was measured at room temperature on a microtiter plate reader, moni-
toring the fluorescence at an excitation wavelength of 360 nm and

an emission wavelength of 465 nm. The reaction mixture contained
substrate (20 wM), protein (200 pM, constant), assay buffer (50 mM
Tris, 100 mM NaCl, and 1 mM ethylenediaminetetraacetic acid, pH
7.4), and inhibitors (compounds 1, 2, 4, and 5) with serial dilution from
1.67 uM to 800 fM, 1:2 in a total volume of 20 wL. Experiments were
performed in triplicate, and the mean fluorescence values were fitted
using Prism, version 7 (GraphPad) [y = bottom + (top — bottom)/
(1 + 10(LoglCS0 = X)*HillSlore)y) ‘The value is defined as the concentration
of inhibitor required to reduce the enzyme activity by 50% after addition
of the substrate (Fig. 2).

Affinity Measurement to hFAP by Fluorescence Polarization

Fluorescence polarization experiments were performed in 384-well
plates (nonbinding, polystyrene, flat-bottom, black, high volume, 30 wL
final volume). Stock solutions of proteins were serially diluted (1:2) with
buffer (50 mM Tris, 100 mM NaCl, and 1 mM ethylenediaminetetra-
acetic acid, pH 7.4), whereas the final concentration of the binders
(OncoFAP-fluorescein and BiOncoFAP-fluorescein) was kept constant
at 10nM. The fluorescence anisotropy was measured on a microtiter
plate reader (Tecan Life Sciences). Experiments were performed in
triplicate, and the mean anisotropy values were fitted using Prism
y = bottom + (top — bottom)/(1 -+ 10(-0g!c30 = X*HillSlope)y e daty are
reported in Supplemental Figure 2.

Affinity Measurement to hFAP by Enzyme-Linked
Immunosorbent Assay (ELISA)

Recombinant hFAP (1 wM, 5 mL) was biotinylated with biotin-LC-
N-hydroxysuccinimide (100 equivalents) by incubation at room temperature
under gentle agitation in 50 mM 4-(2-hydroxyethyl)-1-piperazineetha-
nesulfonic acid (HEPES; VWR) and 100 mM NaCl buffer (pH 7.4).
After 2 h, biotinylated hFAP was purified via a PD-10 column and dia-
lyzed overnight in HEPES buffer. The following day, a StreptaWell
(Roche) (transparent 96-well plate) was incubated with biotinylated
hFAP (100 nM, 100 p.L/well) for 1 h at room temperature and washed
with PBS (3 times, 200 pL/well). The protein was blocked by adding
4% milk in PBS (200 p.L/well, 30 min at room temperature) and then
washed with PBS (3 times, 200 pL/well). Immobilized hFAP was
incubated for 30 min in the dark with serial dilutions of OncoFAP-
fluorescein (compound 7) and BiOncoFAP-fluorescein (compound 8) and
then washed with PBS (3 times, 200 pL/well). A solution of rabbit anti-
fluorescein isothiocyanate antibody (1 wg/mL,
product 4510-7804; Bio-Rad) in 2% milk-PBS

n =10, OncoFAP

n=1, BiOncoFAP

;

1, OncoFAP-DOTAGA
2, " y-OncoFAP-DOTAGA
3, ""Lu-OncoFAP-DOTAGA

4, BiOncoFAP-DOTAGA
5, " 1-BiOncoFAP-DOTAGA
6, "7"Lu-BiDncoFAP-DOTAGA

7, OncoFAP-Fluorescein

8, BiOncoFAP-Fluorescein

9, OncoFAP-Alexad8s
10, BiOncoFAP-Alexad88

11, OncoFAP-IRDye750
12, BiOncoFAP-IRDye750

FIGURE 1.
conjugates.

FAP LiganDp wiTH PROLONGED TUMOR UPTAKE

BiOncoFAP and OncoFAP and their DOTAGA, fluorescein, Alexa488, and IRDye750

was added to each well (100 pL/well) and
incubated for an additional 30 min in the
dark. The resulting complex was washed
with PBS (3 times, 200 pL/well) and incu-
bated for an additional 30 min with protein
A-horseradish peroxidase (1 pwg/mL in 2%
milk-PBS, 100 pL/well). Each well was
washed with PBS with 0.1% polysorbate (3
times, 200 wL/well) and PBS (3 times, 200
pL/well). The substrate (3,3',5,5 -tetrame-
thylbenzidine) was added (100 pL/well)
and developed in the dark for 2 min. The
reaction was stopped by adding 50 pL of
I M sulfuric acid. The absorbance was mea-
sured at 450 nm (reference level, 620650 nm)
with a Spark multimode microplate reader
(Tecan Life Sciences).

Internalization Studies by Confocal
Microscopy Analysis

SK-RC-52.hFAP and HT-1080.hFAP cells
were seeded into 4-well coverslip chamber
plates (Sarstedt, Inc.) at a density of 10* cells

Galbiati et al. 1853



radiolabeled with ""Lu (as described in the
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ent time points (1, 4, 17, and 24 h) after the

intravenous injection. Tumors, organs, and
blood were harvested and weighed, and radio-
activity was measured with a Packard Cobra
y-counter. Values are expressed as %ID/g =
SD (Fig. 4). The %ID/g in the tumors was cor-
rected by tumor growth rate (30).

Therapy Studies with '7’Lu-OncoFAP and
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The anticancer efficacy of '7’Lu-OncoFAP
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FIGURE 2. (A) Enzymatic assays performed with OncoFAP-DOTAGA (compound 1), BiOncoFAP-

DOTAGA (compound 2), and their corresponding cold "®Lu-labeled derivatives (compounds 2 and
5). (B) Binding affinity and ICsq values for OncoFAP and BiOncoFAP derivatives toward hFAP. (C)
Affinity measurement of OncoFAP-fluorescein (compound 7) and BiOncoFAP-fluorescein (com-
pound 8) to recombinant hFAP by fluorescence polarization. Both compounds showed ultrahigh
affinity for FAP target. (D) ELISA experiment on OncoFAP-fluorescein (compound 7) and BiOnco-
FAP-fluorescein (compound 8) against hFAP. FP = fluorescence polarization; Kp = affinity constant.

per well in RPMI-1640 medium (Gibco) or Dulbecco modified Eagle
medium (Gibco), respectively (I mL; Invitrogen) supplemented with
10% fetal bovine serum (Gibco), Antibiotic-Antimycotic (Gibco), and
10 mM HEPES. Cells were allowed to grow overnight under standard
culture conditions. The culture medium was replaced with fresh medium
containing the suitable Alexa488-conjugated probes (100 nM) and
Hoechst 33342 nuclear dye (Invitrogen, 1 pg/mL). Colonies were ran-
domly selected and imaged 30 min after incubation on an SP8 confocal
microscope equipped with an acoustooptical beam splitterD (Leica
Microsystems) (Fig. 3).

Animal Studies
All animal experiments were conducted in
accordance with Swiss animal welfare laws and

and '7’Lu-BiOncoFAP was assessed in athymic
BALB/c AnNRj-Foxnl mice bearing HT-
1080.hFAP (right flank) and HT-1080.wt
(wild type, left flank). '7"Lu-OncoFAP or
177Lu-BiOncoFAP was intravenously adminis-
tered at a dose of 250 nmol/kg, with 15 or
70 MBg/mouse (single administration, following
the schedule indicated in Fig. 5). Therapy ex-
periments started when the average volume of
established tumors had reached 100150 mm?.
The body weight of the animals and tumor volume were measured
daily and recorded. Tumor dimensions were measured with an elec-
tronic caliper, and tumor volume was calculated with the formula (long
side, mm) X (short side, mm) X (short side, mm) X 0.5. The animals
were euthanized when one or more termination criteria indicated by the
experimental license were reached (e.g., weight loss > 15%). Prism
software was used for data analysis.

RESULTS

Preparation of OncoFAP and BiOncoFAP Conjugates

The dimeric ligand (BiOncoFAP-COOH, compound 13) was
chemically synthesized exploiting L-lysine for the multimerization

regulations under license ZH006/2021 granted
by the Veterinaramt des Kantons Ziirich.

Implantation of Subcutaneous Tumors

Tumor cells were grown to 80% conflu-
ence in Dulbecco modified Eagle medium or
RPMI-1640 medium with 10% fetal bovine
serum and 1% Antibiotic-Antimycotic and
detached with trypsin-ethylenediaminetetra-
acetic acid, 0.05%. Tumor cells were resus-
pended in Hank’s balanced salt solution
medium. Aliquots of 5 X 10° cells (100 L of
suspension) were injected subcutaneously in
the flank of female athymic BALB/c AnNRj-
Foxnl mice (6-8 wk old; Janvier).

Quantitative Biodistribution of

SKRC-52.nFAP

HT-1080.hFAP

SKRC-52.hFAP

177Lu-OncoFAP and '"’Lu-BiOncoFAP

in Tumor-Bearing Mice
OncoFAP-DOTAGA (compound 1) and

BiOncoFAP-DOTAGA (compound 4) were

1854 THE JOURNAL OF NUCLEAR MEDICINE * Vol. 63 -

FIGURE 3. Confocal microscopy images after incubation of OncoFAP-Alexa488 (compound 9)
and BiOncoFAP-Alexa488 (compound 10) with SK-RC-52.hFAP or HT-1080.hFAP. Red = fluores-
cein derivative staining; blue = Hoechst 33342 staining; scale bar = 50 pm.
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of the OncoFAP targeting moiety. The
free carboxylic acid served as a functional
group for the conjugation of fluorophores
(BiOncoF AP-fluorescein, compound §;
BiOncoFAP-Alexa488, compound 10; and
BiOncoFAP-IRDye750, compound 12) and
of DOTAGA chelator (compound 4). All
compounds were produced in high yields
and purities (supplemental material). Mono-
valent OncoFAP and the corresponding con-
jugates (OncoF AP-fluorescein, compound 7;
OncoFAP-Alexa488, compound 9; and Onco-
FAP-IRDye750, compound 11) were synthe-
sized following established procedures (/8).
The chemical structures of OncoFAP and
BiOncoFAP derivatives are illustrated in
Figure 1 and in the supplemental material.
Radiolabeling of OncoFAP-DOTAGA (com-
pound 1) and BiOncoFAP-DOTAGA (com-
pound 4) with '"7Lu was achieved in high
yield and purity (supplemental material).
After radiolabeling, !”’Lu-OncoFAP and
77Lu-BiOncoF AP retained the ability to
form stable complexes with recombinant
hFAP, as assessed by a PD-10 coelution
experiment. Both compounds were highly
hydrophilic, with experimental LogD; 4
values of —4.02 = 0.22 (n = 5) and
-3.60 £ 0.31 (n = 5), respectively (sup-
plemental material).

In Vitro Inhibition Assay Against hFAP
We evaluated the inhibitory activity of
OncoFAP-DOTAGA (compound 1), BiOn-
coFAP-DOTAGA (compound 4), and their
"Ly cold-labeled derivatives (compounds
2 and 5, respectively) against hFAP. Com-
pounds 4 and 5 displayed enhanced inhibi-
tory activity against the target (ICso, 168
and 192 pM, respectively), compared with
their monovalent counterparts (OncoFAP-
DOTAGA: ICs, 399 pM; "™Lu-OncoFAP-
DOTAGA: ICs¢, 456 pM) (Figs. 2A and 2B).

Assessment of Binding Properties of
BiOncoFAP to Soluble and
Immobilized hFAP

To study the binding properties of Onco-
FAP and BiOncoFAP to soluble hFAP, we
measured the affinity constant of the corre-
sponding fluorescein conjugates (compound
8, OncoF AP-fluorescein, and compound 9,
BiOncoFAP-fluorescein) in fluorescence po-
larization assays (Fig. 2C). Compounds 8
and 9 exhibited comparable subnanomolar
affinity constants against hFAP (respectively,
795 and 781 pM). Moreover, both com-
pounds were selective for FAP and did
not bind to a set of nontarget proteins
up to micromolar concentrations (Supple-
mental Fig. 2). Our data confirm that the
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dimerization does not impair the affinity and selectivity of BiOnco-
FAP for its target. Then, we studied the binding affinity to hFAP
immobilized on a solid support of the dimeric ligand. In a compara-
tive ELISA, BiOncoFAP-fluorescein exhibited a lower affinity
constant than OncoFAP-fluorescein (8.60 vs. 32.3 nM, respec-
tively) (Figs. 2B and 2D).

Confocal Microscopy Analysis on Tumor Cells

Binding of BiOncoFAP to FAP-positive SK-RC-52 and HT-
1080 cancer cells and internalization were assessed by confocal
microscopy analysis using the corresponding Alexa-488 conjugate
(compound 10). OncoFAP-Alexa488 (compound 9) was used in
the same experiment as a positive control, whereas untargeted ana-
logs were included as nonbinding negative controls (chemical
structures are depicted in the supplemental material). OncoFAP
and BiOncoFAP displayed comparable binding features on living
tumor cells. Both compounds showed lack of internalization on
FAP-positive SK-RC-52 cells, whereas high membrane trafficking
was observed when compounds were incubated on HT-1080.hFAP
cells (Fig. 3).

Stability Studies

The stability of cold-labeled ™*Lu-BiOncoFAP-DOTAGA was
assessed in human and mouse serum after incubation at 37°C for 24,
48, 72 and 120 h. The test compound exhibited a half-life longer
than 5 d in all experimental conditions. No loss of lutetium ("*Lu)
from the DOTAGA chelator was detected (Supplemental Fig. 3).

Biodistribution of OncoFAP and BiOncoFAP in
Tumor-Bearing Mice

The qualitative biodistribution of OncoFAP and BiOncoFAP
was assessed in tumor-bearing mice using a near-infrared fluoro-
phore (IRDye750) as a detection agent. Macroscopic imaging of
mice implanted with SK-RC-52.hFAP (right flank) and SK-RC-
52.wt (left flank) tumors revealed that both OncoFAP-IRDye750
(compound 11) and BiOncoFAP-IRDye750 (compound 12) selec-
tively accumulated in FAP-positive tumors (Supplemental Figs. 4
and 5). Interestingly, the BiOncoFAP-IRDye750 conjugate exhib-
ited a longer residence time at the site of disease. Encouraged by
these results, we studied the quantitative biodistribution of '"’Lu-
BiOncoFAP in athymic BALB/c mice bearing HT-1080.hFAP
(right flank) and HT-1080.wt (left flank) tumors. A direct compari-
son with '”’Lu-OncoFAP was included in the experiment (Fig. 4).
Both compounds accumulated selectively in FAP-positive tumors
shortly after intravenous administration. The dimeric ”’Lu-BiOnco-
FAP product exhibited a more stable and prolonged tumor uptake
than its monovalent counterpart (~20 vs. ~4 %ID/g, 24 h after sys-
temic administration). Notably, 7’Lu-BiOncoFAP did not show sig-
nificant uptake in healthy organs, with a favorable tumor-to-organ
ratio (e.g., 22-to-1 tumor-to-kidney ratio and 70-to-1 tumor-to-liver
ratio, at the 48-h time point) (Supplemental Tables 1-4).

In Vitro Cell Binding and Efflux Assays with 17’Lu-OncoFAP
and """Lu-BiOncoFAP on HT-1080.hFAP Cells

Cell binding of 77Lu-OncoFAP and !"’Lu-BiOncoFAP was
assessed on HT-1080.hFAP cells, following literature procedures
(29). Both compounds showed high binding properties toward the
FAP-positive cell line. The binding was efficiently antagonized by a
large excess of cold competitors (OncoFAP-DOTAGA or BiOnco-
FAP-DOTAGA) (Supplemental Fig. 6A). Cell efflux experiments
revealed a longer half-life for !”7Lu-BiOncoFAP (~36 h) than for
the monovalent counterpart (~18 h) (Supplemental Fig. 6B).
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Therapy Study

The therapeutic efficacy of '7’Lu-OncoFAP and of '7’Lu-BiOn-
coFAP was assessed in mice bearing HT-1080.hFAP tumors on
the right flank and HT-1080.wt tumors on the left flank (Fig. 5; Sup-
plemental Fig. 7). Systemic administration of both compounds at ther-
apeutic doses (15 or 70 MBg/mouse, 250 nmol/kg) resulted in
selective and potent anticancer activity against the growth of HT-
1080.hFAP as compared with mice injected with saline. The most
active compound in our therapy studies was '7’Lu-BiOncoFAP.
Tumor growth of FAP-negative lesions (HT-1080.wt) was not influ-
enced by the treatment with '7’Lu-OncoFAP or with '7’Lu-BiOnco-
FAP. No significant change in mouse body weight was detected with
either the 15- or the 70-MBq dose (Supplemental Fig. §).

DISCUSSION

FAP-targeting radiopharmaceuticals may revolutionize the field of
radioligand imaging of cancer because of their applicability to many
types of malignancies and their excellent tumor selectivity, which has
already been proven at the clinical level (/2,713,19). Other SMRC
products—!"Lu-PSMA-617 and '""Lu-DOTATATE—are limited to
certain specific cancer indications and may be taken up by certain
normal organ structures (31,32). FAP is expressed mainly in the
stroma of solid malignancies and on the tumor cell surface of mesen-
chymal tumors, thus adding a new element of differentiation com-
pared with previously established targeting platforms, based on
somatostatin receptor type 2 and PSMA (/2,13,16,17), which are
expressed on the surface of cancer cells. In this context, accurate
selection of the radionuclide payload is crucial to the success of FAP-
targeting radiotherapy. Although a-emitters are characterized by a
short range, typically more than 100 wm (33) which may be insuffi-
cient, the use of a B-emitter radionuclide such as ""Lu (pathlength of
~1.5 mm) (33) may enable the killing of stromal cells and surround-
ing tumor cells (34,35).

Sustained accumulation of SMRCs in tumors is fundamental to
the effective delivery of high radiation doses over time at the site of
disease and, therefore, to the success of the treatment. Among differ-
ent approaches used in the past, dimerization of high-affinity ligands
has been proposed as a strategy to enhance residence time in anti-
gen-positive structures (i.e., in FAP-positive tumors) (23,36-39).
Dimeric ligands present higher chances of rebinding to their target,
with slower off-rates than are seen with their monovalent counter-
parts (40). However, an increase in the binding valency typically
leads to higher uptake in healthy tissues (21,38,39). To the best of
our knowledge, only 3 dimeric FAP-targeting radionuclides—
DOTA/DOTAGA.(SA.FAPi), (41,42), DOTA-2P(FAPi), (21), and
ND-bisFAPI (29)—have recently been described. Although preclini-
cal biodistribution data are not available for DOTA/DOTAGA.(SA.-
FAPi),, DOTA-2P(FAPi), was extensively characterized in an
HCC-PDX-1 mouse model. Despite its slightly increased tumor
uptake compared with the monovalent FAPI-46 (~9% vs. ~4 %ID/
g 1 h after injection), the dimeric ligand presents low tumor-to-organ
ratios both at 1 h and 4 h, with a particular liability for the kidney
(~1.2-to-1 and ~1.5-to-1 tumor-to-kidney ratios, respectively) (21).
Similarly, ND-bisFAPI exhibited increased tumor uptake in A549-
FAP xenografts, with low tumor-to-organ ratios at all investigated
time points (i.e., from 1 to 72 h after systemic administration) (29).
BiOncoFAP, the novel homodimeric FAP-targeting small organic
ligand described in this article, shows specific and persistent tumor
uptake (~30 %ID/g 1 h after injection and ~16 %ID/g at 48 h after
injection) in HT-1080.hFAP tumor—bearing mice. Remarkably,
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177Lu-BiOncoF AP presents a clean preclinical biodistribution profile
with high tumor-to-organ ratios even at early time points (e.g., ~7-
to-1 and ~10-to-1 tumor-to-kidney ratio and ~20-to-1 and ~34-to-1
tumor-to-liver ratio at the 1 and 4 h time points, respectively).

The in vivo anticancer activity of !”’Lu-FAPI-46 (B-emitter) and
225 A¢c-FAPI-46 (a-emitter) has recently been evaluated in PANC-1
tumor-bearing mice, a xenograft model of pancreatic cancer char-
acterized by high stromal expression of FAP (35). Both products
showed only limited tumor growth suppression even at the highest
dose (i.e., 30 kBg/mouse for 225Ac-FAPI-46 and 30 MBg/mouse
for 17"Lu-FAPI-46).

Collectively, our biodistribution and therapy results show that both
177Lu-OncoFAP and '77Lu-BiOncoFAP are able to efficiently local-
ize at the tumor site and produce a potent anticancer effect in mice
bearing subcutaneous FAP-positive tumors, after a single administra-
tion at a dose of 70 MBq (~2 mCi)/mouse or 15 MBq (~0.4 mCi)/
mouse. Compared with the monomeric '7’Lu-OncoFAP, our new
bivalent '7"Lu-BiOncoFAP displayed an enhanced in vivo antitumor
activity. As expected, lack of tumor suppression was observed for the
FAP-negative tumors (HT-1080.wt), which were used as an internal
control to appreciate the specificity of OncoFAP-based theranostic
products toward FAP-positive solid lesions. In this article, we have
presented the favorable biodistribution profile and therapeutic efficacy
of 7Lu-OncoFAP and '”’Lu-BiOncoFAP obtained in xenograft
models with stable, homogeneous expression of hFAP on the surface
of tumor cells. Further investigations in tumor models with a stromal
pattern of FAP expression (e.g., patient-derived xenografts) will be of
pivotal importance to predict the therapeutic performance of Onco-
FAP and BiOncoFAP-based therapeutics in the view of future clinical
studies.

Considering the exquisite selectivity for cancer lesions and pan-
tumoral properties of FAP-targeting radioligand therapeutics, this
new class of radiopharmaceutical products may represent a break-
through in cancer therapy (/2). Interim reports on the efficacy of the
FAP-targeting peptides and small organic ligands developed so far
have shown this therapeutic strategy to have limitations (26,43).
Escalation of the dose of radiolabeled FAP-targeting peptides is lim-
ited by their intrinsically high kidney uptake at late time points
(43—45). Therapy with small organic ligands based on FAPI-46 may
be limited by their short residence time in the tumor (26,46). We
have developed !”7Lu-BiOncoFAP, a new radioligand therapeutic
product with prolonged in vivo tumor uptake and highly favorable
tumor-to-kidney ratios. Future clinical studies on a basket of indica-
tions will provide clarity on the therapeutic efficacy of this novel
FAP-targeting product.

CONCLUSION

177Lu-BiOncoF AP is a promising FAP-targeting SMRC product
for tumor therapy. This novel bivalent FAP-targeting compound
binds its target with high affinity and shows a long residence time
in tumor lesions, with favorable tumor-to-organ ratios. Once
administered at therapeutic doses, '7’Lu-BiOncoFAP potently
inhibits growth of FAP-positive tumors in mice. Our data support
clinical development of !7’Lu-BiOncoFAP in the frame of targeted
radioligand therapy.
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KEY POINTS

QUESTION: Does ligand dimerization enhance the tumor retention
time and therapeutic potential of FAP-targeting radioconjugates?

PERTINENT FINDINGS: Compared with its OncoFAP monovalent
counterpart, dimeric '7”Lu-BiOncoFAP shows higher and longer
tumor uptake in tumor-bearing mice. '”’Lu-BiOncoFAP displays a
potent in vivo anticancer effect in preclinical murine models.

IMPLICATIONS FOR PATIENT CARE: The prolonged tumor
uptake of '""Lu-BiOncoFAP supports clinical development for the
targeted radioligand therapy of multiple FAP-positive cancer
lesions.
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Targeted a-therapy (TAT) delivers high-linear-transfer-energy «-par-
ticles to tumors with the potential to generate tumor immune
responses that may be augmented by antigen-targeted immunother-
apy. Methods: This concept was evaluated in immunocompetent car-
cinoembryonic antigen (CEA) transgenic mice bearing CEA-positive
mammary or colon tumors. Tumors were targeted with humanized
anti-CEA antibody M5A labeled with 22°Ac for its 10-d half-life and
emission of 4 a-particles, as well as being targeted with the immunocy-
tokine M5A—-interleukin 2. Results: A dose response (3.7, 7.4, and
11.1 kBq) to TAT only, for orthotopic CEA-positive mammary tumors,
was observed, with a tumor growth delay of 30 d and an increase in
median survival from 20 to 36 d at the highest dose. Immunocytokine
(4 times daily) monotherapy gave a tumor growth delay of 20 d that
was not improved by addition of 7.4 kBq of TAT 5 d after the start of
immunocytokine. However, TAT (7.4 kBq) followed by immunocyto-
kine 10 d later led to a tumor growth delay of 38 d, with an increase in
median survival to 45 d. Similar results were seen for TAT followed by
immunocytokine at 5 versus 10 d. When a similar study was performed
with subcutaneously implanted CEA-positive MC38 colon tumors,
TAT (7.4 kBg) monotherapy gave an increase in median survival from
29 to 42 d. The addition of immunocytokine 10 d after 7.4 kBq of TAT
increased median survival to 57 d. Immunophenotyping showed
increased tumor-infiltrating interferon-y—positive, CD8-positive T cells
and an increased ratio of these cells to Foxp3-positive, CD4-positive
regulatory T cells with sequential therapy. Immunohistochemistry con-
firmed there was an increase in tumor-infiltrating CD8-positive T cells
in the sequential therapy group, strongly suggesting that immunocyto-
kine augmented TAT can lead to an immune response that improves
tumor therapy. Conclusion: Low-dose (7.4 kBq) TAT followed by a
4-dose immunocytokine regimen 5 or 10 d later gave superior tumor
reductions and survival curves compared with either monotherapy in
breast and colon cancer tumor models. Reversing the order of therapy
to immunocytokine followed by TAT 5 d later was equivalent to either
monotherapy in the breast cancer model.
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a-PARTICLE AND IMMUNOCYTOKINE THERAPY

Carcinoembryonic antigen (CEA) is a pancarcinoma antigen
highly expressed in colon (/) and breast cancers. Radiolabeled CEA
antibodies have been used to image a variety of CEA-expressing
tumors (2—4), confirming their tumor-targeting specificity. Since
most anti-CEA antibodies are not cytotoxic, they require conjuga-
tion to drugs or radionuclides for therapeutic applications. In this
respect, radioimmunotherapy with anti-CEA antibodies radiola-
beled with the B-emitters '3'T (5—7) or °°Y (8,9) have met with some
success in the clinic. In the case of immunotherapy, anti-CEA
bifunctional antibodies have shown promising preclinical results
(10,11). In addition, there are also several clinical trials (NCT045
13431, NCT04348643, NCT02349724) investigating chimeric anti-
gen receptor (CAR) T-cell therapy targeting CEA—trials that have
met with mixed results (/2). Thus, there is an unmet need for
improvement in CEA-targeted therapies.

Sequential targeted radiotherapy followed by targeted immuno-
therapy is a promising approach in that it may stimulate an immune
response. In this respect, we have recently shown that stereotactic
body radiotherapy (SBRT) plus a CEA-targeted immunocytokine
gave tumor reduction superior to that from either monotherapy (73).
Those studies were performed with humanized anti-CEA antibody
MS5A (/4) and an M5A—interleukin 2 fusion protein (/3). We now
extend those studies to sequential targeted a-therapy (TAT) plus
immunocytokine. The choice of a- over B-based radionuclide ther-
apy is based on the fact that a-emitters deliver more energy to the
tumor and tumor vasculature because of their high linear-energy
transfer (/5), with a potential increase in tumor cytotoxicity due to
stimulation of an immune response. In addition, their low tissue pen-
etration is expected to reduce the hematologic toxicity of the sys-
temic radiolabeled antibody, one of the major off-target effects of
B-emitter—based radioimmunotherapy (/6). For this study, we chose
the a-emitter 225Ac for its long half-life (10 d) and emission of 4
a-particles (/7). We have previously investigated the use of 22*Ac-
based TAT in the treatment of ovarian cancer (/8) and multiple
myeloma (19), finding that in one study, 2*°Ac-radionuclide TAT
was superior to !”’Lu-radionuclide radioimmunotherapy (19).

We hypothesized that TAT was more likely to stimulate a tumor
immune response when followed by targeted immunotherapy. To
test this hypothesis, it was necessary to perform these studies on
immune-competent mice that expressed the target antigen of interest
in normal tissues. For this reason, we used CEA transgenic mice in
which the entire human CEA gene was expressed, conferring
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DOTA-MS5A (50 pg) was incubated with
225A¢ at a labeling ratio of 1.85 kBq/p.g for
45 min at 43°C, chased with 1 mM diethyle-
netriaminepentaacetic acid and purified by
size-exclusion high-performance liquid chro-
matography.

P < 0.001.

Immunohistochemistry, Blood Analysis, and Flow Cytometry

Details of immunohistochemistry staining blood analysis and flow
cytometry are provided in the supplemental materials (available at
http://jnm.snmjournals.org).

Animal Studies

Animals were handled in accordance with institutional animal care
and use committee protocol 91037, approved by the City of Hope
Institutional Animal Care and Use Committee. CEA transgenic mice
were previously described (20). E0771/CEA cells (10° in Matrigel
[Corning]:phosphate-buffered saline 1:1) were injected into the mam-
mary fat pad, and MC38/CEA (10°) were injected subcutaneously.

Statistical Analysis

Two-way ANOVA was used to analyze tumor growth curves, and the
log-rank Mantel-Cox test was used to analyze survival curves, using
Prism, version 8.3.0 (GraphPad Software). Survival was the time at
which the tumor reached 1,500 mm?®. Treated groups were compared
with untreated, unless otherwise stated. Differences were considered
significant if P values were 0.05 or less.

RESULTS

TAT of E0771/CEA Mammary Tumors

Murine mammary cancer cells E0771 transfected with CEA
(13) were injected into the mammary fat pad of CEA transgenic
mice (20) to establish mammary tumors in an immunocompetent
model that expressed the human CEA gene. Since we have previ-
ously shown that these tumors do not respond to naked humanized
anti-CEA antibody M5A (/3), we tested their response to TAT
using 22>Ac-DOTA-MS5A (Fig. 1A). Increasing doses from 3.7 to
11.1 kBq showed a significant dose response compared with
untreated controls (Fig. 1B; Supplemental Table 1), with the high-
est dose leading to a delay in tumor growth of about 30 d and a
significant increase in median survival from about 20 to 36 d

1860

FIGURE 1. (A) Treatment schema and color codes for TAT 22°Ac-DOTA-M5A TAT doses in ortho-
topic breast cancer model. (B) Tumor growth curves. (C) Kaplan-Meier survival plot. (D) Weight loss.
Groups contained 8 mice, with 2 mice removed at days 21 and 22 for blood analysis. **P < 0.01.

compared with untreated controls (Fig. 1C; Supplemental Table
1). Whole-body toxicity as measured by weight loss (=20% loss)
was not observed at all doses (Fig. 1D). In addition, there was no
evidence of acute liver or kidney toxicity as measured by enzymes
at the end of the study (Supplemental Table 2).

Flow cytometry analysis of the blood on day 21 indicated a sig-
nificant decrease in CD8 T cells and B cells for the 2 highest doses
of TAT, with no effect on CD11b myeloid cells (Supplemental
Fig. 1A). The highest dose of TAT significantly reduced tumor
infiltration of both CD4 and CD8 T cells (Supplemental Fig. 1B),
and there was an increase in tumor-infiltrating neutrophils by 7.4
and 11.1 kBq of TAT (Supplemental Fig. 1C). These results sug-
gest the possibility that TAT had a major effect on the immune
response to the tumor, but it was unclear if the effect was immuno-
suppressive or immunostimulatory.

Comparison of Immunocytokine Plus TAT Versus TAT Plus
Immunocytokine in EO771/CEA Mammary Tumors

The order of sequential therapy was tested since it was likely that
TAT could kill tumor-resident CD8 cells that would otherwise
respond to immunocytokine given first (Fig. 2A). The immunocyto-
kine therapy schedule of 4 daily doses of 1 mg/kg starting 8 d after
tumor inoculation into the mammary fat pad, adopted from our pre-
vious study (/3), significantly delayed tumor growth by about 20 d,
compared with untreated tumors (Fig. 2B; Supplemental Table 1).
Interestingly, the delay in tumor growth for immunocytokine ther-
apy alone was equivalent to the 7.4 kBq of TAT only (Fig. 2B).
When immunocytokine was given before TAT (Fig. 2B), the
results were similar to either monotherapy. Thus, the addition of
TAT to immunocytokine given first did not boost the antitumor
response.

For TAT first followed by immunocytokine, we chose 10 d later
for the start of immunocytokine, based on the 2- to 4-d half-life of
the circulating antibody in the blood (23) and the 10-d half-life of
225Ac. When TAT was followed by immunocytokine 10 d later,
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controls. **P < 0.01. **P < 0.001. ICK = immunocytokine.

tumor growth was reduced to 38 d (Fig. 2B), with an increase in
median survival to 45 d compared with about 30 d for either
monotherapy (Fig. 2C; Supplemental Tables 1 and 3). In addition,
sequential therapy did not result in significant loss of whole-body
weight (Supplemental Fig. 2A) or liver and kidney toxicity (Sup-
plemental Table 2). White blood cell analysis of TAT followed by
immunocytokine showed a 50% reduction early after therapy
(21 d) that recovered at the late time point (30-50 d) (Supplemen-
tal Fig. 2B). A breakdown of white blood cells into component
cells revealed that early effects in this group were mostly on lym-
phocytes and neutrophils, with recovery in the TAT-plus-immuno-
cytokine group by the later time point (Supplemental Figs. 2C and
2D). There was no effect on red blood cells in any group (Supple-
mental Fig. 2E), and there was about a 50% reduction in platelets
immediately after therapy that recovered at the end of the study
(Supplemental Fig. 2F). Overall, the toxicities of the sequential

(A) Treatment schema for immunocytokine first followed by TAT (bottom) or TAT first
followed by immunocytokine (top) in breast cancer model. Groups contained 8 mice, with 2 mice
removed at days 21 and 22 for blood analysis. (B and C) Tumor growth curves (B) and Kaplan—Meier
survival plot (C) for immunocytokine-first vs. TAT-first sequential therapy. P values are vs. untreated

sibility of administering immunocytokine
5 d after TAT (Fig. 3A). Five days was cho-
sen as a time point when circulating M5A is
at about 25% of initial levels (24) and total
225A¢ would be at about 50% of its initial
levels. Although the tumor reduction and
survival curves showed slight differences
between immunocytokine at 5 versus 10 d after TAT, the results
overall were statistically identical to untreated controls and mono-
therapies (Figs. 3B-3C; Supplemental Table 1). A comparison of
median survivals for all the mammary tumor studies shows
increased survivals for the +5-d and +10-d groups out to 4445 d
(Supplemental Table 3). Flow analysis of infiltrating leukocytes in
the tumor were also similar between the 2 sequential therapy groups
(Supplemental Figs. 4A—4C). Notably, the percentage of CD4-
positive, Foxp3-positive Tregs was reduced (Supplemental Fig.
4C), and the percentage of IFNvy-positive, CD8-positive cells to
Tregs was higher in the +10-d and +5-d immunocytokine groups
(Supplemental Fig. 4D). We conclude that delaying immunoc-
ytokine after TAT may prove to be beneficial as early as 5 d after
TAT. This result suggests that immunocytokine may have its great-
est effects on tumors that are damaged by prior radiation therapy,
whether SBRT or TAT.

therapies were transient and minimal.

TAT alone or TAT plus immunocytokine A
affected the cellular viability of treated
tumors at 21 d as shown by flow cytometry
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cells was reduced by TAT only and in-
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the changes were not statistically significant.
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hausted T cells (Supplemental Fig. 3C). In
addition, the ratio of CD8-positive, IFNvy-
positive to CD4-positive regulatory T cells
(Tregs) increased in both the immunocytokine-

FIGURE 3.

a-PARTICLE AND IMMUNOCYTOKINE THERAPY

(A) Treatment schema for TAT followed by immunocytokine 5 d later (top) or 10 d later
(bottom) in breast cancer model. Groups contained 8 mice, with 2 mice removed at days 21 and 22
for blood analysis. (B and C) Tumor growth curves (B) and Kaplan—-Meier survival plot (C). P values
are vs. untreated controls. **P < 0.01. **P < 0.001. ICK = immunocytokine.
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FIGURE 4.

are vs. untreated controls. **P < 0.01. ***P < 0.001.

The timing of immunocytokine after TAT had minimal effect on
whole-body toxicity (Supplemental Fig. 5) or liver and kidney toxic-
ity (Supplemental Table 2). Hematologic analysis was similar be-
tween the 2 studies, showing a reduction in lymphocytes with TAT
only at the early time point and recovery in the TAT-plus-immuno-
cytokine group at the late time point (Supplemental Figs. 5A-5D).
There were no effects on red blood cells (Supplemental Fig. 5E),
and there was a transient effect on platelets (Supplemental Fig. SF).

TAT of CEA-Positive MC38/CEA Colon Tumors

To confirm the efficacy of TAT in a second tumor model, CEA-
transfected murine colon carcinoma MC38 cells were engrafted
subcutaneously in CEA transgenic mice. In a dose response study of
3.7-11.1 kBgq, there was little difference in tumor reduction or sur-
vival between control and treated tumors at the lowest dose (Figs. 4A
and 4B; Supplemental Table 1), but at the
middle (7.4 kBq) and highest (11.1 kBq)

(A and B) Tumor growth curves (A) and Kaplan-Meier survival plot (B) for TAT dose
response in colon cancer model (6 per group, with 2 removed at day 27).
curves (C) and Kaplan—-Meier survival plot (D) for 2 X 7.4 kBq vs. 14.8 kBq of TAT (n = 5-6). P values

B that the single 14.8-kBq dose was superior

2,500 100 — —— Untreated to the fractionated 2 X 7.4-kBq dose. No

‘:‘E 2,000 S = E — 7.; ké; significant whole-body (Supplemental Fig.

E 4500 g wk — 11.1kBq 6A), liver or kidney (Supplemental Table 5),

% L6 ‘E 50 *k or chronic hematologic (Supplemental Figs.

5 8 6B—6F) toxicities were noted in this TAT
S i ¥ by monotherapy model.

0+ v T T T v J 0 T T T T T 1
9 10 2 Tirioe ( d4}0 50; €0 0 10 20 113;1'-]:9 [é‘f 50 60 Sequential TAT Plus Immunocytokine
Therapy of MC38/CEA Colon Tumors

D To directly compare the 2 tumor model

2,500 100 = Untreated responses to sequential therapy, the identi-

':’g 2,000 E - f:;i;: N cal TAT dose of 7.4 kBq was chosen with a

£ 4500 e delay of 10 d for the start of immunocyto-

% 1.000 E 50 A kine (Fig. 5A). The tumor growth curves

5 8 *% - for TAT or immunocytokine monotherapy

5 509 Y were identical until 35 d, after which immu-

0 T W nocytokine monotherapy showed tumor re-
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Even though some of the mice treated with

TAT had prolonged tumor growth inhibition
and survival, the sequential therapy showed
an improved tumor growth reduction out to
about 45 d, after which tumor regrowth
became obvious (Fig. 5B; Supplemental
Table 1). Median survival for sequential therapy was 57 versus 29 d
for untreated controls (Fig. 5C; Supplemental Tables 1 and 4). No
whole-body (Supplemental Fig. 7A) or liver or kidney (Supplemen-
tal Table 5) toxicities were noted in the TAT-plus-immunocytokine
group; however, early lymphocyte and platelet numbers and percen-
tages were reduced but recovered at the late time point (Supplemen-
tal Figs. 7B-7F).

Surprisingly, there was a significant increase in tumor-infiltrat-
ing CD4-positive and CD8-positive T cells only in mice treated
with immunocytokine as analyzed by flow cytometry at 27 d (Sup-
plemental Fig. 8A). However, both IFNvy-positive, CD4-positive
T cells and CD8-positive T cells were significantly increased by
sequential therapy (Supplemental Fig. 8B). Since these findings
did not explain the significant improvement in tumor growth inhi-
bition and survival in the TAT-plus-immunocytokine group, an

(C and D) Tumor growth

doses, there was a significant reduction in
tumor growth and increase in median sur-
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highest dose (Supplemental Table 4). In the
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growth curves for individual mice shown in
Figure 4C reveal an interesting spread in
response to TAT, suggesting that minor dif-

2,500 1
2,000 1
1,500 1
1,000 T

500

2 mice

m— |CK only
m— 7.4 kBg TAT
w— TAT + ICK

100
dekek

Percent survival )
o
[=]

0

Tumor size (mm?)

ferences in tumor sizes or microenvironment
affect the responses to TAT that are not
apparent in the control tumors. However,

%% 10 20 30 40 50 60 70

0 10 20 30 40 50 60 70

Time (d) Time (d)

both the tumor growth (Fig. 4C; Supplemen-
tal Table 1) and the survival curves (Fig. 4D;
Supplemental Tables 1 and 4) demonstrate
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FIGURE 5. Treatment schema and TAT doses (A), tumor growth curves (B), and Kaplan-Meier sur-
vival plot (C) for TAT first followed by immunocytokine therapy in colon cancer model (7 per group).
P values are vs. untreated controls. **P < 0.01. **P < 0.001. ICK = immunocytokine.
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additional study was performed in which tumors were collected
and analyzed on days 1, 5, and 8 after the last dose of immunocy-
tokine in the sequential therapy group. The results of this study
showed a gradual increase in CD8-positive T-cell infiltration into
tumors (Supplemental Fig. 8C). The increase in tumor-infiltrating
IFN+y-positive, CD8-positive T cells on days 5 and 8 after the last
dose of immunocytokine in the sequential therapy group was espe-
cially evident (Supplemental Fig. 8D). As in the other sequential
therapy model, the change in the ratio of IFNy-positive, CDS8-
positive T cells to regulatory T cells on days 5 and 8 after the last
dose of immunocytokine in the sequential therapy group was sig-
nificant (Supplemental Fig. 8E).

We conclude that both tumor models show a similar augmented
response to TAT followed by immunocytokine, in which the
increase in cytotoxic infiltrating T cells and decrease in tumor
Tregs are due to the addition of immunocytokine, suggesting an
immunologic mechanism.

Immunohistochemistry Analysis of Therapies

A limited number of tumors were harvested 21 or 27 d (for breast
or colon cancer models, respectively) after tumor injection to study
tumor morphology, vascularity, CEA expression, and lymphocyte
infiltration. In the orthotopic mammary tumor model, vascularity as
measured by CD31 staining was most affected by sequential ther-
apy, as evidenced by increased staining and vessel size, especially
at the tumor periphery (Supplemental Figs. 9A-9D). In the colon
cancer model, the vascularity of untreated tumors showed even
CD31 staining across the entire tumor that was greatly disrupted in
all therapy groups (Supplemental Figs. 9E—9H).

CD8 numbers were lowest in the TAT-alone breast cancer group,
with similar expression in the untreated control and immunocyto-
kine groups, and were highest in the TAT-plus-immunocytokine
group (Supplemental Figs. 10A—10D). CEA expression was largely
limited to the tumor periphery in untreated controls and was mark-
edly decreased toward the tumor center (Supplemental Fig. 10E),
indicating an in vivo effect on CEA expression in this tumor model.
Interestingly, TAT greatly reduced CEA expression only at the
tumor periphery while preserving expression toward the tumor cen-
ter (Supplemental Fig. 10F), whereas the opposite was true for
immunocytokine-only therapy (Supplemental Fig. 10G). CEA
expression in the sequential therapy tumors was similar to TAT
only (Supplemental Fig. 10H), suggesting that TAT was most effi-
cient in killing CEA-positive cells at the tumor periphery, a result
that may be explained by the low tissue penetration of a-particles.
In addition, breast tumors were stained for macrophages with the
antibody F4/80 (Supplemental Fig. 11). In this series, F4/80 stain-
ing was most intense at the tumor periphery and was relatively
unchanged for immunocytokine-only therapy. However, TAT alone
or TAT plus immunocytokine greatly increased myeloid staining
throughout the tumor, suggesting that TAT mobilized myeloid
infiltration.

For CD8 staining of colon cancer tumors, untreated controls had
large numbers of resident CDS8 cells (Supplemental Fig. 12A),
which were greatly reduced by TAT only (Supplemental Fig. 12B).
The profile in immunocytokine-only therapy was intermediate,
with clusters of CDS8 cells observed in regions of the tumor (Supple-
mental Fig. 12C), suggesting a redistribution or elimination of CD8
subtypes. Sequential therapy was similar to TAT only (Supplemen-
tal Fig. 12D). CEA staining was uniformly intense throughout the
tumor in untreated controls (Supplemental Fig. 12E), but with
islands of low staining in TAT-only tumors (Supplemental Fig. 8F).

a-PARTICLE AND IMMUNOCYTOKINE THERAPY

Conversely, controls treated with immunocytokine only stained
lightly for CEA, with islands of CEA-negative cells (Supplemental
Fig. 12G). The sequential therapy tumors showed intense CEA
staining at the periphery, with a centralized area of less intense
staining (Supplemental Fig. 12H). Myeloid cell staining with F4/80
exhibited a profile different from the mammary tumors, with
intense sporadic staining throughout the untreated controls chang-
ing to peripheral tumor staining in the treated groups (Supplemental
Fig. 13).

DISCUSSION

Both tumor models responded similarly to targeted monothera-
pies, in which higher doses caused transient white blood cell and
platelet reduction. Although no early kidney toxicity was observed,
we did not test for delayed kidney toxicity, a potential problem with
225 Ac-based therapy (I7). In the case of the colon cancer model, an
even higher dose (14.7 kBq), divided into a single-treatment or
a split-treatment regimen, showed that the single higher dose in-
creased the median survival to 65 d, versus 51 d for the split dose.

The order of sequential therapy in the breast cancer model
showed that immunocytokine first followed by TAT was no better
than either monotherapy, but TAT followed by immunocytokine
increased survival from 30 to 45 d. Since immunocytokine therapy
increases CDS8 infiltration into both tumor models, these cells may
be killed by subsequent TAT, which is cytotoxic to all cells in the
tumor and T cells in particular. This may explain the controversial
results of tumor-targeted radiation therapy, which was found to
either suppress or stimulate the immune response (25,26). Although
antibody-targeted radiation therapy can deliver significant tumor
doses (27,28), they are accompanied by hematologic doses that are
unavoidable because of circulating antibody. However, hemato-
logic doses can be reduced by the short range of a-particles used in
TAT (17). In a previous study with the same breast cancer model,
tumor regrowth with SBRT plus immunocytokine occurred at 23 d,
versus 15 d with SBRT alone (/3). Tumor regrowth with TAT
plus immunocytokine occurred at 40 d, versus 20 d for TAT alone.
Thus, TAT plus immunocytokine may have advantages over
SBRT plus immunocytokine. Clinical studies with SBRT plus anti-
PD-1 or anti-PD-L1 immunotherapy demonstrate modest improve-
ments in tumor response and suggest that the toxicities associated
with these immunotherapies is limiting (29). The use of targeted
immunotherapy with agents such as immunocytokine may improve
outcomes.

Immunohistochemistry staining of tumors showed that tumors
responded spatially differently for vascular effects, immune cell
infiltration, and target antigen expression. Notably, TAT was more
effective than immunocytokine in destroying or modifying tumor
vasculature. CEA expression was most affected by TAT. How-
ever, effective therapy was observed in both models, suggesting
that loss of CEA expression was not the major factor. Thus, in a
single targeted treatment regimen, the initial antigen expression
played the dominant role.

Myeloid cell infiltration was pronounced for TAT only or for
TAT plus immunocytokine versus immunocytokine only in both
models, but TAT caused little, if any, increase in CDS cell infiltra-
tion, whereas immunocytokine therapy had a greater effect on CD8
infiltration, whether alone or followed by TAT in both models. A
role for myeloid cell infiltration after TAT was also noted by Daba-
gian et al. (30), who ascribed this effect to immunosuppression.
Thus, immunotherapy may increase the effectiveness of TAT by
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reducing myeloid infiltration. In a study by Dabagian et al. (30),
anti-PD-1 immunotherapy was more effective than TAT, making
comparisons to our study difficult.

CONCLUSION

In 2 tumor models, we showed comparable tumor reduction by
TAT or immunocytokine monotherapy, which, when performed
sequentially with TAT followed by immunocytokine, produced
improved therapy. Both monotherapy and sequential therapies have
minimal whole-body, hematologic, liver, and kidney toxicities.
Increased infiltration of IFN+vy-positive CD8 lymphocytes and an
increased ratio of IFNvy-positive CD8 T cells to Foxp3-positive
CD4 T cells is a mechanistic observation for immunocytokine-only
or sequential TAT-plus-immunocytokine therapy in both tumor
models.
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KEY POINTS

QUESTION: Is sequential TAT plus targeted immunocytokine
therapy more effective than either monotherapy, and what is the
best order for sequential targeted therapies?

PERTINENT FINDINGS: In an immunocompetent animal model,
TAT followed by immunocytokine was more effective than either
monotherapy, and TAT before immunocytokine performed better than
immunocytokine followed by TAT. A major effect of immunocytokine
was to improve the effector CD8 T-cell-to-Treg ratio.

IMPLICATIONS FOR PATIENT CARE: The effect of targeted
radiotherapy on the immune system is controversial, making it
hard to predict whether and when targeted immunotherapy should
be added to the treatment regimen. Our study suggests that TAT
followed by immunocytokine may be effective because of the
limited tissue range of a-particles, which cause less hematologic
immune suppression.
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15F_DOPA PET/CT at the Forefront of Initial or Presurgical
Evaluation of Small-Intestine Neuroendocrine Tumors
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Our objective was to compare the respective value of ®*Ga-DOTATOC
and '®F-DOPA PET/CT for initial staging or presurgical work-up of
patients with small-intestine neuroendocrine tumors (SINETSs). Methods:
This was a retrospective, multicenter, noninterventional investigation
involving 53 non-surgically treated SINET patients who underwent both
%Ga-DOTATOC and "®F-DOPA PET/CT within a 6-mo interval without
surgical intervention or therapeutic change between the 2 PET/CT
studies. Percentage detection rate was calculated according to per-
region and per-lesion analyses. Sensitivity for primary tumor detection
was assessed in 37 surgically treated patients, taking surgical results
(76 SINETS) as the diagnostic gold standard. Results: ®Ga-DOTATOC
PET/CT and '8F-DOPA PET/CT individually identified at least 1 primary
SINET in 92% (34/37) of the patients. Intestinal tumor multifocality was
confirmed by histology in 8 patients. ®Ga-DOTATOC and '®F-DOPA
PET/CT were concordantly positive for tumor multifocality in 5 patients,
discordantly positive in 2 patients, and concordantly negative in 1
patient. The detection rate for subdiaphragmatic nodal metastases on
per-region-based analysis was 91% and 98% for ®®Ga-DOTATOC and
8F_DOPA PET/CT, respectively (P = 0.18). '®F-DOPA PET/CT detected
a higher number of abnormal subdiaphragmatic nodes (P = 0.009).
Regarding mesenteric nodes only, '8F-DOPA PET/CT detected more
positive regions (P = 0.005) and nodal lesions (P = 0.003) than ®Ga-
DOTATOC PET/CT, including nodes at the origin of mesenteric vessels.
For detection of distant metastases, ®Ga-DOTATOC and '8F-DOPA
PET/CT performed equally well on a per-region-based analysis. As
compared with %8Ga-DOTATOC, "®F-DOPA PET/CT detected more
hepatic (P < 0.001), peritoneal (P < 0.001), and lung metastases (P <
0.001). Conclusion: '®F-DOPA PET/CT detected more lesions than
88Ga-DOTATOC PET/CT in the studied patients. The respective roles of
the two should be discussed in terms of disease staging and treatment
selection.

Received Feb. 9, 2022; revision accepted Apr. 27, 2022.

For correspondence or reprints, contact Alessio Imperiale (a.imperiale@
icans.eu).

Published online May 19, 2022.

COPYRIGHT © 2022 by the Society of Nuclear Medicine and Molecular Imaging.

Key Words: 8Ga-DOTATOC:; '8F-DOPA; PET; neuroendocrine; small
intestine; carcinoid; staging

J Nucl Med 2022; 63:1865-1870
DOI: 10.2967/jnumed.122.263984

Neuroendocrine tumors (NETs) originating from the gastroenter-
opancreatic system account for approximately 60% of all NETs. The
small intestine, mainly the ileum, is the most common site of primary
tumor origin. Despite their slow pace of progression, small-intestine
NETs (SiNETs) can extensively spread to mesenteric nodal stations,
liver, and bone and can cause pronounced fibrosis locally in the mes-
entery and at distant sites, as in the heart, leading to extremely serious
complications. Surgery is the only potentially curative treatment for
nonmetastatic SINETSs (/,2). Identification of distant metastases usually
does not prevent (if indicated) surgical resection of primary SiNETs,
mesenteric lymph nodes, and mesenteric fibrosis to avoid potential
complications (2,3). If curative surgery is possible, the extent of lymph
node metastasis must be carefully evaluated because a complete lym-
phadenectomy decreases the risk of recurrence (4-6). In addition, a
19% rate of missed metastases was reported in the retropancreatic
area, a region not systematically explored during surgery (7).

Imaging plays a central role in initial diagnosis for staging (screen-
ing for primary multifocality, lymph nodes, systemic metastases, and
fibrosis) and for determining operability, the latter being related to the
location of nodal lesions or mesenteric fibrosis with regard to the mes-
enteric arteries (8). Functional imaging can be performed in addition
to whole-body CT and liver MRI (9). ®*Ga-labeled somatostatin ana-
logs used for somatostatin receptor (SSTR) PET/CT have achieved
consensus or near consensus among expert panels as a forefront radio-
pharmaceutical for SiNETs. *®Ga-somatostatin analog PET/CT has
indeed been shown to provide results comparable to those of 'SF-
DOPA PET/CT at the patient-based level, adding information on
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SSTR expression status for theranostic application, which is tightly
linked to tumor differentiation and patient prognosis. However, a sys-
tematic review (/0) has shown that despite similar high patient- and
region-based pooled sensitivities (83% and 89%, respectively, for '8F-
DOPA PET; 88% and 92%, respectively, for SSTR PET), 'SF-DOPA
was superior in lesion detection (lesion-based pooled sensitivity,
95% vs. 82%). These data agree with 2017 European Association of
Nuclear Medicine guidelines positioning '*F-DOPA and **Ga-somato-
statin analogs as first-choice radiotracers for SiNETs, except when
evaluation of SSRT expression is mandatory before treatment (/7).
Moreover, the most accurate modality should be required when the
assessment of tumor extension needs to be as precise as possible. To
this end, in the present study we compared *Ga-DOTATOC and '8F-
DOPA PET/CT in initial staging or in the presurgical work-up of
patients with SINETs.

MATERIALS AND METHODS

Patient Population

This was a retrospective, multicenter, noninterventional investigation
conducted in the department of nuclear medicine of 5 academic NET
centers in France (Beaujon, Lyon, Marseille, Nancy, and Strasbourg),
involving patients with SINETSs evaluated by PET/CT between 2017 and
2021. Patients were retrospectively included according to the following
criteria: well-differentiated SiNETs, PET investigations performed for
initial staging or presurgical work-up, ®*Ga-DOTATOC and '8F-DOPA
PET/CT performed within a 6-mo period, and absence of any surgical
intervention or therapeutic change between the 2 PET studies. Patients
with a history of oncologic intestinal surgery for SiNETs were not
considered for the study. Demographics, presence of carcinoid syn-
drome, imaging results, and pathologic results after surgical resection
were collected. Values of serum chromogranin-A (CgA) and 24-h urinary
5-hydroxyindoleacetic acid (5-HIAA) were collected when available.
Tumors were graded according to the 2019 World Health Organization
classification (/2). In accordance with local guidelines, all patients gave
written informed consent to the use of anonymous data extracted from
their medical records for scientific or epidemiologic purposes. The insti-
tutional review board approved this study (Comité d’Ethique 2021-93).

%8Ga-DOTATOC and '®F-DOPA PET/CT: Acquisition/
Reconstruction Parameters

All examinations were performed on combined PET/CT devices
equipped with 3-dimensional time-of-flight technology and without
iodinated contrast medium. Patients in a given center were scanned on
the same instrument regarding the 2 tracers. Patients were injected
with a 2-3 MBg/kg dose of ®*Ga-DOTATOC and a 3-4 MBq/kg dose
of '8F-DOPA. *¥Ga-DOTATOC (SomaKit TOC; Advanced Accelera-
tor Applications) and '*F-DOPA (Dopacis; Cisbio International) were
used in the setting of marketing authorization. In cases of concurrent
octreotide therapy, **Ga-DOTATOC PET/CT was performed just
before the next octreotide injection. Carbidopa premedication (200 mg
orally) was done in 24 cases (45%) 60-90 min before 'SF-DOPA
intravenous injection. The PET/CT protocol included an acquisition
from the upper thigh to the top of the skull (3—5 min/step or continu-
ous bed motion when available), starting approximately 60 or 30 min
after injection of **Ga-DOTATOC or '8F-DOPA, respectively. PET
image datasets were reconstructed iteratively (ordered-subset expecta-
tion maximization algorithm) using non—contrast-enhanced data for
attenuation correction. CT, PET (attenuation-corrected), and PET/CT
were independently interpreted by 1 experienced nuclear medicine
physician who was aware of patients’ clinical data and the results of
biologic, pathologic, and anatomic imaging investigations but not the
results of the other PET study. °®Ga-DOTATOC and '3F-DOPA PET/
CT from the same patients were analyzed more than 7 d apart.

1866

Interpretation Criteria of PET Studies

PET findings were interpreted as either positive or negative. A positive
PET result was defined as detection of at least 1 focus of pathologically
increased uptake relative to surrounding tissue and physiologic biodistri-
bution. For per-region analysis, the following 9 anatomic regions were
analyzed: small intestine (i.e., primary tumors), peritoneum, liver, abdom-
inal lymph nodes, left-sided supraclavicular lymph nodes, supradiaphrag-
matic lymph nodes (excluding the left supraclavicular region), lungs/
pleura, bones, and others. Moreover, mesenteric lymph nodes were ana-
lyzed independently, according to the Pasquer et al. (7) classification:
group 1 included those in contact with the small bowel; group 2, in the
middle of the mesentery; and group 3, at the origin of the mesenteric ves-
sels under the pancreatic uncus. A region was considered positive when
it contained at least 1 focal uptake abnormality, regardless of the number
of positive foci. Finally, for per-lesion analysis, the number of lesions in
each region was recorded. If the number exceeded 20, the count was
fixed at 20.

Statistical Analysis

Results for continuous variables were expressed as mean and SD or
range, as appropriate, whereas categoric variables were expressed as
frequencies and percentages. For ethical reasons, histologic proof of
all potentially metastatic lesions was not possible, and pathologic
%8Ga-DOTATOC or '8F-DOPA uptake was considered a true-positive
result. The sum of positive regions and lesions on either **Ga-DOTATOC
or '8F-DOPA PET/CT was considered the total number of involved
regions and lesions. The percentage detection rate (DR) of *®Ga-
DOTATOC and '8F-DOPA PET/CT was calculated according to
per-region and per-lesion analyses. ®*Ga-DOTATOC and '|F-DOPA
PET/CT sensitivity for primary tumor detection was assessed in
surgically treated patients using surgical findings as the diagnostic
gold standard. Region-to-region and lesion-to-lesion comparisons
between ®Ga-DOTATOC and '*F-DOPA PET/CT were performed
using the McNemar test. Correlations were assessed using the Spearman
p-correlation test. A 2-sided P value of less than 0.05 was considered
significant. Statistical analyses were performed using freely available
statistical software (Jamovi, version 1.8).

RESULTS

Patient Population

Of 59 screened patients, 2 were excluded because they had
undergone surgery before PET/CT, 2 because of more than a 6-mo
delay between the 2 PET/CT studies, 1 because '*F-DOPA PET/
CT data were not available, and 1 because there were more than
100 SiNETs. Hence, 53 patients were included in the analysis.
Their characteristics are summarized in Table 1. The population
comprised 31 (58%) women and 22 (42%) men, with a mean age
of 65 £ 13 y (range, 33-89 y). Fifteen patients (28%) were
referred because of clinical and radiologic suspicion of SiNETs
(afterward histologically confirmed), and 38 (72%) patients pre-
sented with biopsy-proven metastatic SINETs.

Tumors were classified as grade 1 in 23 (43%) patients, grade 2
in 25 (47%) patients, and well-differentiated grade 3 in 3 (6%)
patients (mean Ki-67, 5.8% = 8.7%; median Ki-67, 3.7%; range,
1%—44%). The Ki-67 index was not available for 2 (4%) patients
with well-differentiated tumors. Nineteen (36%) patients had car-
cinoid syndrome. Serum CgA and urinary 5-HIAA were elevated
in 28 (53%) and 14 (26%) patients, respectively. At the time of
PET/CT, 13 (25%) patients were treated by long-acting somato-
statin analogs. The mean interval between the 2 modalities was
29 = 76 d (range. 1-161 d), and 68% of patients had the 2 exami-
nations within 28 d. After PET/CT, 37 of 53 (70%) patients
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TABLE 1
Patient Population and Tumor Characteristics

Characteristic Data
Patients 53 (100%)
Women 31 (58%)
Age (y) 65 (13)
PET/CT indication
Suspicion of SINETs 15 (28%)
Staging of histologically 38 (72%)

proven metastatic SINETs
World Health Organization grade, 2019

1 23 (43%)

2 25 (47%)

3 3 (6%)
Ki-67 5.8 (8.7) (median, 3.7)
Biochemical tumor markers

Elevated serum CgA 28 (53%)

Elevated 24-h urinary 5-HIAA 14 (26%)
Long-acting somatostatin analogs 13 (25%)

Qualitative data are number and percentage; continuous data
are median and SD.

underwent oncologic surgery, and histology revealed a total of 76
primary SiNETs.

Similar Primary SiNET Detection Rates Shown by '®F-DOPA
and ®8Ga-DOTATOC PET/CT

%8Ga-DOTATOC and '|F-DOPA PET/CT sensitivity for pri-
mary SiNET detection was assessed from the analysis of 37 surgi-
cally treated patients and 76 histologically detected SiNETs. The
ability of both imaging modalities to detect a multifocal intestinal
disease was also evaluated.

In 32 (86%) patients, ®*Ga-DOTATOC and '$F-DOPA PET/CT
were concordant and identified at least 1 primary SiINET. PET/CT
was discordant in an additional 4 (11%) patients: 2 patients showed
positive uptake on °®Ga-DOTATOC PET/CT only, and 2 other
patients showed positive uptake on '3F-DOPA PET/CT only. The
Ki-67 of tumors detected by '*F-DOPA PET (44% and 10%) was
higher than that of tumors revealed by ®Ga-DOTATOC PET (1%
and 2%). However, no statistical considerations were possible.

In the remaining case (3%), no primary SiNET was revealed by
either PET/CT modality despite 2 SiNETs detected by pathology.
Accordingly, per-region sensitivity was 94% for both techniques
(Supplemental Table 1; supplemental materials are available at
http://jnm.snmjournals.org).

According to a lesion-based analysis, 45 of 76 (59%) histologically
confirmed SiNETs were detected by both modalities, 13 (17%) by
%Ga-DOTATOC only, and 8 (11%) exclusively by '¥F-DOPA. Ten
(13%) tumors were not detected by either modality. The sensitivity of
%Ga-DOTATOC and '®F-DOPA was, respectively, 76% and 70%
(P =0.275) (Table 2). CgA and 5-HIAA did not differ with metabolic
tumor imaging profile (P = 0.73 for CgA, P = 0.80 for 5-HIAA).
Tumor intestinal multifocality was confirmed by histology in 8 (16%)
patients. Among them, ®Ga-DOTATOC and 'F-DOPA PET/CT

were concordantly positive for tumor multifocality in 5 (63%)
patients. In 2 patients (25%), PET/CT studies were discordantly posi-
tive (1 patient with only ®*Ga-DOTATOC PET/CT positivity, and 1
patient with only '8F-DOPA PET/CT positivity). In the last patient,
both ®*Ga-DOTATOC and '®F-DOPA PET/CT failed to detect multi-
focal disease.

Better Performance of '®F-DOPA Than of ®®Ga-DOTATOC
PET/CT for the Evaluation of LN Metastases

Mesenteric Lymph Nodes. Three lymph node groups were con-
sidered (7), group 1 being lymph nodes in contact with the small
bowel; group 2, in the middle of the mesentery; and group 3, at
the origin of the mesenteric vessels under the pancreatic uncus.
Pathologic data about nodal PET/CT positivity according to this
3-scale classification were available for 32 selected patients
(Fig. 1) from Strasbourg and Beaujon University Hospitals.

On a per-region analysis, 33 of the 96 (34%) analyzed regions were
considered positive by both modalities and 5 (5%) were only '®F-
DOPA-positive. No regions showed an exclusively ®Ga-DOTATOC
abnormality. '8F-DOPA detected significantly more positive regions
than did ®*Ga-DOTATOC (100% vs. 87%; P = 0.025). Regarding
subgroup analysis, 2 group 1 regions (17%) (P = 0.157), 2 group 2
regions (10%) (P = 0.157), and 1 group 3 region (17%) (P = 0.317)
were positive only on '®F-DOPA PET/CT (Supplemental Table 1).

Per-lesion—based analysis revealed a total of 67 nodal mesenteric
pathologic foci of either ®*Ga-DOTATOC or '8F-DOPA uptake, of
which 58 (87%) were common to both modalities: 14 of 16 (88%)
for group 1, 33 of 36 (92%) for group 2, and 11 of 14 (79%) for
group 3. No lymph node was positive only on **Ga-DOTATOC
PET/CT, and 9 (14%) were positive only on '*F-DOPA PET/CT.
Global DR of '8F-DOPA PET/CT was significantly higher than
that of ®Ga-DOTATOC PET/CT (100% vs. 88%, P = 0.003).
Moreover, a statistically significant difference was observed for
group 3 when considered independently (100% vs. 79%, P =
0.046) or pooled with group 2 (100% vs. 86%, P = 0.008). Finally,
DR was equivalent for both group 1 (100% vs. 88%, P = 0.16)
and group 2 (100% vs. 92%, P = 0.32) when analyzed indepen-
dently. Results are summarized in Table 2.

Subdiaphragmatic Lymph Nodes. On a per-region analysis, 40
(75%) patients had at least 1 subdiaphragmatic lymph node
detected by *3Ga-DOTATOC and '8F-DOPA PET/CT; 1 (2%), by
%8Ga-DOTATOC only; and 4 (8%), by 'SF-DOPA only. In
8 (15%) patients, no pathologic subdiaphragmatic lymph nodes
were detected by both modalities. DR did not significantly differ
between °8Ga-DOTATOC and '|F-DOPA (91% vs. 98%, P =
0.18; Supplemental Table 1).

On a per-lesion analysis, 184 subdiaphragmatic foci of lymph
node pathologic uptake of either *®Ga-DOTATOC or '*F-DOPA
were revealed, and 159 (86%) were common to both modalities. Six
(3%) and 19 (10%) additional nodal abnormalities were detected by
%Ga-DOTATOC and by '|F-DOPA PET/CT, respectively (DR,
90% vs. 97%; P = 0.009). Results are summarized in Table 2.

Detection of More Distant Metastases with '*F-DOPA PET/CT
Than with ®®Ga-DOTATOC PET/CT

On a per-region—based analysis, 28 (53%) patients showed liver
uptake abnormalities. Among them, 26 (93%) showed such abnor-
malities on both ®8Ga-DOTATOC and '3F-DOPA PET/CT. In the
remaining 2 (7%) patients, only '*F-DOPA PET revealed liver
metastases (P = 0.346) (Fig. 2). No patient had hepatic lesions
detectable only on ®3Ga-DOTATOC PET/CT. No significant differ-
ence was seen between **Ga-DOTATOC and '8F-DOPA PET/CT
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TABLE 2
Comparison Between %8Ga-DOTATOC and '8F-DOPA PET/CT for Primary SiNETs and
Metastases (DR): Per-Lesion Analysis

Parameter 88Ga-DOTATOC "8F-DOPA Lesions Discordant patients P
All primary SiNETs 106 (91%) 103 (88%) 117 14 0.549
Excised primary SiNETs 8 (76%) 3 (70%) 76* 12 0.275
Primary multifocality 6 (75%) 6 (75%) 8 (100%) 5 1.000
All metastases 694 (81%) 811 (95%) 855 38 <0.001
Subdiaphragmatic LN 165 (90%) 178 (97 %) 184 14 0.009
Mesenteric LN 8 (88%) 7 (100%) 67 7 0.003
Mesenteric LN, group 1 4 (88%) 6 (100%) 16 2 0.157
Mesenteric LN, group 2 3 (92%) 6 (100%) 36 3 0.317
Mesenteric LN, group 3 1 (79%) 5 (100%) 15 3 0.046
Liver 312 (87%) 353 (99%) 357 12 <0.001
Peritoneum 3 (47%) 107 (96%) 112 12 <0.001
Lung 3 (50%) 6 (100%) 26 4 <0.001
Bone 8 (84%) 100 (86%) 116 7 0.732
Supradiaphragmatic LN 0 (81%) 8 (76%) 37 10 0.617
Left supraclavicular LN 3 (100%) 9 (83%) 23 3 0.046

*76 primary SiNETs detected at histology (sensitivity) in 37 surgically treated patients.

LN = lymph nodes.

for the remaining anatomic regions (i.e., peritoneum, abdominal
lymph nodes, left-sided supraclavicular lymph nodes, supradiaph-
ragmatic lymph nodes [excluding the left supraclavicular region],
lung/pleura, bones, and other metastatic sites). Results are summa-
rized in Supplemental Table 1.

On a per-lesion—based analysis, 671 foci of pathologic uptake
on either ®Ga-DOTATOC or '8F-DOPA indicating extranodal
metastases were detected (Table 2). Among them, 491 (73%) were
common to both modalities, 38 (6%) were detected on *Ga-
DOTATOC only, and 142 (21%) were detected on '*F-DOPA

FIGURE 1. Correlation of surgical exploration and '®F-DOPA PET/CT
findings in patient with grade 1 SiINETs and metastatic mesenteric lymph
nodes of groups 2 and 3 according to Pasquer et al. (7).
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only. '8F-DOPA had a better global DR for detection of distant
metastases than did *Ga-DOTATOC (94% vs. 79%, P < 0.001).
8F_-DOPA PET/CT performed better than 8 Ga-DOTATOC PET/
CT for the detection of liver metastases (98.9% vs. 87.4%, P <
0.001), peritoneal carcinomatosis (95.5% vs. 47.3%, P < 0.001),
and lung metastases (100% vs. 50.0%, P < 0.001). **Ga-DOTA-
TOC PET/CT detected significantly more left supraclavicular
lymph nodes than did '*F-DOPA (100% vs. 82.6%, P = 0.046).
Finally, no statistically significant difference was observed for
bone metastases and supradiaphragmatic lymph nodes.

Imaging Protocol, Ki-67, Tumor Grade, and Biologic Markers

Thirty-one and 22 patients underwent “*Ga-DOTATOC before
8E_.DOPA PET/CT and vice versa, respectively. In both cases, '*F-
DOPA PET revealed more lesions than did **Ga-DOTATOC PET
(P = 0.002, '8F-DOPA first; P < 0.001, *Ga-DOTATOC first).
The number of discordant lesions did not correlate with the time
between the 2 PET studies (p = 0.286; P = 0.081), suggesting a
minor influence of the imaging sequence on final PET/CT results.

No correlation was showed between Ki-67 index and the num-
ber of discordant lesions in the entire population (p = 0.06; P =
0.67) and only in patients with discordant PET results (p = 0.23;
P =0.17).

The lesion-based detection rate of 'F-DOPA PET was better
than that of ®®Ga-DOTATOC PET regardless of the tumor grade
(grade 1, P < 0.001; grade 2, P < 0.001; grade 3, P < 0.004) and
patient treatment (long-acting somatostatin analogs, P < 0.001; no
treatment, P < 0.001).

Quantitative values of serum CgA and urinary 5-HIAA were avail-
able for 35 (66%) and 26 (49%) patients, respectively. CgA and
5-HIAA levels were increased in 28 and 14 patients, respectively. A
moderate statistically significant correlation was found between the
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BE_DOPA performed better than 3Ga-
DOTATOC PET/CT for the detection of
lesions in the liver (P < 0.001), peritoneum
(P < 0.001), and lung (P < 0.001). Similar
results have been recently reported by our
group from the retrospective comparison of
8Ga-DOTATOC and '8F-DOPA PET/CT in
a series of 41 patients with well-differentiated
SiNETs during the postsurgical follow-up
(17). '8F-DOPA PET/CT was found to have
a significantly higher metastatic DR than did
%Ga-DOTATOC PET/CT (P < 0.001). Of
605 lesions, 122 (20%) were revealed exclu-
sively by '8F-DOPA PET/CT. The liver was

FIGURE 2. Head-to-head comparison between ®Ga-DOTATOC (A and C) and "®F-DOPA PET/CT
(B and D) in oligometastatic patient with bifocal SINETs (*). ®®Ga-DOTATOC PET/CT failed to detect
hepatic and peritoneal metastases (dotted arrows), visible only on '®F-DOPA PET/CT (solid arrows).

SUV-bw = (PET image pixel value) * (weight in grams)/ (injected dose).

total number of lesions detected by either **Ga-DOTATOC or
5F-DOPA and the level of CgA (p for DOTATOC = 032, P =
0.003; p for DOPA = 0.36, P = 0.016) and 5-HIAA (p for DOTA-
TOC = 0.34, P = 0.043; p for DOPA = 0.44, P = 0.013).

DISCUSSION

Only a few studies have compared *®Ga-DOTATOC and '®F-
DOPA PET/CT in patients with SiNETs. Before further considera-
tions, it is necessary to distinguish diagnostic from theragnostic
applications. °®Ga-somatostatin analog PET/CT remains manda-
tory for selecting candidates for PRRT. By contrast, the choice of
the most appropriate diagnostic imaging modality should rely on
diagnostic performance. Thus, there is no reason to disqualify '3F-
DOPA PET/CT in a purely diagnostic setting (/3).

In our series, ®*Ga-DOTATOC and '®F-DOPA PET/CT identi-
fied at least 1 primary SiNET in 86% of cases, achieving a similar
per-lesion sensitivity of 76% and 70%, respectively. Several rea-
sons may decrease the detectability of small primaries on PET/CT,
such as the partial-volume effect and bowel peristalsis. The sensi-
tivity of conventional presurgical diagnostic investigations remains
suboptimal, and intraoperative palpation of the entire small intes-
tine should routinely be performed to improve the detection of
multifocal primary SINETSs (14).

Resection of at least 8 lymph nodes is advocated (when possible),
along with resection of the primary SiNET (6,15). A systematic
extensive nodal resection including the retropancreatic area around
the origin of the superior mesenteric vessels has been proposed to
prevent unresectable local recurrence (3,16). Moreover, up to 67%
of patients could present with skip metastases, of which 19% are
retropancreatic (group 3), without nodal invasion around the mesen-
teric vessels (7). In our study, the DR of subdiaphragmatic meta-
static lymph nodes during initial staging was significantly higher
for "®F-DOPA than for ®*Ga-SSTR PET/CT. Moreover, when we
focused exclusively on mesenteric lymph node metastases, 'SF-
DOPA PET/CT detected more positive regions (groups 1-3) and
metastatic lymph nodes than did *®Ga-DOTATOC PET/CT (P =
0.005 and 0.003, respectively). Noteworthy, a statistically significant
difference (P = 0.046) was also shown for the detection of group 3
pathologic lymph nodes. This result appears to be novel, and given
its potential therapeutic impact on patients with SiNETs, it will need
to be confirmed by prospective clinical trials.

the region with the highest number of discor-
dant results. Moreover, a trend toward sig-
nificance (P = 0.07) was shown for the
detection of bone metastases, in favor of '8F-
DOPA PET/CT. In the recent study of Dele-
val et al. (18), '®F-DOPA PET/CT detected bone metastases in 46 of
155 (29.7%) SINET patients, with negative prognostic impact.

Ansquer et al. (19) retrospectively compared '®F-DOPA and ®3Ga-
DOTANOC PET/CT in 30 patients with SINETs. PET/CT was per-
formed for primary staging in 9 patients, including 4 patients before
surgery and 5 after surgical removal of the primary SiNET. The
remaining 21 patients were investigated during regular follow-up. In
total, 221 lesions were detected. Even in this case, '*F-DOPA PET/
CT identified significantly more lesions than did *®Ga-DOTANOC
PET/CT, with a sensitivity of 95.5% and 88.2%, respectively (P <
0.0001). '8F-DOPA PET/CT detected more lesions than did **Ga-
DOTANOC PET/CT in 9 patients (30%) and revealed 22 additional
lesions from variable locations. Concerning the detection of primary
SiNETs, both imaging methods showed excellent sensitivity, with
detection in all 14 patients without previous surgery. When consider-
ing only liver metastases visualized by both radiotracers, the ratio of
tumor SUVux to liver SUV e Was higher for 'F DOPA than for
%8Ga-DOTANOC for 30 of 46 lesions (62.5%). These findings could
explain the better sensitivity of '®F-DOPA for liver metastasis detec-
tion. Perhaps the upcoming clinical availability of SSTR antagonists
will allow better detection of lesions (20), warranting further head-to-
head comparative studies. In these 2 comparative reports, different
%8Ga-SSTR analogs were used for PET/CT imaging (i.e., DOTATOC
and DOTANOC), but the results always remained in favor of 'SF-
DOPA. The choice of the SSTR subtype remains probably marginal
without explaining the diagnostic difference between '®F-DOPA and
%Ga-SSTR PET/CT (21).

Veenstra et al. (22) retrospectively compared the detection rates
of BF-DOPA and *®Ga-DOTATOC PET/CT for the localization of
primary tumor and metastases in 45 patients with NETSs, including
23 (51%) SiNETs. '8F-DOPA revealed significantly more lesions than
did ®*Ga-DOTATOC in 16 SiNET patients (70%) with high circulat-
ing biomarker levels. The relationship between tumor markers, clinical
features, and primary tumor location has been previously highlighted
to optimize radiotracer selection in patients with NETs (23,24).

We acknowledge that the present study like previous ones
(17,19,22), was not tailored for assessing the potential therapeutic
impact of the detection of additional sites on '*F-DOPA PET/CT
compared with SSTR PET/CT. An additional limitation of our
study was the lack of an objective gold standard as an imaging
comparator for all pathologic uptake findings. However, histologic
proof of all metastatic lesions was neither reasonable nor feasible.
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CONCLUSION

8F.DOPA PET/CT detected more lesions than did ®%Ga-
DOTATOC PET/CT in the studied patients. Our results provide a
great impetus toward the use of '*F-DOPA PET/CT in the evalua-
tion of SiNETs at initial diagnosis or prior surgery. We believe
that the respective role of '®F-DOPA and *®Ga-DOTATOC PET/
CT should be discussed according to the expected results in terms
of disease staging and treatment selection.

DISCLOSURE

No potential conflict of interest relevant to this article was
reported.

KEY POINTS

QUESTION: Which is the most sensitive nuclear imaging modality
for tumor metastasis assessment at initial staging or presurgical
work-up in patients with SINETs?

PERTINENT FINDINGS: '8F-DOPA PET/CT detected more
lesions than did ®Ga-DOTATOC PET/CT in the studied patients.
When clinically available, '®F-DOPA should be considered the
first-choice PET tracer for exhaustive metastasis assessment.

IMPLICATIONS FOR PATIENT CARE: Our results encourage the
use of '8F-DOPA PET/CT in the evaluation of SiNETs at initial
diagnosis or prior surgery. The respective role of '®F-DOPA and
%8Ga-DOTATOC PET/CT should be discussed according to the
expected results in terms of disease staging and treatment
selection.
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Tissue factor (TF) expression in cancers correlates with poor prognosis.
Recently, the first TF-targeted therapy was approved by the U.S. Food
and Drug Administration for cervical cancer. To unfold the potential of
TF-targeted therapies, correct stratification and selection of patients eli-
gible for treatments may become important for optimization of patient
outcomes. TF-targeted PET imaging based on "8F-radiolabeled active-
site inhibited versions of the TF natural ligand coagulation factor VII
("®F-ASIS) has in preclinical models convincingly demonstrated its use
for noninvasive quantitative measurements of TF expression in tumor
tissue. '®F-ASIS PET imaging thus has the potential to act as a diag-
nostic companion for TF-targeted therapies in the clinical setting.
Methods: In this first-in-humans trial, we included 10 cancer patients
(4 pancreatic, 3 breast, 2 lung, and 1 cervical cancer) for '8F-ASIS
PET imaging. The mean and SD of administered '®F-ASIS activity was
157 + 35 MBq (range, 93-198 MBq). PET/CT was performed after 1, 2,
and 4 h. The primary objectives were to establish the safety, biodistribu-
tion, pharmacokinetics, and dosimetry of "8F-ASIS. Secondary objec-
tives included quantitative measurements of SUVs in tumor tissue with
PET and evaluation of the correlation (Pearson correlation) between
tumor SUV,ax and ex vivo TF expression in tumor tissue. Results:
Administration of '8F-ASIS was safe, and no adverse events were
observed. No clinically significant changes in vital signs, electrocar-
diograms, or blood parameters were observed after injection of
18F_ASIS. Mean '8F-ASIS plasma half-life was 3.2 + 0.6 h, and the
radiotracer was predominantly excreted in the urine. For injection
activity of 200 MBq of '®F-ASIS, effective whole-body dose was 4
mSv and no prohibitive organ-specific absorbed doses were found.
Heterogeneous radiotracer uptake was observed across patients and
within tumors. We found a trend of a positive correlation between
tumor SUV s and ex vivo TF expression (r = 0.84, P = 0.08, n = 5).
Conclusion: '8F-ASIS can be safely administered to cancer patients
for PET imaging of TF expression in tumors. The trial marks the first
test of a TF-targeted PET radiotracer in humans (first-in-class).
The findings represent important first steps toward clinical implemen-
tation of '8F-ASIS PET imaging of TF expression.
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Personalized medicine based on targeted therapies is predicted to
shape the future of oncology in the coming decades. An emerging
oncologic target is the transmembrane glycoprotein tissue factor (TF)
that functions as the main initiator of the extrinsic coagulation cas-
cade (/). In addition to its role in coagulation, TF expression is also
linked to several cancer hallmarks including tumor growth, angiogen-
esis, and metastatic potential (2,3). Abundant TF expression has been
reported in most solid tumors, and TF expression levels are associ-
ated with disease stage and overall survival in pancreatic cancer (4),
cervical cancer (5), non—small cell lung cancer (6-8), and breast can-
cer (9).

TF-targeted therapies are currently under translation into the clini-
cal treatment of cancer patients. In 2019, reports from the first phase
1-2 clinical trial of the TF-targeted antibody—drug conjugate tisotu-
mab vedotin in patients with recurrent, advanced, or metastatic solid
tumors showed an objective tumor response in 16% of the patients
(10). Recently, a 24% response rate was demonstrated in a phase 2
trial in previously treated recurrent or metastatic cervical cancer pa-
tients (11), and the U.S. Food and Drug Administration approved the
therapy in September 2021 for this indication (/2).

With the emergence of TF-targeted therapies, robust methods for
quantifying TF expression in primary tumors and metastases are
needed for efficient patient selection and stratification. Whole-body
PET imaging can reduce the risk of sampling error from within
tumor and between tumor heterogeneity seen in ex vivo analyses of
tumor biopsies (/3). Hence, PET imaging of TF expression is attrac-
tive as a companion imaging diagnostic agent for identifying pa-
tients eligible for TF-targeted therapies and may have the potential
to increase response rates.
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We have developed a TF-targeted PET radiotracer based on the nat-
ural ligand, factor VII (FVII). When vascular injury occurs, FVII is ac-
tivated to FVIla by the exposed TF on the endothelial cells and sets
off the coagulation cascade (/). Through inhibition of the active site
in FVIIa, the resulting active-site inhibited FVIIa (ASIS) binds to TF
with an affinity approximately 5-fold higher than FVIla without acti-
vating the coagulation system (/4). For TF-targeted PET imaging,
ASIS is radiolabeled with N-succinimidyl 4-['®F]fluorobenzoate
(*8F-SFB) to form '8F-ASIS (15). Preclinical studies with xenograft
tumor—bearing mice have demonstrated high and specific '*F-ASIS
uptake in tumor tissue that reflects the level of TF expression deter-
mined ex vivo (/6). Spurred on by the promising preclinical results,
we moved forward with the clinical translation of 'SF-ASIS PET
imaging to cancer patients.

Here we report our first-in-humans trial on '®F-ASIS PET in can-
cer patients. The primary objectives were to demonstrate the safety,
biodistribution, pharmacokinetics, and dosimetry of '®F-ASIS. As a
secondary objective, we investigated radiotracer accumulation in
tumors with PET and its correlation with TF expression in ex vivo
analyses of matched tumor samples.

MATERIALS AND METHODS

Study Design

We performed the study as an open-label, phase 1 clinical trial approved
by the Danish Medicines Agency (EudraCT no. 2015-005583-42) and the
Ethical Committee of the Capital Region of Denmark (protocol H-
18015477). Patients signed a written informed consent form before inclu-
sion. The study was conducted in accordance with the requirements for
good clinical practice including independent monitoring by the Good Clini-
cal Practice unit of Copenhagen University Hospital, and the trial was reg-
istered at ClinicalTrials.gov (NCT03790423). Eligible patients were 18 y
or older; diagnosed with breast, lung, pancreatic, cervical, or ovarian can-
cer; and capable of understanding the patient information in Danish and
giving full informed consent. Exclusion criteria were pregnancy/breastfeed-
ing, weight above 140 kg, or history of allergic reaction attributable to
compounds of similar chemical or biologic composition to '8F-ASIS.

From January to November 2019, after giving informed consent, 10
patients with pancreatic cancer (n = 4), breast cancer (n = 3), lung cancer
(n = 2), and cervical cancer (n = 1) were included in the study and ref-
erred to a '8F-ASIS PET/CT imaging series. The mean and SD of the ad-
ministered mass of '8F-ASIS was 0.67 + 0.12 mg (range, 0.41-0.84 mg).
The mean administered activity was 157 * 35 MBq (range, 93-198 MBq),
yielding a mean specific activity of 245 * 84 MBg/mg (range, 126—
412 MBg/mg) at the time of injection. Sequential whole-body PET/
CT imaging was performed 1, 2, and 4 h after injection of 'SF-ASIS.
Patients were monitored for changes in vital signs, electrocardiograms,
and blood parameters before and after radiotracer administration.
Adverse events were registered up to 48 h after administration of '®F-
ASIS and coded according to the Common Terminology Criteria for
Adverse Events (version 5.0). Blood sampling and urine collection was
performed for pharmacokinetic analyses. The study design is summa-
rized in Figure 1. A detailed study description is provided in the supple-
mental information (supplemental materials are available at http://jnm.
snmjournals.org). When available, tumor biopsies or surgically excised
primary tumor tissue and local lymph nodes were collected, and TF
expression was analyzed with immunohistochemistry and enzyme-
linked immunosorbent assay (ELISA).

Inhibition of FVlla

FVIla (Novo Nordisk A/S) was dissolved in water and 5 equiva-
lents of p-Phe-Phe-Arg-chloromethyl ketone (fFR-cmk; Bachem) were
added for inhibition of FVIla to produce ASIS. After inhibition (1 h,
4°C), excess of inhibitor was removed by dialysis (Slide-a-lyzer,

1872

MWCO 10; Thermo Fisher
Scientific) in 50 mM N-2-
hydroxyethylpiperazine-N'-2-
ethanesulfonic acid (HEPES, 150
mM NaCl, 10 mM CaCl,, pH
7.4; Sigma-Aldrich) overnight.
The content of fFR-cmk and the
concentration of ASIS were ana-
lyzed by high-pressure liquid
chromatograph (HPLC) using
an Aeris C4 column (3.6 pm,
150 X 4.6 mm; Phenomenex) and
1.5 mL/min solvent flow with a
gradient method: 0-2 min 17% B,
2-5 min 60% B, 5-6 min 60% B,
67 min 17% B, 7-8 min 17% B
with solvent phases 0.1% trifluoro-
acetic acid (TFA) in H,O (A) and
0.1% TFA in acetonitrile (MeCN)
(B). Aliquots (500 L) were
stored at —80°C before labeling.

Informed consent 4~
<
Vital signs ]
Electrocardigram H—Pre-injection
Plasma tissue factor samples
Safety blood samples |
BF-ASIS injection

Vital signs +—10 min p.i.

Vital signs’]
Electrocardigram

Plasma pharmacokinetic samples H—1h p.i.
PET/CT imaging

Urine collection_|

Vital signsT]
Plasma pharmacokinetic samples
PET/CT imaging

Urine collection |

Vital signs 5

H-2hp.i.

Electrocardigram

Plasma pharmacokinetic samples |H—4 h p.i.
Safety blood samples

PET/CT imaging |

Urine collection
Patient discharge B

Safety blood samples L .
End of trial:H 3-21dpi.

FIGURE 1. Schematic overview of
study design. p.i. = postinjection.

—5hp.i.

Synthesis of 18F-ASIS

ASIS was labeled with the '3F-containing prosthetic group 'F-SFB.
'8F-SFB was produced in a 3-step, 1-pot synthesis on a qualified Tracer-
Labyx module (GE Healthcare) with a final solid-phase extraction purifica-
tion in 80% MeCN. '8F-SFB was subsequently evaporated to dryness in a
single vial. ASIS (500 L) was added to the vial for labeling at room tem-
perature for 30 min followed by purification with a PD10 column (Sigma-
Aldrich) into formulation buffer (10 mM GlyGly, 150 mM NaCl, and
10 mM CaCl,, pH 7.5). The final product was sterile-filtered in a laminar
airflow bench, and a sample was drawn for quality control. The shelf-life
of '8F-ASIS was evaluated up to 4 h after the end of synthesis.

Quality Control of '®F-ASIS

All analytic methods were validated according to the International
Council of Harmonization guidelines (/7). The radiochemical purity,
unspecified '8F-labeled impurities, and '®F-fluoride were determined
with radio-HPLC, and the content of ASIS was determined by ultravi-
olet-detector HPLC, both using the same gradients as described in the
“Inhibition of FVIIa” section. Residual MeCN from the 'F-SFB syn-
thesis was determined by gas chromatography. Color spot tests were
used to determine the content of tetrabutylammonium hydrogen car-
bonate and HEPES in the final product. The immunoreactivity of 'SF-
ASIS was determined by Lindmo assay using a high TF-expressing
cell line (BxPC-3, CRL-1687; American Type Culture Collection)
according to previously described procedures (/8). Quality control
parameters are summarized in Supplemental Table 1.

Plasma and Urine Pharmacokinetics

The activity of urine, whole blood, and plasma samples was mea-
sured on a Cobra II TM +vy-Counter (Packard). The plasma samples
were prepared from whole-blood samples by centrifugation (3,500 rpm,
4 min) and filtering of the supernatant plasma through a 0.45-uM
syringe filter. The radiotracer plasma half-life was determined from the
activity concentrations in plasma decay-corrected to the blood sampling
time points (approximately 1, 2, and 4 h after injection). The accumu-
lated percentages of excreted radiotracer in urine were determined from
the ratio between the accumulated activity in urine and the injected
radiotracer activity dose decay-corrected to the urine sampling time
points (approximately 1, 2, and 5 h after injection). Metabolites in
plasma and urine samples were analyzed by radio-HPLC with a Posi-
RAM Module (LabLogic) 4 using the same gradients as described in
the “Inhibition of FVIIa” section.
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primary

10
PT*: ISPC SN
with micro MET
(1/2 LN). [MO]
invasive ductal

Female
pancreaticobiliary adenocarcinoma; PT

73
Breast
None
None

Female
43
Cervix
PT: SCC
None
None

Female

59

Breast

PT: ILC (HER2+1/
ER100%).

SN without MET
(0/2 LN). [MQ]
None

None

metastases; PAC

PT: IDC (HER2+1/

Female

54

Breast
ER100%).

SN without MET
(0/1 LN). [MQ]
None

None

Patient
Female
58
PT: AC
[PT2bNOMO]
CTX
RDX

Lung
lymph nodes; MET

TABLE 1
Patient Characteristics

Male

65

Lung’
PT™: AC
MET: AC
Surgery
and CTX
CTX

Female

79
Pancreas
PT: DAC
[PT2NOMO]
None

None
ductal adenocarcinoma; ER = estrogen receptor; HER2 = human epidermal growth factor receptor 2; IDC

Female
69
Pancreas
PT™: DAC
CTX
None

invasive solid papillary carcinoma; LN

Female

67

Pancreas
PT: PAC
[PT2pN2MO]
None

None

Female
88
Pancreas
PT: DAC
None

None

invasive lobular carcinoma; ISPC
radiation therapy; SCC = squamous cell carcinoma; SN = sentinel nodes.

*Two separate tumors without connection: Tumor 1: HER2+1/ER100%; Tumor 2: HER2-/ER100%.

AC = adenocarcinoma; CTX = chemotherapy; DAC

carcinoma; ILC

*Pathology TNM staging is reported in square brackets when available.
tumor; RDX

Characteristic

Sex

Age (y)

Primary tumor

Type [stage]*

Prior cancer

treatment

Concomitant cancer
treatment

TPrimary tumor removed.

1h 2h 4h

FIGURE 2. Representative maximume-intensity projection showing distri-
bution of 8F-ASIS for patient 5.

Image Acquisition

Images were acquired on a Biograph 128 mCT PET/CT (Siemens
Healthineers) with PET acquisition commenced 1, 2, and 4 h after injec-
tion of '8F-ASIS. Unless otherwise contraindicated, patients were
injected with intravenous iodine-based contrast (Optiray [Guerbet]
300 mg I/mL, 70-100 mL, injection rate 1.5-2.5 mL/s) using an auto-
mated Medrad Stellant injection system (Bayer). Detailed descriptions
of'the PET and CT imaging parameters (including acquisition times and
reconstruction parameters) are provided in the supplemental materials.

Biodistribution and Dosimetry

Dosimetry was based on the PET images (n = 10) supplemented with
sampled urine data (n = 8). For each patient, organ, and time point, tis-
sue activity concentration was calculated as the average of the mean val-
ues from 3 volumes of interests drawn in the following organs/regions:
adrenal, bone, brain, blood pool, ascending and descending colon, heart
wall, kidney, liver, lung, red marrow (L3-L5 vertebrae), small intestines,
spleen, stomach contents, and thyroid using MIRADA DBx, version
1.2.0 (Mirada Medical). OLINDA/EXM 2.0 software (Vanderbilt Uni-
versity and HERMES Medical Solutions) was used for calculation of
dosimetry parameters using the organ masses of the OLINDA male
adult phantom (/9,20) and the absorbed doses for organs and effective
dose with tissue-weighting factors according to International Commission
on Radiological Protection (ICRP) 103 (27). A detailed description of the
dosimetry calculation and biodistribution data processing is provided in the
supplemental materials.

Image Analysis

The PET/CT images were evaluated by a highly experienced team
consisting of a nuclear medicine specialist and a radiologist. Size mea-
surements of the primary tumor and metastases (if any) were performed
on the diagnostic CT. In tumor lesions identified on the CT, radiotracer
accumulation was measured on the PET images and reported as SUVs.

FirsT-IN-HUMANS TissUE Factor PET + Loft et al. 1873



Adrenal glands Blood Bone Brain Colon Ex Vivo Tl.,mor Tissue Samples .
75 o] 15 03] 4 Tmor tissue smples were obtameq frqm
501 o 101 \ 021 31 surgically r.esected. tissue or from .tu?nor biopsies
25 N 05 g 011 f performed in relation to routine clinical procedu-
res. Samples were processed for measurement of
O T T s v T 3 YT T2 54| TF expression with ELISA and immunohisto-
Gall bladder Heart Kidney Liver Lung chemistry. Details on tissue preparation, ELISA
10.09 . 15 124 1.001 measurements, and immunohistochemistry
757 fg 101 s 0.751 M preparation are provided in the supplemental
501 1.0 54 N 0.501 § materials. TF expression on immunohistochem-
c ig ol N N g:ig: —= istry was stratified as low, intermediate, or high
T i T s i a5 d 554 o735 a| basedonvinualassessment
a Red bone marrow Muscle Pancreas 2.(ﬁmall intestines Spleen Statistical Methods

2 g-g: ; 151 7.57 The radiotracer plasma half-life was deter-
; 021 2 1.0 5.01 mined from monoexponential linear regres-
0.1 11 0.57 257 sion models (1-compartment models) fitted to
0.(') T3 3 4 0.0 T 2 5 A 0- T2 5 A 0.0 T2 5 A 0.0 T2 5 A the decay-corrected time‘—acti\./ity curves in
Thyroid Urinary bladder plasma (n = 8). The relationship be.tween the
57 4-h PET tumor SUV,,,« and ex vivo meas-
g: 1501 urements of TF expression by ELISA was
21 1001 analyzed with Pearson correlation (n = 5).
11 501 Two-sided P values of less than 0.05 were con-
0'(') T s % 4 0-6 T 3 4 sidered statistically significant. Data are pre-
Time after injection (h) sented as mean * SD unless otherwise noted.
All statistical analyses were performed using R,
FIGURE 3. Distribution of '®F-ASIS in organs (n = 10). version 3.6.1 (R Foundation for Statistical

Computing).

Spheric volumes of interest maximizing a volume encompassed by the ~RESULTS

tumor lesion perimeter based on the CT images were used for uptake
quantification, and the tumor lesion SUV ;. and SUV,;c., Were recorded
on the PET images. Tumor-to-blood ratios were calculated as tumor lesion
SUVnax divided by the blood pool SUV .. Any additional foci identi-
fied only on PET, judged indicative of a primary tumor or metastases by
the readers, were recorded. SyngoVIA (version VB30A-HF04; Siemens
Healthineers) was used for the image analysis.
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FIGURE 4. (A) Normalized time-activity curves of plasma samples with

monoexponential fits (1 = 8). (B) Accumulated percentages of activity
excreted in urine (n = 8). (C) Representative radio-HPLC from plasma
showing no major metabolites (left) and representative radio-HPLC from
urine showing urinary excretion of a smaller '®F-radiolabeled fragment
(right). AU = arbitrary units; mAu = absorbance units.
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Radiochemistry

18E_SFB was prepared in 29.4% =+ 25.9% non-decay-corrected
radiochemical yield (# = 10 batches). '®F-ASIS was achieved in
221 *= 58 MBq non—decay-corrected activity yield (n = 10 batches).
I8F-ASIS was produced with a radiochemical purity = 95%, and un-
specified !®F-labeled impurities and '*F-fluoride were both determi-
ned to be =2%. The concentration of ASIS was 0.08 = 0.01 mg/mL.
Tetrabutylammonium hydrogen carbonate and HEPES content were
<0.1 mg/mL and <20 pg/mL, respectively. An immunoreactivity of
=75% was found for all 10 batches. Summary results of all quality
control parameters are provided in Supplemental Table 1.

Patient Characteristics and Safety

The characteristics of the patients are shown in Table 1. There were
no adverse events and no clinically significant changes in vital signs
(Supplemental Table 2), blood parameters (Supplemental Table 3), or
electrocardiograms observed in any of the 10 patients.

Biodistribution, Pharmacokinetics, and Dosimetry
Biodistribution. A representative imaging series demonstrating
the radiotracer distribution on the 1-, 2-, and 4-h PET on the maxi-
mum-intensity projection is shown in Figure 2 for patient 5. The
maximum-intensity projections for the additional 9 patients are
shown in Supplemental Figure 1. Organ-specific radiotracer uptake
expressed as SUV ey 18 shown in Figure 3. The highest uptake
was observed in the urinary bladder followed by the kidneys and
the liver. The brain, bone, muscle, red bone marrow, and lung had
low and decreasing uptake, suggesting no radiotracer accumulation.
Pharmacokinetics and Dosimetry. Time—activity curves mea-
sured in plasma (n = 8) are shown in Figure 4A. The plasma half-
life was 3.2 = 0.6 h. Urinary excretion accounted for most of the
8F-ASIS elimination, and more than 40% of the injected
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TABLE 2
Organ-Based Dosimetry

Total mean absorbed

Organ dose (WGy/MBq)
Adrenals 56
Brain 4
Breasts

Esophagus 12
Eyes

Gallbladder wall 22
Left colon 21
Small intestine 25
Stomach wall 15
Right colon 13
Rectum 17
Heart wall 17
Kidneys 76
Liver 67
Lungs 10
Ovaries 15
Pancreas 17
Prostate 15
Salivary glands 7
Red marrow 15
Osteogenic cells 16
Spleen 60
Testes 8
Thymus 9
Thyroid 17
Urinary bladder wall 118
Uterus 22
Total body 12
Effective dose (uSv/MBQq) 20

activity was accumulated in the urine within 5 h after injection
(Fig. 4B). Radio-HPLC run on plasma samples showed no major
metabolites. Radio-HPLC run on urine samples showed urinary excre-
tion of a smaller '®F-radiolabeled fragment, suggesting renal metabo-
lism of '8F-ASIS. Representative chromatograms of plasma samples
collected 1, 2, and 4 h after injection and urine samples collected 1, 2,
and 5 h after injection are shown in Figure 4C. The dosimetry output
from the OLINDA/EXM dosimetry software is shown in Table 2. The
highest dose was received by the urinary bladder wall (118 wGy/MBq)
followed by the kidneys (76 wGy/MBq), liver (67 nGy/MBq), and
spleen (60 pGy/MBq). The effective dose was 20 wSv/MBq corre-
sponding to 4 mSy for a target activity of 200 MBq.

Radiotracer Accumulation in Tumor and Correlation with Ex
Vivo Tumor Tissue

I8F_ASIS accumulation in tumor lesions quantified as SUV,
and tumor-to-blood ratios are shown in Figure 5. Heterogeneous
SUV .. patterns between patients were observed: for patients 3
and 4 (both primary pancreatic tumors) and 5 (lung metastasis)

FirsT-IN-HuMANS TisSUE FacTtor PET -

SUV hax increased on the 2-
to 4-h PET compared with
the 1-h PET. Contrary, in pa-
tients 7 and 8 (both primary
breast tumors), low uptake was
observed at all 3 time points.
The remaining patients showed
relatively intermediate SUV .
that remained stable or slightly
increased with time. Com-
pared with the other patients,
for patients 3 and 4 the 4-
h PET SUV,,,., was relatively
high. The tumor-to-blood ra-
tios showed a similar pattern.

Within tumor and within
patient heterogeneity in radio-
tracer accumulation was also
observed. Patient 10 (breast can-
cer) had heterogeneous radio-
tracer accumulation in the
primary tumor (Fig. 6A),
with 4-h PET SUV,,,, in the
intermediate range (2.86).
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FIGURE 5. Tumor SUV. (top) and
tumor-to-blood ratios (tumor SUVyax
divided by blood pool SUV,ean) ONn 1-,
2-, and 4-h PET (bottom). Colors refer
to patient numbers.

FIGURE 6. Patient 10 with breast cancer. (A) Primary breast tumor with
relatively intermediate 4-h PET SUV .« (2.86) shown on (from top to bot-
tom) CT, PET, and fused PET/CT. Arrows mark tumor location. (B) Small
sample taken from tumor lesion immediately after surgery with low TF
expression on immunohistochemistry. (C) Portion of mastectomy speci-
men showing intermediate TF expression in the tumor on immunohisto-
chemistry performed after pathology examination. (D) Axillary sentinel
node metastasis with low TF expression on immunohistochemistry with-
out apparent focal accumulation in corresponding axillary area on PET or
lymph node enlargement on CT (not shown).

Loft et al. 1875
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FIGURE 7.

(A) Patient 7: breast tumor with low 4-h PET SUV,,ax (0.69) and low TF expression on immunohistochemistry ex vivo. (B) Patient 2: pancre-

atic tumor with relatively intermediate 4-h PET SUV .« (1.79) and intermediate TF expression on immunohistochemistry. (C) Patient 4: pancreatic tumor
with relatively high 4-h PET SUV,ax (4.71) and high TF expression on immunohistochemistry. Images from top to bottom are: 4-h CT, PET and fused

PET/CT, and immunohistochemistry. Arrows mark tumor location on PET/CT.

A corresponding small tissue sample taken immediately from the
surgically resected tumor showed low ex vivo TF expression mea-
sured with both ELISA and immunohistochemistry (Fig. 6B). How-
ever, TF immunohistochemistry staining of the tumor from the full
mastectomy specimen, performed after the pathology examination,
showed areas with intermediate TF expression (Fig. 6C). The pathol-
ogy examination demonstrated 2 separate primary tumors. This
patient also had an axially sentinel node metastasis that was not
enlarged on CT, showed no apparent focal accumulation on PET,
and had low TF expression on immunohistochemistry (Fig. 6D).

There was a trend of a positive correlation between 4-h PET
SUV..x and TF expression measured ex vivo on matched tumor
tissue samples, although not statistically significant (» = 0.84,
P = 0.08, n = 5). TF immunohistochemistry stains in matched
tumor tissue samples were available for 7 patients. Representative
examples of low, intermediate, and high TF expression on immu-
nohistochemistry with corresponding 4-h PET/CT images are
shown in Figure 7. A summary of the PET/CT findings, quantita-
tive plasma and ex vivo tumor TF expression, and TF immunohis-
tochemistry staining patterns is shown in Table 3.

DISCUSSION

We report here the first-in-humans experience of the TF-targeted
radiotracer '8F-ASIS in cancer patients. The trial marks the first

1876

test in humans of a PET radiotracer targeting TF (first-in-class).
Our main finding was that injection of '8F-ASIS was safe, and
no adverse events were observed. The effective radiation dose of
4 mSv from administration of 200 MBq of '8F-ASIS is lower than
that received after a standard '*F-FDG injection (22). None of
the calculated organ-specific absorbed doses were prohibitive for
administration of 200 MBq of '8F-ASIS. As an indication of the
specific tumor-targeting ability of '®F-ASIS, we observed a trend
of a positive correlation between tumor SUV ., and quantitative
TF expression determined ex vivo (r = 0.84, P = 0.08). These ini-
tial findings represent important first steps toward the clinical
implementation of 'F-ASIS PET imaging as a companion diagnos-
tic tool for TF-targeted therapies.

The biodistribution and pharmacokinetic data indicated that the
primary elimination route of '8F-ASIS was through the kidneys.
The low bone uptake is supportive of high metabolic stability, as
freely circulating '8F-fluoride would expectedly result in high
bone accumulation (23). The 3.2-h '8F-ASIS plasma half-life was
comparable to the 3.8-h plasma half-life observed for an unlabeled
version of ASIS at similar dose (24), suggesting that the radiolabel-
ing does not fundamentally alter the elimination of the radiotracer from
plasma. Compared with antibody- and antibody fragment-based TF-
targeted radiotracers with long circulation time resulting in opti-
mal tumor-to-background contrast after several days in preclinical
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models, for example, **Cu- and 3°Zr-labeled ALT-836 (25,26), the
relatively fast elimination of '®F-ASIS makes this radiotracer better
suited for same-day imaging.

The between-patient and cancer type heterogeneity in radiotracer
tumor accumulation and ex vivo tumor TF expression observed in the
study is in line with the varying degree of TF expression across cancer
types reported in the literature (2,16,27). Pancreatic tumors have partic-
ularly high TF expression in agreement with our findings. The within-
tumor heterogeneity seen in both radiotracer accumulation on PET
and on ex vivo TF immunohistochemistry staining of the tumor from
the full surgical specimens serves as an example of the potential of
PET imaging for evaluation of TF expression. As PET imaging cap-
tures the whole-body tumor burden, identification of hotspots that
could be otherwise missed on a biopsy is possible with PET. Impor-
tantly, the sentinel node metastasis without enlargement on CT, and
with no apparent focal PET accumulation, had low TF expression on
immunohistochemistry, which suggests that PET was not false-negative.
Conclusions should not, of course, be inferred from single observations,
but the results encourage further investigation.

The trend of a positive correlation between tumor SUV ., and
quantitative TF expression measured ex vivo (+ = 0.84, P = 0.08)
suggests that '®F-ASIS accumulation depends on the levels of TF in
tumors. It may be argued that the radiotracer accumulation in tumors
was modest. Importantly, this does not pose a limitation to the use
of '8F-ASIS PET as a whole-body noninvasive companion diagnos-
tic or prognostic tool based on tumor TF expression if robust corre-
lations between PET-derived tumor radiotracer accumulation and
actual TF expression can be established. The relationship between
SUVmax and ex vivo TF expression presented in this study suggests
such a correlation. The observed trend is in line with our preclinical
results in xenografted tumor mouse models that showed a strong
and statistically significant positive correlation between tumor
SUVnax on 4-h '8F-ASIS PET and TF expression measured in
excised tumor tissue (/6). The specificity of '8F-ASIS for targeting
TF was supported by the qualitative relationship between the tumor
SUV max and TF immunohistochemistry staining patterns of surgical
specimens that generally were in agreement. These preliminary
results suggest that '8F-ASIS PET imaging can be used for noninva-
sive measurement of TF expression in tumor tissues, which
may ultimately assist in identifying patients eligible for TF-targeted
therapies. However, future later-phase clinical studies are needed to
validate these findings in larger populations.

CONCLUSION

18F_ASIS can safely be administered to cancer patients for TF-
targeted PET imaging. The trial marks the first test of a TF-
targeted PET radiotracer in humans (first-in-class). The effective
whole-body dose from injection of 200 MBq was 4 mSv and no pro-
hibitive organ-specific absorbed doses were observed. Plasma half-
life was 3.2 h, and renal elimination accounted for most of the radio-
tracer excretion. The findings represent important first steps toward
the clinical implementation of '8F-ASIS for PET imaging of TF
expression, which could assist in patient prognostication and selec-
tion of eligible patients for TF-targeted therapies. Future later-phase
studies are needed to validate these initial findings.
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KEY POINTS

QUESTION: Can '®F-ASIS safely be administered to cancer
patients for PET imaging of TF in tumors?

PERTINENT FINDINGS: In this first-in-humans clinical trial of 10
cancer patients, administration of 18E_ASIS was safe, and no
adverse events were reported. The effective whole-body dose
was 4 mSy for injection of a target activity of 200 MBq, and no
prohibitive organ-specific absorbed doses were observed.

IMPLICATIONS FOR PATIENT CARE: The trial marks the first
test in humans of a PET radiotracer targeting TF (first-in-class). The
findings represent important first steps toward implementation of
8F-ASIS PET imaging of TF in cancer patients for prognostication
and selection of patients for TF-targeted therapies.
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Nanomedicine holds promise for the delivery of therapeutic and imag-
ing agents to improve cancer treatment outcomes. Preclinical studies
have demonstrated that high-density lipoprotein (HDL) nanoparticles
accumulate in tumor tissue on intravenous administration. Whether
this HDL-based nanomedicine concept is feasible in patients is unex-
plored. Using a multimodal imaging approach, we aimed to assess
tumor uptake of exogenously administered HDL nanoparticles in
patients with esophageal cancer. Methods: The HDL mimetic CER-
001 was radiolabeled using °Zr to allow for PET/CT imaging. Patients
with primary esophageal cancer staged T2 and above were recruited
for serial Zr-HDL PET/CT imaging before starting chemoradiation
therapy. In addition, patients underwent routine '®F-FDG PET/CT and
3-T MRI scanning (diffusion-weighted imaging/intravoxel incoherent
motion imaging and dynamic contrast-enhanced MRI) to assess
tumor glucose metabolism, tumor cellularity and microcirculation per-
fusion, and tumor vascular permeability. Tumor biopsies were ana-
lyzed for the expression of HDL scavenger receptor class B1 and
macrophage marker CD68 using immunofluorescence staining.
Results: Nine patients with adenocarcinoma or squamous cell carci-
noma underwent all study procedures. After injection of 89Zr-HDL
(39.2 = 1.2 [mean = SD] MBq), blood-pool SUV ean decreased over
time (11.0+1.7, 6.5+ 0.6, and 3.3+ 0.5 at 1, 24, and 72 h, respec-
tively), whereas liver and spleen SUV,,e4, remained relatively constant
(4.1+0.6,4.0=0.8,and 4.3 0.8 at 1, 24, and 72 h, respectively, for
the liver; 4.1 +£0.3,3.4+0.3,and 3.1 = 0.4 at 1, 24, and 72 h, respec-
tively, for the spleen) and kidney SUV,,ea, markedly increased over
time (4.1 0.9, 9.3+1.4, and 9.6 2.0 at 1, 24, and 72 h, respec-
tively). Tumor uptake (SUVpea) increased over time (3.5+ 1.1 and
5.5+ 2.1 at1and 24 h, respectively [P = 0.016]; 5.7 =14 at72h [P =
0.001]). The effective dose of 8°Zr-HDL was 0.523 + 0.040 mSv/MBaq.
No adverse events were observed after the administration of 89Zr-
HDL. PET/CT and 3-T MRI measures of tumor glucose metabolism,
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tumor cellularity and microcirculation perfusion, and tumor vascular
permeability did not correlate with tumor uptake of 8Zr-HDL, suggest-
ing that a specific mechanism mediated the accumulation of 8°Zr-
HDL. Immunofluorescence staining of clinical biopsies demonstrated
scavenger receptor class B1 and CD68 positivity in tumor tissue,
establishing a potential cellular mechanism of action. Conclusion: To
our knowledge, this was the first 8Zr-HDL study in human oncology.
897r-HDL PET/CT imaging demonstrated that intravenously adminis-
tered HDL nanoparticles accumulated in tumors of patients with
esophageal cancer. The administration of 8Zr-HDL was safe. These
findings may support the development of HDL nanoparticles as a clini-
cal delivery platform for drug agents. Zr-HDL imaging may guide
drug development and serve as a biomarker for individualized therapy.

Key Words: zirconium; PET/CT; high-density lipoprotein; nanomedi-
cine; esophageal cancer
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E sophageal cancer is the sixth leading cause of death from can-
cer worldwide and represents a major health care problem (/). This
malignancy is associated with substantial morbidity and has a dis-
mal prognosis, with a 5-y survival rate of less than 25% (2), despite
advances in multimodality treatment strategies. Oncologic treat-
ment for esophageal carcinoma invariably involves the use of (pre-
operative) chemotherapy or concurrent chemoradiation (3). An
important limitation of systemic chemotherapy is nonspecificity,
resulting in low intratumor drug concentrations, while off-target
cytotoxic effects limit the intensity of dosing. Novel treatment strat-
egies are needed to improve efficacy and avoid toxicity in the man-
agement of esophageal carcinoma.

Nanomedicine is an emerging approach to addressing the issues
of poor outcomes and limited efficacy in oncology (4). The key
principle involves the use of nanometer-sized particles as vehicles
for drug or imaging agents to enhance delivery to tumors and avoid
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first-pass clearance by the liver. Compared with conventional thera-
pies, such as systemic chemotherapy, nanoparticles should improve
the balance between local efficacy and systemic toxicity. Several
innovative nanomedicines have been approved by the U.S. Food
and Drug Administration or reached the clinical stage of develop-
ment (5). Nevertheless, clinical breakthroughs in terms of signifi-
cantly prolonging patient survival have not yet been achieved by
most nanoparticle platforms, comprising liposomes, albumin nano-
particles, or micelles. This situation may be due to inherent limita-
tions of these nanosystems in dealing with the complexities and
heterogeneity of tumor biology, including factors such as passive
targeting, circulation half-life, tumor penetration, cellular uptake,
and drug release. Specific toxicity associated with certain nanopar-
ticles, such as hypersensitivity reactions, may also hamper clinical
development (6).

High-density lipoproteins (HDLs) have received considerable
interest because of their potential for drug delivery and imaging (7).
HDLs are endogenous nanometer-sized particle carriers of choles-
terol, and one of their main physiologic functions is considered to
be the targeting and removal of cholesterol from peripheral tissues,
including lipid-laden macrophages, followed by transportation to
the liver for excretion (8). To exercise their function, HDLs have a
natural conduit for interaction with peripheral cells through specific
receptors, including scavenger receptor class B1 (SR-B1). HDLs
can be formulated to carry, within their hydrophilic core or surface,
therapeutic payloads, including hydrophobic drugs, controlled-
released polymers, and short interfering RNAs (9). These character-
istics and the absence of specific toxicity may allow HDLs to
overcome the barriers to other nanosystems. In support of this
notion, the administration of radiolabeled HDL nanoparticles in a
mouse model of breast cancer resulted in accumulation in tumors
through uptake in tumor-associated macrophages (10).

We aimed to investigate this concept in patients and set out to
assess whether administered HDL nanoparticles accumulate in pri-
mary esophageal tumors. To this end, we labeled the HDL mimetic
CER-001 with 3°Zr (¥Zr-HDL) to allow for in vivo tracing using
serial PET/CT imaging (/). Furthermore, we explored whether
tumor uptake of radiolabeled HDL was associated with tumor
metabolism, as assessed with routine *F-FDG PET/CT; with tumor
diffusion and microcirculation perfusion, as assessed with diffu-
sion-weighted imaging/intravoxel incoherent motion imaging
(DWI/IVIM); and with tumor vascular permeability, as assessed
with dynamic contrast-enhanced MRI (DCE-MRI). Finally, we
investigated the presence of the HDL receptor SR-B1 and macro-
phages in tumor biopsies using immunofluorescence.

MATERIALS AND METHODS

Study Design

This study was a single-center prospective trial and was conducted
in accordance with the principles of the Declaration of Helsinki. The
protocol was approved by the local ethics committee, and all partici-
pants provided written informed consent. Patients with esophageal
cancer were included and visited the study center 3 times. All patients
received a single injection of ¥Zr-HDL (CER-001; 10 mg; 37 MBq)
and underwent serial PET/CT scanning at 1, 24, and 72 h after admin-
istration. In addition, all patients were scanned on a 3-T MRI scanner
during 1 of the study visits.

Study Population
Eligible patients were adults with a primary esophageal carcinoma in
situ before treatment, a histopathologically proven diagnosis, and a
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tumor staged as at least locally advanced T2 (according to the TNM
classification). Patients were recruited from the Gastro-Intestinal
Oncology Center Amsterdam, Amsterdam, The Netherlands.

89Zr-HDL and '®F-FDG PET/CT

897r-HDL was synthesized according to current good manufacturing
practice guidelines. The procedure for 3*Zr radiolabeling of CER-001
and the quality and stability tests were described previously (/7,12).
The specific activity was 3.7 MBq of ®Zr per mg of CER-001. Radio-
chemical purity was determined using size exclusion high-performance
liquid chromatography (100% * 0% [mean = SD]) and spin filters
(99.3% *= 0.4%). We demonstrated that covalent coupling of the
bifunctional chelator p-isothiocyanotobenzyl desferrioxamine to CER-
001 and subsequent labeling with zirconium did not affect its function-
ality in vitro and in vivo. Whole-body ¥Zr-HDL PET/CT scans were
acquired on a Siemens Biograph mCT Flow system (Siemens). A low-
dose CT scan was acquired with automatic modulation of current and
voltage (reference values: 120 kV, 50 mA, 128 X 0.6 collimation, and
0.9 pitch). PET imaging was performed with continuous bed motion at
1.1 mm/s (legs) and 0.7 mm/s (body) in the 3-dimensional acquisition
mode. CT data were used for PET attenuation correction, and PET data
were reconstructed with the TrueX algorithm (3-dimensional ordered-
subsets expectation maximization iterative reconstruction with time-of-
flight and point spread function compensation, 21 subsets, 2 iterations,
and a 5-mm gaussian postprocessing filter) in 4 X 4 X 5 mm® voxels.

BF_FDG PET/CT scans were acquired in accordance with the local
clinical protocol on the Siemens Biograph mCT Flow system. Patients
were instructed to drink 2 L of water and to not perform strenuous phys-
ical activities in the 24 h preceding the scan. Patients fasted for at least
6 h, except for glucose-free oral hydration before the intravenous
administration of '®F-FDG. Fasting capillary blood glucose concentra-
tions were measured with a blood glucose meter (StatStrip; Nova Bio-
medical Corp.) before '*F-FDG administration. Dosages of '8F-FDG
ranged from 180 to 400 MBq, depending on the body mass index. PET/
CT scanning was performed 60 min after the injection of '*F-FDG. A
diagnostic CT scan was acquired with automatic modulation of current
and voltage (reference values: 120 kV, 160 mA, 128 X 0.6 collimation,
and 0.9 pitch) after the intravenous administration of iodinated contrast
medium (100 mL of Ultravist 300; Bayer Healthcare Pharmaceuticals)
with a flow of 3 mL/s and a 65-s delay (portal phase). PET imaging was
performed with continuous bed motion at 1.5 mm/s in the 3-dimen-
sional acquisition mode. CT data were used for PET attenuation correc-
tion, and PET data were reconstructed with the TrueX algorithm
(3-dimensional ordered-subsets expectation maximization iterative re-
construction with time-of-flight and point spread function compensa-
tion, 21 subsets, 2 iterations, and a 5-mm gaussian postprocessing filter)
in4 X 4 X 5mm® voxels.

Image analysis was performed on a dedicated commercially avail-
able workstation (OsiriX [Pixmeo] and OLINDA/EXM [Hermes Medi-
cal Solutions]). Tumor uptake and organ uptake were assessed by
manually drawing regions of interest delineating the whole tumor or
organ (in all slices where visible) on the coregistered CT image. Blood-
pool activity was determined by drawing regions of interest in 5 contig-
uous axial slices in the lumen of the superior vena cava. The SUV .«
was calculated as the maximal pixel activity within each region of inter-
est. For tumors, the SUV ,c. Was calculated as the mean pixel activity
within a volume of interest (1 cm®) centered around the hottest pixel
value. The target—to—blood pool ratio was calculated by dividing the
SUV by the mean blood-pool activity. The internal radiation dosimetry
for the adult human was evaluated through the normalized cumulated
activities for each patient, provided as input to the OLINDA/EXM
code. Residence times were calculated for the liver, kidney, lungs,
spleen, and remainder of the body by entering the percentage of the
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TABLE 1
Baseline Characteristics of Included Patients

Patient Age (y) Sex Body mass index (kg/m?) Tumor type Tumor size (cm®) Tumor stage
1 7S] M 26.7 Adenocarcinoma 20.4 T2N1MO
2 62 M 31.4 Adenocarcinoma 71.2 T3N1MO
3 68 M 19.4 Adenocarcinoma 16.2 T3NOMO
4 67 M 24.7 Squamous cell 97.3 T2N1MO
5 57 M 24.4 Adenocarcinoma 49.0 T3N2M1
6 66 M 26.1 Adenocarcinoma 53.7 T3N2MO
7 82 M 28.1 Adenocarcinoma 52.8 T3N1MO
8 51 M 28.1 Squamous cell 19.2 T3N2MO
9 66 M 30.4 Adenocarcinoma 52.8 T3NOMO

Tumors were classified according to TNM staging system.

injected dose at each time point for each patient in OLINDA/EXM and
fitting these data using a monoexponential function.

3-T MRI Acquisition and Analysis

Patients were scanned on a 3-T MRI scanner (Philips Ingenia) with
an anterior 16-channel phased-array coil and a posterior 16-channel
phased-array coil. The maximum gradient strength of the scanner was
45 mT/m, and the maximum slew rate was 200 T/m/s. Three-dimen-
sional T1-weighted 3-point Dixon and multislice T2-weighted turbo
spin-echo images were obtained for reference.

DWI/IVIM. Axial diffusion-weighted 2-dimensional multislice sin-
gle-shot echoplanar imaging with selective partial inversion recovery
fat suppression was performed with the following acquisition settings:
repetition time/echo time = 4600/70, field of view = 350 X 160 mm,
resolution = 2.2 X 2.2 mm? (1.8 X 1.8 mm? reconstructed), number of
slices = 20, slice thickness = 4.5 mm (slice gap = 0.5 mm), SENSE
factor = 1.4, echoplanar imaging bandwidth = 16.5 Hz/voxel, and
b values = 0 (3 averages), 100 (6 averages), and 800 (10 averages)
s/mm?. Scans were respiration triggered by means of a liver—lung inter-
face navigator signal.

From the diffusion-weighted images, parameter maps were calcu-
lated for the diffusivity and perfusion fraction in MATLAB 2016a (The
MathWorks, Inc.) on the basis of in-house software (73, 14) adapted to
work for 3 b values. Diffusivity was calculated voxelwise by applying a
least-squares fit to the diffusion-weighted imaging data from the b val-
ues 100 and 800 s/mm?:

S(b)=80"x ¢7"*P, Eq. 1

where S(b) is the signal (S) at b value b and SO’ is the extrapolated
signal at b = 0 s/mm?® for monoexponential data. The difference
between the measured S (b = 0 s/mmz) and S0’, in turn, relates to
the perfusion fraction as:

50

S(b=0)"
Regions of interest were drawn on b = 800 s/mm? and propagated to
the parameter maps to assess parameter values inside the tumor regions.
DCE-MRI. For DCE-MRI, a highly accelerated golden-angle radial
stack-of-stars TFE sequence (/5) was performed continuously at a temp-
oral resolution of 8.7 s per time frame. Two minutes after the start of
the scan, a gadolinium-based contrast agent (Gadovist; Bayer) at a dose
of 0.1 mmol/kg of body weight was injected intravenously at 2 mL/s.

/=1 Eq. 2

1882

Other relevant scan parameters were repetition time/echo time = 7.5/3.4,
flip angle = 11°, and spatial resolution = 1 X 1 X 2 mm’.

The undersampled data were reconstructed in MATLAB 2016a
using compressed sensing (ref) with total variation regularization in
the time domain (lambda = 0.01) and 100 iterations. Frame-by-frame
tumor segmentation was performed on the dynamic data with Imagel
(National Institutes of Health). Signal intensity curves were obtained
from the time series, and the area under the curve (AUC) was calcu-
lated for the first 2 min after contrast injection as a semiquantitative
measure of tumor permeability.

Histology and Immunohistochemistry

Tumor biopsies were obtained during routine clinical workup before
the start of neoadjuvant treatment and cut into slices. All samples were
stained with hematoxylin and eosin for general morphology. For immu-
nohistochemistry, the slides were dewaxed to remove the paraffin. Anti-
gen retrieval was done using the LabVision PT module (ThermoFisher
Scientific) at pH 6.0 for 20 min at 98°C. Next, the slides were washed
with phosphate-buffered saline 3 times and blocked with Ultravision

72h

ih 24h

FIGURE 1. Maximum-intensity projections of serial ®9Zr-HDL PET
images from patient 1.
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24h

(71h 11 min = 2 h 6 min) after the injection
of Zr-HDL. 3Zr-HDL was well tolerated
during the study, and no adverse events
were reported.

Biodistribution and Radiation Dosimetry
of 89Zr-HDL

Serial PET/CT imaging was performed at
1, 24, and 72 h after the injection of 8Zr-
HDL. Visual inspection revealed a clear

72h radiotracer signal in the blood pool, liver,

B TR C o — I D B;E:E?LG{;:M *’BZZFLEﬁ ;:.h} sgpleen, and kidneys (Fig. .1). The uptake of
% . i 2 % 7 5 Zr-HDL was measured in selected source
20 § 8 /\ 20 35 T 58 = organs (Supplemental Fig. 1) (supplemental
o 18 % £ 5o HE L s A % materials are available at http:/jnm.
Bl o % 24 & 10 8 4+ , Ha . snmjournals.org). The blood-pool SUV ean
5 —& i 2 os & sk &, ' S was 11.0 = 1.7 at 1 h after administration
o — o 1 ——r— and decreased to 6.5 0.6 at 24h and 3.
SO0 “n s e MG 3+05 at 72 h (both Ps < 0.0001). The

FIGURE 2. PET/CT images from patient 6 with esophageal adenocarcinoma. (A and B) "®F-FDG
uptake was clearly increased in tumors. On administration of 8°Zr-HDL, signal intensity in esopha-
geal tumor increased over time, and focal uptake pattern was clearly visualized at 72 h. (C) Tumor
SUVs and target-to-blood pool ratios increased over time, indicating accumulation of 89Zr-HDL par-
ticles in tumors. (D) There was no association between '®F-FDG uptake and 39Zr-HDL uptake in
tumors. Ao = aorta, He = heart, Li = liver; TBR = target-to-blood pool ratio.

protein block (TA-125-PBQ; ThermoFisher Scientific) for 10 min at
room temperature. The slides were incubated with primary antibodies:
for SR-B1, NB400-101 (Novus Biologicals), and for CD68, clone
KP-1 (catalog number Ab955; Abcam). Subsequently, secondary anti-
bodies Alexa Fluor-488 (A21121; Invitrogen) and Alexa Fluor-568
(A11036; Invitrogen) were used. Cells were embedded using Prolon-
gold (P36935; ThermoFisher Scientific) containing 4,6-diamidino-2-
phenylindole. Imaging was performed on a Leica DMI6000 (SP8)
confocal microscope with a X63 objective. Pixels positive for either
SR-B1 or CD68 per tumor biopsy were normalized for nuclear content
using 4,6-diamidino-2-phenylindole to normalize the cellular biopsy
area using Fiji (ImageJ v2.1.0/1.53c). The percentage of colocalization
between SR-B1 and CD68 refers to the percentage of pixels from the
total number of pixels per image and was determined using the Fiji
Coloc 2 plugin.

Statistical Analysis

All data are presented as mean and SD. For the evaluation of ¥Zr-
HDL uptake over time, a repeated-measures 1-way ANOVA was per-
formed (significance level, o = 0.05). If significance was found, then
post hoc testing with Bonferroni adjustment was performed to assess
the difference in uptake compared with the first time point. The correla-
tions of *°Zr-HDL uptake, MRI parameters, and immunohistochemistry
data were tested using Pearson correlation coefficients. Statistical anal-
yses were performed using SPSS Statistics package version 26 (IBM).

RESULTS

We recruited 9 male patients with a mean age of 66+ 9 y;
7 (78%) of them were recently diagnosed with adenocarcinoma
and 2 (22%) had squamous cell carcinoma of the esophagus. Base-
line characteristics are listed in Table 1. All patients received an
injection of 10 mg of 8°Zr-HDL (mean, 39.2 = 1.2 MBq) and
underwent serial PET/CT and 3-T MRI scanning before starting
chemoradiation therapy. PET/CT scanning was performed at 1 h
(1h 3min*= 0h 7min), 24h (24h 41 min = 0h 28 min), and 72h

HDL PET IMAGING IN ESOPHAGEAL CANCER ¢

liver SUV jcan Was 4.1 20.6 at 1 h and
remained constant over time, whereas the
spleen signal decreased slightly from 4.
1+03 to 34*=0.3 and 3.1 = 0.4 after 24
and 72 h, respectively (P < 0.001). The kid-
ney SUVpe., markedly increased from 4.
1£0.9 to 9.3 = 1.4 after 24 h and remained
elevated at 72 h (P < 0.0001), confirming
that the kidneys were the major site of catabolism of HDL. Organ
dosimetry data and residence times are listed in Supplemental
Table 1. The organs with the highest absorbed dose were the stom-
ach (0.086 = 0.013 mSv/MBq), lungs (0.070 * 0.008 mSv/MBq),
and liver (0.053 £ 0.010 mSv/MBq).

PET/CT Imaging of Esophageal Tumors

We used clinical '®F-FDG PET/CT scans to assist in delineating
the esophageal tumors; intense BE_FDG uptake was demonstrated,
as expected (Figs. 2A and 2B). On colocalized 3°Zr-HDL PET/CT
scans, focal uptake patterns in the esophageal tumors could clearly
be observed from 24 h onward (Fig. 2A). Given the relatively small
size of the esophageal tumors (mean, 48.0 * 26.6 cm®) and the focal
uptake patterns, tumor uptake of 3°Zr-HDL was reported using the
SUVeax for more robust quantification than the SUV .. Tumor
uptake of 3°Zr-HDL was significantly higher for all tumors at 24
and 72 h than at 1 h after injection (for SUV .y, 6.1 £ 1.4and 9.2 =
4.2 at 1 and 24 h, respectively [P = 0.036], and 10.2 = 3.4 at 72h
[P = 0.023]; for SUVpeu, 3.5+ 1.1 and 5.5+ 2.1 at 1 and 24 h,
respectively [P = 0.016], and 5.7+ 1.4 at 72 h [P = 0.001])
(Fig. 2C). When corrected for the blood pool, the tumor target—to—
blood pool ratio increased significantly over time (peak tumor—to—
blood pool ratio, 0.3 = 0.1 and 0.9 = 0.3 at 1 and 24 h, respectively [P
< 0.001],and 1.8 = 0.5at 72 h [P < 0.001]). There was no association
between tumor uptake values for '*F-FDG and ¥°Zr-HDL (Fig. 2D).

DWI/IVIM and DCE-MRI of Esophageal Tumors

To explore whether characteristics of the tumor microenviron-
ment affect the ability of HDL nanoparticles to penetrate tumors,
all patients underwent DWI/IVIM and DCE-MRI scanning. We
localized the tumors using T2-weighted turbo spin-echo images
(Fig. 3A). DWI/IVIM images were acquired, and parameter maps
of diffusivity and perfusion fraction were generated (Fig. 3B). The
mean values for diffusivity and perfusion fraction of the tumors
were not associated with tumor uptake of 3°Zr-HDL (Fig. 3C).
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cancer. After the administration of 3°Zr-
HDL, serial PET/CT demonstrated the ac-
cumulation of HDL nanoparticles in the
esophageal tumors over time. Tumor uptake
could be quantified in all patients, and no
adverse events occurred. These findings her-
ald the clinical utility of HDL-based nano-
medicine to target esophageal tumors for
the delivery of anticancer drugs.

In this proof-of-concept study, we ap-
plied ¥Zr labeling to the HDL mimetic
CER-001, which consists of recombinant

EB?‘"E;‘['“;:‘; apolipoprotein A-I and phospholipids. Our

. rHOL (72 ) data indicated relatively low uptake in the

. liver and spleen, whereas the radiotracer
g ® .,: signal increased in the kidneys over time.

30 o This finding is in line with the known renal
é 4 :' catabolism of apolipoprotein A-I (/6). Im-
& 2 —_— portantly, focal accumulation patterns of

00 01 02 03 04
r

DCE-MRI vs.
897c-HDL (72 h)
10

897r-HDL were observed in all esophageal
tumors after 24 and 72 h. These data high-
light the translational potential of HDL
nanoparticles as a tool for altering the bio-
distribution of drugs of interest, to achieve
higher intratumor concentrations, and to
avoid systemic toxicity. This concept is sup-

:>;§ : ,: ported by previous experimental studies in
& HH‘“‘:H cardiovascular disease, which established
% “a° . that HDL nanoparticles effectively delivered
£ 2 P05z their drug payload to atherosclerotic plaques

(17,18).
The extravasation of nanoparticles to tu-

AUC (AU)

FIGURE 3. DWI/IVIM and DCE-MRI scanning of patient 7. (A) (Left) T2-weighted (T2w) turbo spin-
echo images were obtained to localize tumors. Yellow arrow indicates tumor. (Right) Corresponding
89Zr-HDL PET/CT at 72 h, with focal uptake in tumor delineated with white line, as well as intravas-
cular signal from adjacent pulmonary vein (PV). (B) DWI/IVIM images were acquired to generate dif-
fusivity (D) and perfusion fraction (f) maps. (C) Mean D and f values calculated from parameter maps
were not associated with tumor uptake of 5°Zr-HDL. (D) Quantitative AUC maps resulting from DCE-
MRI time series. (E) Mean AUC values were not associated with tumor uptake of 89Zr-HDL. AU =

arbitrary units.

DCE-MRI time series were obtained, and quantitative pixelwise
AUC maps were calculated from the first 2 min after the injection
of a gadolinium-based contrast agent (Fig. 3D). The mean AUC
values of the tumors, as a measure of permeability, were not asso-
ciated with tumor uptake of 3°Zr-HDL (Fig. 3E).

HDL Receptor Expression in Tumor Biopsies

Histologic analysis of tumor biopsies from all patients was per-
formed to assess general morphology (Fig. 4A), the expression of
the HDL receptor SR-B1, and the presence of macrophage marker
CD68 (Fig. 4B). We established and quantified the presence of SR-
Bl-positive cells and macrophages by CD68 expression (Fig. 4C)
as well as cells with double positivity for these markers (Fig. 4D).
There was no relationship between semiquantitative measures of
SR-B1 and CD68 expression and tumor uptake of 3°Zr-HDL (Sup-
plemental Fig. 2).

DISCUSSION

To our knowledge, this is the first report of the uptake of HDL
nanoparticles in tumors of patients with primary esophageal

1884

mors is traditionally considered to depend on
passive accumulation via the enhanced per-
meability and retention (EPR) effect (79).
This phenomenon dictates that drug penetra-
tion in tumors is dependent on features of
the tumor microenvironment, including the
degree of cellularity and composition of the
extracellular matrix, as well as vascular per-
meability. Nevertheless, we found that tumor
uptake of 3°Zr-HDL was not associated with imaging measures of
tumor diffusivity (DWI/IVIM), tumor perfusion (DWI/IVIM), or vas-
cular permeability (DCE-MRI). These findings suggest the contribu-
tion of a specific mechanism mediating the accumulation of HDL
nanoparticles in esophageal cancer, rather than dependence on only
passive vascular leakage.

We substantiated the presence of the HDL receptor SR-B1 in
tumor biopsies from the studied patients—which could facilitate a
specific mechanism for the accumulation of HDL. Enhanced
expression of SR-B1 has been suggested to be a mechanism for
tumor cells to satisfy their increased demand for cholesterol to
allow for proliferation and increased metabolic cellular processes
(20). The level of SR-B1 expression in human breast and prostate
cancers is associated with tumor aggressiveness and adverse prog-
nosis (21,22), and a variety of malignant cell lines overexpress
SR-B1 (20). Yet, we did not find an association between tumor
uptake of #Zr-HDL and tumor glycolytic activity (related to cellu-
lar proliferation), as measured with '*F-FDG PET/CT. Prior stud-
ies using murine breast cancer models suggested that injected
HDL nanoparticles are preferentially taken up by tumor-associated
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FIGURE 4. HDL receptor expression and macrophage presence in tumor biopsies, as shown by
histology and immunofluorescence (IF) of tumor biopsies before chemoradiation therapy, in patient
3. (A and B) Hematoxylin and eosin (H&E) staining (A) with corresponding confocal microscopy
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macrophages (/0,23), which may also express SR-B1 or other
scavenger receptors for HDL. However, we found that the colocal-
ization of SR-B1 with CD68 was limited, suggesting that cells
other than macrophages could be responsible for most uptake of
HDL particles. Additional studies are needed to assess the cellular
distribution of administered HDL particles in patients with esopha-
geal cancer, as well as the cellular mechanisms involved. Collec-
tively, 8°Zr-HDL PET/CT has the potential to serve as a specific
imaging biomarker for predicting the efficacy of HDL-mediated
drug delivery (24).

To our knowledge, this is the first report of the radiation dosim-
etry of 3°Zr-HDL. The effective dose of ¥Zr-HDL (0.523 mSv/
MBq) clearly exceeds that of the conventional diagnostic tracer
8E.-FDG (0.019 mSv/MBq) (25), although it is comparable to
those of other 3°Zr-immuno-PET tracers (26). Although this dose
may limit repetitive use, given the poor survival rate of patients
with esophageal cancer, the risks of radiation may be acceptable
when weighed against any potential future improvement in clinical
treatment provided by this imaging modality.

We acknowledge several limitations of the present study. The
sample size was small for a pilot study and carries the risk of a
false-negative finding in our correlation testing of imaging modali-
ties. The spatial heterogeneity of the tumors may have obscured
MRI parameters that were calculated by averaging measurements
in a region of interest. Finally, biopsies of tumors may not ade-
quately reflect the tissue distribution of the tumors.

CONCLUSION

897r labeling of HDL nanoparticles allowed for in vivo tracing
using PET/CT in patients with esophageal cancer. The administra-
tion of 8°Zr-HDL was safe, and the effective dose was in the range
of those of other 8°Zr tracers. Focal uptake patterns were observed
within the esophageal tumors. Further studies are now needed to
gain insight into the mechanisms of HDL accumulation in tumors

HDL PET IMAGING IN EsoPHAGEAL CANCER

tance.

KEY POINTS

QUESTION: Do intravenously administered HDL nanoparticles
accumulate in tumors in patients with primary esophageal cancer?

PERTINENT FINDINGS: This prospective imaging study used
89Zr labeling of HDL nanoparticles to demonstrate accumulation in
tumors of patients with esophageal cancer after intravenous
administration (SUVpea: 3.5+ 1.1,55+2.1,and 5.7 1.4 at 1,
24, and 72 h, respectively). Tumor uptake of 8Zr-HDL was not
associated with measures from '®F-FDG PET/CT, DWI/IVIM, and
DCE-MRI, suggesting that a specific mechanism mediated the
accumulation of #Zr-HDL; analysis of tumor biopsies showed the
presence of SR-B1-positive cells and macrophages, indicating a
potential mechanism of action.

IMPLICATIONS FOR PATIENT CARE: HDL nanoparticles have
the potential to serve as a delivery system for anticancer drugs in
esophageal cancer.
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5F_FDG PET/CT Staging of Head and Neck Cancer:
Interobserver Agreement and Accuracy—Results from
Multicenter ACRIN 6685 Clinical Trial
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To our knowledge, no prior multicenter clinical trial has reported inter-
observer agreement of '8F-FDG PET/CT scans for staging of clinical
NO neck in head and neck cancer. Methods: A total of 287 participants
were recruited. For visual analysis, positive nodal uptake of 8F-FDG
was defined as uptake visually greater than activity seen in the blood
pool. Results: The negative predictive value of the '®F-FDG PET/CT
for NO clinical neck was 86% or above for visual assessment
(95% Cl, 86%-88%) for the 2 central readers and above 90% (95% Cl,
90%-95%) for SUVnax for central reads and site reads dichotomized at
the optimal cutoff value of 1.8 and the prespecified cutoff value of 3.5,
respectively. The k coefficients between the 2 expert readers and
between central reads and site reads varied between 0.53 and 0.78.
Conclusion: The NPV of the '8F-FDG PET/CT for NO clinical neck was
86% or above for visual assessment and above 90% for SUV o« cut
points of 1.8 and 3.5 with moderate to substantial agreements.

Key Words: oncology: head and neck; FDG PET/CT; head and neck
cancer; staging

J Nucl Med 2022; 63:1887-1890
DOI: 10.2967/jnumed.122.263902

PET/CT with '8F-FDG is commonly used in clinical practice for
management of head and neck squamous cell carcinoma patients
including for staging, treatment assessment, and detecting recurrence
and metastases (/—35). We previously reported on the primary results
of ACRIN 6685 trial (ClinicalTrials.gov identifier: NCT00983697)
(5,6). No prior multicenter study reported interobserver agreement
for staging clinical NO neck in head and neck cancer. In this post hoc
analysis study, we report on the interobserver agreement among the
readers interpreting the 8F-FDG PET/CT studies and their accuracy.

MATERIALS AND METHODS

Patient Population
As previously described, a total of 287 participants were recruited
(Fig. 1) (5). A clinically NO neck was defined as being free of palpable
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lymph nodes and with neck CT or MRI neck lymph node sizes of less
than 1 and 1.5cm for jugular digastric nodes (Ila), spinal accessory
nodes (1Ib), or submental-submandibular nodes (Ia and Ib) or showing
a lack of central lymph node necrosis in nodes of any size (5).

Imaging Procedure and Interpretation

Imaging procedures and interpretation methods were previously
described (5). PET/CT images were read at each study site by the report-
ing physician (i.e., site reads) and images were presented to a core
reading panel of board-certified nuclear medicine or nuclear radiology
certified physicians. There were 2 central readers: reader 1 and reader 2
(expert head and neck readers) who interpreted most of the PET/CT
scans for the study. In addition, reader 3 and reader 4 (general readers)
were used because central readers 1 and 2 were excluded from reading
scans from their respective institutions and when adjudication was
needed. A SUV,,,x Was required for the hottest lymph node for each
nodal basin recorded as indeterminate, probably malignant, or defi-
nitely malignant. The SUV,,,, calculation was performed using com-
mercial software (version 5.2; MIM Software). For visual analysis,
positive nodal uptake of '®F-FDG was defined as uptake visually
greater than background and more than that activity seen in the blood
pool (Fig. 2).

Statistical Analysis

The neck-level visual assessment '8F-FDG PET/CT scan result for
each central reader, for the sites and for the central adjudicated read,
was compared with the neck-level pathology result. The sensitivity, spe-
cificity, positive predictive value (PPV), and negative predictive value
(NPV) were calculated. Similar analyses were performed to compare
the nodal basin SUV ., result (dichotomized at the optimal cutoff value
of 1.8 () and the prespecified cutoff value of 3.5) with the nodal-level
pathology. Cohen’s k statistic was used to assess the agreement between
the 2 expert readers (central readers 1 and 2) and the central reads and
site reads. Because of data sparsity, agreement assessment for the 2 gen-
eral readers (central readers 3 and 4) was not reported.

For all analyses, 95% Cls were calculated using the 2.5 and 97.5 per-
centiles of the multilevel bootstrap based on 10,000 resampled datasets
(5). Analyses were performed using SAS software (version 9.4; SAS
Institute) and R (version 4.0.4; R Foundation for Statistical Computing).

RESULTS

Patient Demographics
Patient characteristics are included in Supplemental Table 1
(supplemental materials are available at http://jnm.snmjournals.org),
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Enrolled
N = 287 participants

analyzed a total of 2,385 neck nodes. The
sensitivity, specificity, PPV, and NPV of

Ineligible
N = 40 participants

No surgery planned on cNO
neck (N = 18)

N = 247 participants

Cancer stage criteria not met
(N=15)

No CT or MRI performed
prior to enrollment (N = 5)
No histologic confirmation of
HNSCC (N = 2)

Central "8F-FDG PET/CT
scan review not performed
N = 6 participants

Central '®F-FDG PET/CT
scan review performed
N = 241 participants
N = 442 neck sides

—

8F-FDG PET/CT scan not
performed (N = 5)

8F-FDG PET/CT images not
submitted (N = 1)

No surgery planned on
cNO neck
N = 0 participants
N =131 neck sides

SUVax for the 2 expert readers and cen-
tral adjudicated read are summarized in
Table 2 for cut points 1.8 and 3.5. The k
statistics for measuring the agreement be-
tween the site SUV,,.x and the combined
central SUV,,,, were 0.447 (95% CI:
0.363, 0.527) and 0.525 (95% CI: 0.382,
0.649), respectively, for SUV .« cut points
of 1.8 and SUV .« 3.5. The k coefficients
for measuring the agreement between reader
1 and the combined central SUV ., were
0.818 (95% CI: 0.758, 0.870) and 0.751
(95% CI. 0.642, 0.839), respectively, for
SUVnax cut points of 1.8 and SUV ., 3.5.
The « coefficients for measuring the agree-
ment between reader 2 and the combined
central SUV,,,, were 0.712 (95% CL
0.640, 0.777) and 0.839 (95% CI: 0.741,

cNO necks with surgery
planned
N = 241 participants
N =311 neck sides

0.915), respectively, for SUV .« cut points
1.8 and 3.5.

I

¥ DISCUSSION

Positive ®F-FDG PET/CT scan

Negative '8F-FDG PET/CT scan

N =129 participants
N =141 neck sides

N = 135 participants
N =170 neck sides

No reference
standard
N =14 participants
N =19 neck sides

No reference

d
N = 24 participants |

N =28 neck sides

Reference standard
N =115 participants
N =122 neck sides

—

Reference standard
N =111 participants
N =142 neck sides

—

Positive reference
standard

N = 52 participants

N = 54 neck sides

Negative reference
standard

N = 65 participants

N =68 neck sides

Positive reference
standard

N = 18 participants

N =19 neck sides

Negative reference
standard

N =98 participants

N =123 neck sides

The NPV of the '8F-FDG PET/CT for
NO clinical neck was 86% or above for
visual assessment (95% CI, 86%—88%)
for 2 expert central readers, and above 90%
(95% CI, 90%—95%) for SUV ;. cut points
of 1.8 and 3.5 for the 2 expert readers and
site reads. There was moderate to substantial
agreement between readers. Increasing evi-
dence supports the higher NPV of PET/CT
to exclude nodal metastasis (3,7-9). In this
study, we have provided evidence that mul-
tiple readers can achieve high NPV by

visual assessment as well as by SUV .

FIGURE 1. STARD flow diagram.

which include data on enrolled patients and those who were included
in this post hoc analyses.

Visual Assessment

There were 4 central readers: reader 1 and reader 2 (expert head
and neck readers), and reader 3 and reader 4 (general readers).
Readers 1, 2, 3, and 4 interpreted a total of 286, 273, 34, and 26
sides of necks, respectively. The site readers interpreted a total of
296 sides of neck. The sensitivity, specificity, PPV, and NPV of
the visual assessment for the 2 expert central readers, the site
reads, and the central adjudicated read are summarized in Table 1.
The k coefficients comparing reader 1 and reader 2, reader 1 and
the central adjudicated read, reader 2 and the central adjudicated
read, and the site reads and the central adjudicated read were
0.549 (95% CI: 0.431, 0.660), 0.756 (95% CI: 0.664, 0.837),
0.781 (95% CI: 0.696, 0.856), and 0.531 (95% CI: 0.421, 0.633),
respectively.

SUV,,,ax Reads
Readers 1, 2, 3, and 4 analyzed a total of 2,272, 2,171, 270, and
208 neck nodes measuring SUV ., respectively. The site readers

analysis. This result has significant implica-

tions, especially managing the contralateral
neck, as single-center studies have now reported on the outcome
of patients managed with observation of PET-directed (negative)
contralateral neck (/0,11).

The interreader reliability varied between moderate and substan-
tial agreement in this study. Using the ACRIN 6685 standardized
interpretation algorithm (visual assessment) may improve the reli-
ability of interpretation more than subjective individual reader
interpretation. It is important to note that there was moderate agree-
ment between site readers and central readers, without any training
for the site readers, which simulates day-to-day clinical practice.
To our knowledge, there is no other baseline interpretation schema
for neck nodal assessment using '*F-FDG PET/CT scans that has
undergone interreader reliability assessment at a multicenter level.
The standardized qualitative criteria (/2), such as Hopkins criteria
(2), NI-RADS (/3), Deauville (1/4), and Porceddu (/5), are for post-
therapy settings. The interreader reliability for SUV,,, readings
between central and site readers appears lower than previously
reported in single-center studies for interreader and intrareader
agreements (16,17), which is likely due to statistical reporting as a
dichotomous (based on SUV ., cut points of 1.8 and 3.5) measure
than a continuous measure.
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FIGURE 2. ACRIN 6685 visual analysis: positive and negative neck
nodes. (A and C) Negative '®F-FDG PET and '®F-FDG PET/CT findings for
neck nodes, with visual analysis demonstrating 8F_FDG uptake in left
level IIA lymph nodes equal to or less than '®F-FDG uptake in adjacent
blood vessels. SUVmax Was 1.1. (B and D) Positive '®F-FDG PET and 'éF-
FDG PET/CT findings for neck nodes, with visual analysis demonstrating
"8F_FDG uptake in right level IA lymph node greater than '®F-FDG uptake
in adjacent blood vessels. SUV o« Was 3.4.

One of the limitations of the ACRIN 6685 reads was that no
detailed neck nodal level visual interpretation was performed though
SUV hax analysis was done. As the visual interpretation was recorded
as side of the neck positive or negative for nodal metastasis, a global
assessment was obtained. Another limitation for the SUV,,,, inter-
reader agreement is readers may have recorded SUV y,, of different
lymph nodes at the same neck nodal level, which each reader consid-
ered positive and led to lower interreader agreement for SUV ..
than observed in single-center studies.

CONCLUSION

The NPV of the '®F-FDG PET/CT for NO clinical neck was
86% or above for visual assessment (95% CI, 86%—-88%) and

above 90% (95% CI, 90%-95%) for SUV ..« cut points of 1.8 and
3.5. There is moderate to substantial agreement between central
readers, between site reads and central adjudicated read, and cen-
tral readers and central adjudicated read.
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KEY POINTS

QUESTION: What is the NPV and reader reliability of '®F-FDG
PET/CT for staging head and neck cancer with clinical NO neck in
a multicenter trial?

PERTINENT FINDINGS: The NPV of the "®F-FDG PET/CT for NO
clinical neck was 86% or above for visual assessment (95% ClI,
86%-88%) and above 90% (95% CI, 90%-95%) for SUV ax cut
points of 1.8 and 3.5 for the 2 expert readers and site reads, with
moderate to substantial agreement between all readers.

IMPLICATIONS FOR PATIENT CARE: '®F-FDG PET/CT has
very high NPV for staging clinical NO neck and has moderate to
substantial interreader reliability, especially between site and
central readers, which is important for day-to-day clinical
practice.
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TABLE 1
Diagnostic Test Statistics for Visual Assessment '8F-FDG PET/CT Scan Versus Pathology
Reader Sensitivity Specificity PPV NPV
Expert H&N reader 1 0.791 (0.677, 0.896) 0.584 (0.500, 0.665) 0.417 (0.325, 0.512) 0.881 (0.811, 0.942)
Expert H&N reader 2 0.683 (0.547, 0.810) 0.724 (0.646, 0.797) 0.466 (0.352, 0.583) 0.866 (0.801, 0.925)
Central adjudicated read 0.740 (0.629, 0.845) 0.644 (0.567, 0.716) 0.443 (0.349, 0.538) 0.866 (0.800, 0.924)
Site read 0.700 (0.581, 0.817) 0.699 (0.622, 0.774) 0.471 (0.370, 0.580) 0.859 (0.792, 0.917)

H&N = head and neck.
Data in parentheses are 95% Cls.
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TABLE 2
Diagnostic Test Statistics for the Dichotomized SUV,ox Result Versus Pathology

1890

3.5 cutoff value for SUVmax

1.8 cutoff value for SUV max

Sensitivity Specificity PPV NPV Sensitivity Specificity PPV NPV

Reader

0.944
(0.919, 0.965)

0.412
(0.231, 0.611)

0.965

(0.942, 0.982)

0.300
(0.155, 0.459)

0.954
(0.931, 0.972)

0.268
(0.167, 0.381)

0.471 0.894
(0.862, 0.923)

(0.327, 0.623)

Expert H&N

scan

reader 1
Expert H&N

0.937
(0.911, 0.961)

0.306
(0.116, 0.517)

0.967
(0.947, 0.983)

0.183
(0.062, 0.330)

0.938
(0.910, 0.962)

0.167
(0.070, 0.281)

0.900

(0.868, 0.929)

0.250
(0.109, 0.419)

scan

reader 2

0.939
(0.915, 0.961)

0.851 0.225 0.953 0.267 0.970 0.435
(0.142, 0.315) (0.930, 0.972) (0.135, 0.412) (0.952, 0.986) (0.243, 0.634)

(0.814, 0.884)

0.507
(0.356, 0.652)

Combined

central

SUV nax
Site read

0.937
(0.912, 0.959)

0.442
(0.235, 0.658)

0.972
(0.955, 0.987)

0.250
(0.119, 0.395)

0.945
(0.920, 0.966)

0.263

(0.154, 0.383)

0.903
(0.874, 0.930)

0.395
(0.250, 0.548)

H&N = head and neck.

Data in parentheses are 95% Cls.
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The safety and efficacy of '®®Ho radioembolization was first deter-
mined in the HEPAR and HEPAR |l studies, which, however, excluded
patients with hepatocellular carcinoma (HCC). The aim of this prospec-
tive clinical early phase Il study was to establish the toxicity profile of
188Ho radioembolization in patients with measurable, liver-dominant
HCC; Barcelona clinic liver cancer stage B or C; a Child-Pugh score of
no more than B7; and an Eastern Cooperative Oncology Group perfor-
mance status of 0-1 without curative treatment options. Methods: The
primary endpoint was a rate of unacceptable toxicity defined as grade
3 hyperbilirubinemia (Common Terminology Cancer Adverse Events,
version 4.03) in combination with a low albumin or ascites level in the
absence of disease progression or treatment-related serious adverse
events. Secondary endpoints included overall toxicity, response, sur-
vival, change in a-fetoprotein, and quality of life. Thirty-one patients
with Barcelona clinic liver cancer stage B (71%) or C (29%) HCC were
included, mostly multifocal (87%) or bilobar (55%) disease. Results:
Common grade 1 or 2 clinical toxicity included fatigue (71%), back
pain (55%), ascites (32%), dyspnea (23%), nausea (23%), and abdom-
inal pain (23%), with no more than 10% grade 3-5 toxicity. Grade 3
laboratory toxicity (>10%) included an aspartate transaminase and
v-glutamyltransferase increase (16%), hyperglycemia (19%), and lym-
phopenia (29%). Treatment-related unacceptable toxicity occurred in
3 of 31 patients. At 3 mo, 54% of target lesions showed a complete or
partial response according to modified RECIST. Median overall sur-
vival was 14.9 mo (95% ClI, 10.4-24.9 mo). No significant changes in
quality of life or pain were observed. Conclusion: The safety of '®*Ho
radioembolization was confirmed in HCC, with less than 10% unac-
ceptable toxicity. Efficacy data support further evaluation.

Key Words: hepatocellular carcinoma; radioembolization; holmium;
oncology; locoregional treatment
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The treatment landscape for patients with hepatocellular carci-
noma (HCC) consists of transplantation, resection, locoregional
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treatment options (including ablation, transarterial chemoemboli-
zation, and radioembolization), and systemic treatment options
(targeted therapy and immunotherapy) (/—3). Despite therapeutic
advances, prognosis remains poor. Only a minority of patients is
eligible for curative treatment (e.g., transplantation, resection, and
in some cases ablation). °°Y radioembolization is often used in
selected patients with HCC without curative treatment options (4).

Microspheres loaded with '°*Ho have been commercially available
since 2015 (QuiremScout and QuiremSpheres; Quirem Medical B.V.).
166Ho is a high-energy B-emitting isotope with a maximum energy of
1.85 MeV (50.0%) and 1.77 MeV (48.7%), comparable to the
2.28 MeV for *°Y but with a half-life of 26.8 h, which is approximately
half that of *°Y (i.e., 64 h). The main advantage over *°Y is the abun-
dance of y-photons (81 keV, 6.7%) that can be used for SPECT/CT
imaging (5). Furthermore, because the lanthanide '*Ho has paramag-
netic properties, MRI can also be used to image the distribution in the
liver and quantify the absorbed dose in the tumors (6). These unique
characteristics improve pre- and posttherapeutic imaging options,
enabling dosimetry-based individualized treatment planning. The
mean diameter of '**Ho-microspheres is 30 wm, with a range of 15—
60 wm, comparable to both types of *°Y-microspheres. The density of
166Ho-microspheres is 1.4 g/em®, which is comparable to the density
of resin °*Y-microspheres but lower than glass °*Y-microspheres.

The safety and efficacy of '®*Ho radioembolization was first de-
termined in the HEPAR and HEPAR II studies in patients with liver
metastases of different types of cancer origin, excluding HCC (7,8).
The aim of this clinical early phase II study was to establish the
safety and toxicity profile of '°Ho radioembolization in patients
with HCC.

MATERIALS AND METHODS

Study Population and Design

The HEPAR Primary study (NCT03379844) was a multicenter inter-
ventional, nonrandomized, noncomparative open-label early phase II
study in patients with Barcelona clinic liver cancer (BCLC) stage B or
C HCC, treated between January 28, 2018, and February 18, 2020. The
study protocol was approved by the independent Medical Ethics Com-
mittee and was performed in accordance with good clinical practice and
the declaration of Helsinki. All participants provided written informed
consent.

The main inclusion and exclusion criteria were an age of at least 18 y
with a life expectancy of at least 6 mo, a diagnosis of HCC according to
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the criteria of the American Association for the Study of Liver Disease
(9), a measurable lesion based on RECIST (RECIST 1.1 and mRE-
CIST), liver-dominant disease (a maximum of 5 lung nodules, all
= 1.0 cm, and mesenteric or portal lymph nodes, all = 2.0 cm), no cura-
tive treatment options, a Child—Pugh score of B7 or less, an Eastern
Cooperative Oncology Group (ECOG) performance status of 0 or 1, no
prior radioembolization, and no main-branch portal vein thrombosis.

Study Procedures

All patients were discussed by a multidisciplinary oncology board.
Screening consisted of laboratory and physical examination, contrast-
enhanced liver CT, liver MRI, hepatobiliary scintigraphy, and endos-
copy of the upper gastrointestinal tract.

Patients received ondansetron, 8 mg, and dexamethasone, 10 mg,
intravenously 1 h before angiography. Ursodeoxycholic acid, 300 mg
twice daily, was given for 2 mo; prednisolone was given at a dose of
10 mg daily for the first month and 5 mg daily for the subsequent
month (2 mo total), to reduce the chance of radioembolization-induced
liver disease; and pantoprazole, 40 mg daily, was given for 6 wk (/0).

A sheath was placed in the common femoral or radial artery, and a
microcatheter was placed in the tumor-feeding artery or arteries. C-arm
CT was performed at each intended target position. Then, a scout dose
of '®Ho-microspheres was administered for treatment simulation
(QuiremScout, 250 MBq, ~3 million microspheres). The sheath stayed
in situ during SPECT/CT imaging. Patients received treatment via a
microcatheter at exactly the same position during a second angiography
the same day.

The intended average absorbed dose in the perfused volume was
60 Gy: A (MBq) = 3.781 X W (g), where 4 is the prescribed activity in
megabecquerels and W is the target liver mass in grams (1 mL = 1.04 g)
(7,8). Approximately 24 h after treatment, MRI was performed and the
patients were discharged. Three to 5 d after treatment, the patients came
back for posttreatment SPECT/CT. This scan was delayed to prevent
detector dead time caused by the abundance of 'y-photons (5).

Posttreatment follow-up at 3 and 6 wk and at 3 and 6 mo included
blood and physical examinations, questionnaires, hepatobiliary scintig-
raphy (at 3 mo), and MRI (at 3 and 6 mo) (Supplemental Table 1; sup-
plemental materials are available at http://jnm.snmjournals.org).
Adverse events were assessed according to the Common Terminology
Criteria for Adverse Events (CTCAE), version 4.03. Furthermore, dur-
ing screening, shortly after treatment, and during follow-up, the core
30 and HCC 18-question module quality-of-life questionnaires of the
European Organization for Research and Treatment of Cancer were
used, as well as the brief pain inventory (short form).

Two independent radiologists who were not involved in the study
proceedings performed masked random response assessment. In cases
of discordance, a third radiologist was consulted to determine the final
response category.

Quarterly interim safety analyses were presented to an independent
data safety monitoring board.

Endpoints

The primary endpoint was the rate of unacceptable toxicity using
CTCAE methodology, which was defined as grade 3 hyperbilirubine-
mia in combination with ascites and low albumin in the absence of
disease progression (i.e., radioembolization-induced liver disease) or
any serious adverse event or serious device defect possibly, probably,
or causally related to treatment. Secondary endpoints included treat-
ment efficacy, liver function, and quality of life. Dosimetric evaluation
of pre- and posttreatment imaging fell outside the scope of this study.

Statistical Analysis
As a null hypothesis, it was assumed that the probability of unac-
ceptable toxicity was 10% and that the alternative was a probability of
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unacceptable toxicity of 25%. Unacceptable toxicity of 10% or less was
considered acceptable and 25% or more was not. Consequently, a sam-
ple size of 30 patients was deemed appropriate. Statistical power (85%)
quantified the probability of stopping the study early if toxicity was
unacceptably high (type II error, 15%), which was arguably equally as
important as wrongly stopping the study in the absence of true high tox-
icity (type I error, 15%), in line with previous reports (7,8).

The results shown are based on the per-protocol set, comprising
patients who received both scout and therapeutic '*®Ho-microspheres.
Overall survival was calculated from the date of treatment until the
date of death by any cause or the end of registration (January 1, 2022).
Kaplan—Meier curves and log-rank tests were used to evaluate overall
survival. Responders (complete or partial response) and nonresponders
(progressive or stable disease) were compared using landmark analysis
with first and second response assessment. Variables with a 2-sided
P value of less than 0.05 were deemed significant. Statistical analyses
were performed using RStudio, version 1.2.5019.

RESULTS

From December 15, 2017, until January 22, 2020, 41 patients
were included in the study. Eight patients failed screening because
of main-branch portal vein thrombosis (z = 2), rapid tumor pro-
gression (n = 2), alternative treatment (n = 1), dismal liver func-
tion (n = 1), low glomerular filtration rate (n = 1), or worsened
ECOG performance status (» = 1). Two additional patients discon-
tinued the study because of a significant lung shunt or because they
chose an alternative treatment. In total, 31 patients were treated
with a scout and therapeutic dose of '°*Ho-microspheres (Fig. 1).

Baseline patient characteristics are given in Table 1. No cases with
cavernous transformation were present. One patient previously under-
went hemihepatectomy (right) followed by radiofrequency ablation
of segments 2 and 3. One patient underwent resection of segments 6
and 7 and then underwent hemihepatectomy (right) followed by
microwave ablation of segment 4, transarterial chemoembolization,

Mo consent (i =2}
hain-branch portal vein thrombosis (n=4)
Liver function too low {n =1}
Possible curative treatment option (n=1)
Savere contrast allargy (n=1)
Tumors toa small {im=2)
Technical difficulies (n=1)

HCC cannot be confimned {n=2)
Extrahepatic disease (n=2)
Mental retardation (n=1}

58 patients identified

41 patients enrolled —

Main-branch porial vein thrombasis (n= 2)
Fapid Wwmor pragressian (n = 2)
Altermative treatmant option (n = 1)
Dismal liver functian (n=1)

Low glamerular filtration rate {(n=1)
Weorsened ECOG performance status (n=1)

32 patients treated with
scout dose

Significant visual lung
shunt and suboptimal
targeting (n=1)

3 patients treated with
therapeulic dose

FIGURE 1. Flow diagram showing initial number of patients and those
excluded for any given reason.
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TABLE 1

Baseline Characteristics of HEPAR Primary Patients (n = 31)

Characteristic Data % or range
Sex

Female 3 10

Male 28 90
Age (y) 73 44-85
Cirrhosis on imaging 20 65
Underlying liver disease*

Alcohol abuse 20 65

Hepatitis B 1 3

Hepatitis C 4 13

Nonalcoholic fatty liver disease 3 10

Hemochromatosis 2 4

None of above 6 20
BCLC

B 22 71

C 9 29
Bilirubin (mol/L) 12 4-29
Albumin (g/L) 38.5 31-41.9
International normalized ratio 1.22 0.94-1.94
Thrombocytes (X10°/L) 132 75-464
Child-Pugh score

A5 19 61

A6 9 29

B7 3 10
Model-for-end-stage-liver-disease score 9 6-16
ECOG performance status

0 18 58

1 13 42
Extrahepatic lesions

None 27 87

Adrenal glands 4 13
Portal hypertension

Thrombocytes < 150 18 58

Varices

Small 9 29
Large 2 6

Imaging 14 45
Portal vein thrombosis 6 19

Tumor thrombus 4 13

Nontumor thrombus 1 3

Mixed type 1 3
Bilobar disease’ 17 55
Number of tumors

1 4 13

2-3 4 13

>3 23 74
Tumor burden (%) 9.3 0.5-46.8
Largest tumor diameter (mm) 56 15¥-195
Previous treatment”

None 26 84

Resection 4 13

Ablation 4 13

Transarterial chemoembolization

*Some patients had more than 1 underlying liver problem.

TOnly Liver Imaging Reporting and Data System 5 (definitely HCC) lesions were

considered.
*patient had more than 15 small lesions.

Some patients had more than 1 previous treatment.

Qualitative data are number and percentage; continuous data are median and

range.

and wedge resection of segment 2. One patient underwent resection
of segments 5 and 6 and microwave ablation of segment 4a. One
patient underwent resection of segments 4b and 5. Finally, 1 patient
previously underwent radiofrequency ablation of segments 6 and 7.

Treatment characteristics are summarized in Table 2. Unilobar
treatment was performed in 20 of 31 (64%) patients, bilobar treat-
ment (i.e., with at least 1 segment preserved) in 9 of 31 (29%), and
whole-liver treatments in 2 of 31 (6%). Seven patients received a
dose adjustment (median, —45%; range, —24%—56%) because of low
hepatic function based on hepatobiliary scintigraphy (n = 4) or a per-
procedural deviation from the planned treatment strategy (n = 3).
The median absorbed dose to the target volume was 56 Gy
(range, 27-90 Gy), and 23 patients received their intended dose.
Twenty-eight patients received 1-d treatment. Three patients were
treated at an interval of 7d (n = 1), 35 d (reversible renal dysfunc-
tion, n = 1), or 168 d (malfunctioning aortic valve necessitating
transarterial valve insertion first, » = 1). Median treatment efficiency
(prescribed vs. net administered activity) was 95% (range, 74%—
100%). On the basis of SPECT/CT imaging, the median anticipated
lung dose resulting from shunting was 1 Gy (range, 0-16 Gy).

According to CTCAE, 120 laboratory-value adverse events
were recorded, with no grade 4-5 events (Table 3). Furthermore,
168 clinical adverse events were observed, ranging from grades
1 to 5 (Table 4; Supplemental Tables 2 and 3). Most patients expe-
rienced a grade 1 or 2 increase in liver enzymes, with a maximum
aspartate transaminase increase of grade 3 in 5 of 31 (16%) pa-
tients. However, the dynamic trajectory of these changes during
6 mo of follow-up did not show a clear peak or slope. Other than
the expected lymphopenia, grade 2 or higher hematologic toxicity
rarely occurred. Patients with type II diabetes mellitus (n = 14)
experienced a high number of hyperglycemic adverse events,
probably because of medication after treatment (i.e., steroids). Six-
teen patients experienced grade 1 and 1 patient grade 2 back pain
on the day of treatment, as they had to hold a supine position
while undergoing a 1-d procedure.

Nineteen serious adverse events occurred, of which 4 events in
3 patients were related to treatment (3 possibly related and 1 defi-
nitely related). Two of these treatment-related events were from
spontaneous bacterial peritonitis (both originated approximately
12 wk after treatment). One patient died of the infection after 1 d
(treated with intravenous antibiotics), and the other patient recov-
ered after 5 d (treated with intravenous and oral antibiotics). The
third patient, with BCLC stage B, multifocal HCC, an ECOG per-
formance status of 0, and previous treatment with resection and
microwave ablation, experienced radiation-induced cholecystitis
and cholangitis 1 mo after treatment, which developed into a bili-
ary fistula (grade 3 bilirubin increase) and finally stabilized after
endoscopic intervention. His liver function and clinical perfor-
mance gradually declined until his death 1 y after treatment. Unre-
lated serious adverse events occurred more often in BCLC stage C
patients (5/9 [56%]) than in BCLC stage B patients (4/22 [18%],
P = 0.036). The treatment approach (i.e., uni- vs. bilobar) or pre-
vious liver-directed surgery could not be identified as a predictor
of toxicity.

The median model-for-end-stage-liver-disease score was 9 (range,
6-16) at baseline and worsened to 10 (range, 7-20) at 6 mo after
treatment. During 6 mo of follow-up, Child—Pugh scores fluctuated
(Fig. 2). The 3 patients who experienced worsening of Child—Pugh
score by 3 or 4 points (besides the patient with biliary fistula) had
proven progression of disease. These patients received unilobar
treatments and showed no signs of radioembolization-induced liver
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TABLE 2

Procedure Characteristics (n = 31)

Characteristic Data % or range
Liver volume (mL) 1,941 1,036-3,460
Treated fraction (%) 54 16-100
Anticipated perfused volume average absorbed dose

Per protocol (60 Gy) 24 77

Dose adjustments 7 23
Actual perfused volume average absorbed dose (Gy) 50 23-69
Treatment approach; all in 1 session

Unilobar 20 64

Bilobar (excluding some segments) 9 29

Whole liver 2 6
Number of injection positions

1 15 48

2 16 52
Interval scout therapy (d) 0 0-168
Prescribed activity (MBQq) 3,998 1,080-11,451
Net administered activity (MBq) 3,717 1,001-10,420
Treatment efficiency (%) 95 74-100
Lung shunt on SPECT/CT (Gy) 1 0-16
Qualitative data are number and percentage; continuous data are median and range.

TABLE 3
Laboratory Adverse Events According to CTCAE, Version 4.03

Adverse event Grade 1 Grade 2 Grade 3
AST increased 22/31 (711% 2/31 (6%) 5/31 (16%)
Platelet count decreased 22/31 (711% 1/31 (3%)
INR increased 22/31 (711% 2/31 (6%)
AP increased 19/31 (61% 5/31 (16%)
Anemia 16/31 (52% 5/31 (16%) 2/31 (6%)
ALT increased 15/31 (48% 2/31 (6%)
Hypoalbuminemia 14/31 (45% 5/31 (16%) 1/31 (3%)
Prolonged APTT 13/31 (42% 2/31 (6%)
Hyponatremia 12/31 (39% 3/31 (10%)
Hypokalemia 9/31 (29%
Hyperglycemia 9/31 (29% 13/31 (42%) 6/31 (19%)
Creatinine increased 7/31 (23% 1/31 (3%)
Bilirubin increased 6/31 ( 4/31 (13%) 1/31 (3%)
GGT increased 5/31 ( 9/31 (29%) 14/31 (45%)
Hypoglycemia 3/31 (
Lymphopenia 1/31 (3%) 13/31 (42%) 9/31 (29%)

AST = aspartate transaminase; INR = international normalized ratio; AP = alkaline phosphatase; ALT = alanine transaminase; APTT =

activated prothrombin time; GGT = y-glutamyltransferase.

This table represents new and highest toxicity during 6-mo follow-up. No laboratory adverse events grade 4 or 5 were observed.
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TABLE 4
Clinical Adverse Events Occurring in More Than 10% Patients or Grade 3-5 According to CTCAE, Version 4.03

Adverse event Grade 1

Grade 2

Grade 3 Grade 4 Grade 5

Back pain 16/31 (52%)
Fatigue 13/31 (42%)
Ascites 7/31 (23%)
Dyspnea 7/31 (23%
Nausea 6/31 (19%

Abdominal pain 4/31 (13%

)

)

)

Dizziness 4/31 (13%)
)

)

)

)

Edema limbs 4/31 (13%

Fever 4/31 (13%
Hepatic pain 4/31 (13%
Itch 3/31 (10%

Abdominal infection
Allergic reaction

Arthritis

Atrial fibrillation

Bile duct stenosis

Biliary fistula
Cholecystitis
Endocarditis infective
Esophageal varices hemorrhage
Gastric hemorrhage
Hepatic failure

Hip fracture

Intracranial hemorrhage
Ischemia cerebrovascular
Lung infection

Sepsis

1/31 (3%)
4/31 (13%)
2/31 (6%)

1/31 (3%)

1/31 (3%)
2/31 (6%)

1/31 (3%)

1/31 (3%)

1/31 (3%)

1/31 (3%)
1/31 (3%)
1/31 (3%)
1/31 (3%)
1/31 (3%)
1/31 (3%)
1/31 (3%)
1/31 (3%)

2/31 (6%)
1/31 (3%)

2/31 (6%)
1/31 (3%)

1/31 (3%)

1/31 (3%)
1/31 (3%)
1/31 (3%)

This table represents new and highest toxicity during 6-mo follow-up.

disease during the first 3 mo after treatment. Two other patients died
of progressive disease and hepatic failure within 6 mo (considered
unlikely to be related to treatment). Stratification per Child—Pugh
score or ECOG performance status did not show any significant
differences.

Twenty-six patients were evaluable according to mRECIST at
3 mo (2 died, 3 had insufficient imaging quality), and 19 patients
were evaluable at 6 mo (2 more died, 3 left the study because of
disease progression, 2 were lost to follow-up).

Independent review of the target liver lesions on MRI at 3 mo
after treatment found, according to mRECIST, that 19% had a
complete response, 35% a partial response, 42% stable disease,
and 4% progressive disease (Figs. 3 and 4). A variable response
specifically by the tumor thrombus in the portal vein was observed
in 5 patients: 1 complete response, 1 partial response, 2 stable dis-
case, and 1 lost to follow-up.

Five patients started sorafenib treatment, and 4 patients received
immunotherapy after study treatment. Median overall survival
was 14.9 mo (95% CI, 10.4-24.9 mo) (Fig. 5). The median post—
landmark analysis overall survival of patients with either a com-
plete or partial response of the total body according to mRECIST
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at 3 mo was 16.6 mo (95% CI, 8.72 mo—not reached); it was 13
mo for nonresponders (95% CI, 8.95 mo—not reached, P = 0.48).
The median overall survival of responders based on target liver
lesions was not reached; for nonresponders, it was 12.8 mo (95%
CI, 4.72—not reached, P = 0.046) (Supplemental Fig. 1).

Baseline 19 9

A5

3 mo after treatment 10 4 A6
mB7

mB8

Time point

6 mo after treatment 7 4 3 5 2

0 5 10 15 20 25 30
Number of patients

FIGURE 2. Child-Pugh score development over time.
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The median o-fetoprotein level was 20 pg/L (range, 2.0—
240,000 p.g/L) at baseline, with a median nadir of 6.6 ng/L (range,
2.0-120,000 pg/L; 67% decrease). At baseline, median liver func-
tion based on hepatobiliary scintigraphy was 5.3%/min/m? (range,
2.0%78.7%/min/m2), and 3 mo after treatment it was 4.4%/min/m>
(range, 1.8%-9.2%/min/m?) (P = 0.36).

No clinically relevant change in quality of life (Supplemental
Fig. 2) or pain (Supplemental Fig. 3) was observed.

DISCUSSION

This first (to our knowledge) prospective study on '®®Ho-micro-
sphere radioembolization in HCC confirmed safety. During and
after '®SHo-microsphere radioembolization, quality of life was
maintained, and pain and toxicity were mild and manageable. Fur-
thermore, a pronounced antitumor effect was found.

A low-activity scout dose of '*®Ho-microspheres—limited enough
not to cause tissue damage—can be used instead of the commonly
used scout dose of *’™Tc-macroaggregated albumin particles
(*’™Tc-MAA) (11). In contrast to *™Tc-MAA, the scout dose of
166Ho-microspheres is not administered as a bolus injection, but
slowly. The extrahepatic (i.e., lung shunting) and intrahepatic dose
distribution can be predicted more accurately than for *"Tc-MAA
(12,13). A scout dose of *®Ho-microspheres was superior, with a
median score of 4, versus 2.5 for *™Tc-MAA (P < 0.001; visually
assessed from 1 to 5), which was confirmed in a quantitative

FIGURE 3. An 85-y-old patient with HCC, no underlying liver disease,
and no previous treatment (ECOG performance status 1, Child-Pugh
score A5, BCLC stage B) with large hypervascular tumor spanning
segments 4-8 (A, axial contrast-enhanced MRI) that had multiple tumor-
feeding vessels from right hepatic artery (B, digital subtraction angiogra-
phy). He received '®*Ho-microsphere scout procedure and SPECT (C),
which showed good targeting of tumor. Scout procedure proved highly
predictive for posttreatment '®Ho-microsphere distribution (D) and
resulted in complete response of target liver lesions at 3 mo (E, axial con-
trast-enhanced MRI) and 6 mo (F, axial contrast-enhanced MRI).
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Response according to mRECIST
® Three manths (n = 26) = Six months (n = 19)
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FIGURE 4. Response assessment of target liver lesions at 3 and 6 mo
after treatment with '®®Ho-microsphere radioembolization according to
mRECIST. Some patients did not undergo imaging at 3- or 6-mo follow-
up because of death (n = 2 and 8, respectively) or withdrawn consent
(n = 2 or 0, respectively). Some patients were not evaluable because of
absence of arterial enhancement of tumor or low-quality imaging (e.g.,
artifacts or breathing motion) (n = 3 and 2, respectively).

analysis. In contrast, in the SARAH trial, in which 9mTe-MAA was
used as a scout, only 52% “optimal agreement” between pretreat-
ment *"Tc-MAA distribution and posttreatment resin **Y-micro-
sphere distribution was found (/4).

The specific activity of '°®Ho-microspheres (i.e., 340 Bq/sphere)
is higher than that of resin °°Y-microspheres (i.e., +50 Bq/sphere)
and lower than that of glass 90Y—microspheres (i.e., £1,250-2,500
Bg/sphere). At lower specific activities, a higher number of micro-
spheres needs to be injected to reach the same absorbed dose. This is
reflected in the relatively high incidence of adverse events related to
the postembolization syndrome in the current study (e.g., pain [22%],
nausea [22%], and fatigue [55%]). Moreover, differences in product
characteristics will translate to different dose thresholds with regard to
safety and efficacy, because of differences in dose distributions (75).
For '®°Ho radioembolization in HCC, these dose thresholds need to be
established for patient selection and treatment planning. In 36 patients
with a total of 98 tumors of different metastatic origins, a significant
difference was found between patients with complete or partial
response (210 Gy; 95% CI, 161274 Gy) and patients with progressive
disease (116 Gy; 95% CI, 81-165 Gy) (16). Additionally, dose
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FIGURE 5. Overall survival of HEPAR Primary patients.
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thresholds were confirmed in colorectal cancer, also looking at safety
thresholds for nontumorous liver tissue. The median parenchyma-
absorbed dose was 37 Gy (range, 12-55 Gy). The mean difference in
parenchyma-absorbed dose for patients with CTCAE grade 0-2 versus
CTCAE grade 3-5 was 12 Gy (95% CI, 3.4-19.7; P = 0.0070) (17).
For HCC patients, however, separate dose thresholds will need to be
established, including considerations with regard to treatment intent
(i.e., palliative setting as in the current setting vs. potential curative set-
tings: radiation segmentectomy and lobectomy) (/8,79).

These dosimetric considerations should be balanced with base-
line patient characteristics such as laboratory values, Child—Pugh
status, performance score, and BCLC stage. Because of the rela-
tively low number of patients in the current study, no definite con-
clusions could be drawn on patient selection. At the same time,
differences in patient characteristics between studies also limit
direct comparison. The SARAH, SIRveNIB, and SORAMIC ran-
domized controlled trials on resin °°Y-microsphere radioemboliza-
tion (/4,20-23), and the DOSISPHERE-01 study on glass
90Y-microsphere radioembolization (24), included more advanced-
stage C BCLC, limiting toxicity and efficacy comparison. Never-
theless, a 23% rate of adverse events grade 3 or higher, a median
overall survival of 14.9 mo, and a 3-mo response rate of 54% in the
present study seem favorable. In the SARAH, SIRveNIB, and SOR-
AMIC trials, adverse events of grade 3 or higher were observed in
27%, 28%, and 25% of the patients, respectively. The best overall
response rate in the SARAH trial was 19%, the reported best tumor
response in the SIRveNIB trial was 23.1%, and tumor response was
not analyzed in the SORAMIC trial. The objective response rate
was 35.7% in the patients in the DOSISPHERE-01 study, whose
treatment was based on a predefined average absorbed dose in the
perfused volume, as was used in the present study.

One of the limitations of this study was the relatively limited
number of patients and the heterogeneous patient and disease char-
acteristics, besides the fact that the study had a noncomparative
design. In the current study, radioembolization treatment planning
was performed according to a standard approach, regardless of
tumor and functional liver dosimetry (25). A single-day treatment
approach is beneficial from a patient perspective with regard to
number of hospital visits, preparation, and recovery (24,26). How-
ever, a single-day treatment strategy does not allow for dosimetry-
based treatment planning since patient-specific treatment activity
needs to be preordered. Another limitation was that the methods
used for response evaluation (modified RECIST [mRECIST])
have inherent limitations (e.g., local vs. systemic evaluation, rela-
tion to overall survival), but contrast enhancement on MRI may
also be hampered by holmium-induced artifacts, since '®°Ho-
microspheres cause loss of signal on T1-weighted MRI scans and
make it more difficult to measure viable tumor (6).

Concomitant use of different therapies in patients with HCC is of
special interest, such as adjuvant immunotherapy after resection or
ablation to decrease the chance of recurrence (27). But also of inter-
est is the combination of immunotherapy with other local or
regional treatment options, including transarterial chemoemboliza-
tion and radioembolization (28,29). These combined approaches
are expected to cause more toxicity, which may be seen as a clear
call for more control. Radioembolization may offer that control by
offering dosimetry-based individualized treatment planning. '**Ho-
microsphere radioembolization offers the unique combination of
procedural control and individualized treatment by using a predictive
scout dose of the exact same °Ho-microspheres and performing
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treatment planning based on accurate dosimetry (/2). However, dose
thresholds for an effective tumor-absorbed dose and a safe functional
liver-absorbed dose need to be established in larger series.

CONCLUSION

This interventional, nonrandomized study showed an acceptable
low rate of '%*Ho radioembolization—related serious toxicity (3/31
patients; <10%) in patients with HCC. Furthermore, 54% of tumor
lesions showed a response (mRECIST) at 3 mo after treatment.
186Ho radioembolization may be considered a safe and effective
alternative treatment option in selected patients with HCC of BCLC
stage B or C.
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KEY POINTS

QUESTION: Is "®Ho radioembolization a safe treatment option
for patients with HCC?

PERTINENT FINDINGS: This interventional, nonrandomized study
showed an acceptably low rate of '®Ho radioembolization-related
serious toxicity (3/31 patients; <10%) in patients with HCC.
Furthermore, 54% of tumor lesions showed a response
(mRECIST) at 3 mo after treatment.

IMPLICATIONS FOR PATIENT CARE: '®*Ho radioembolization
may be considered a safe and effective alternative treatment
option in selected patients with HCC of BCLC stage B or C.
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Noninvasive Assessment of Acute Graft-Versus-Host Disease
of the Gastrointestinal Tract After Allogeneic Hemopoietic
Stem Cell Transplantation Using '*F-FDG PET
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Acute graft-versus-host disease of the gastrointestinal tract (acute
GIT-GVHD) often complicates allogeneic hemopoietic stem cell trans-
plantation (AHSCT). '®F-FDG PET/CT is known to detect active inflam-
mation and may be a useful noninvasive test for acute GIT-GVHD. The
objective of this study was to evaluate the diagnostic utility of '8F-FDG
PET/CT to noninvasively assess patients with clinically suspected
acute GIT-GVHD. Fifty-one AHSCT patients with clinically suspected
acute GIT-GVHD prospectively underwent '8F-FDG PET/CT scanning
followed by upper and lower GIT endoscopy within 7 d. Endoscopic
biopsies of 4 upper GIT and 4 colonic segments were obtained for
histology to compare with corresponding quantitative segmental '8F-
FDG PET/CT SUVax. Receiver-operating-characteristic curve (ROC)
analysis was performed to determine predictive capacity of 8F_FDG
PET/CT SUVax for acute GIT-GVHD. A separate qualitative visual
8F_FDG PET/CT analysis was also performed for comparison.
Results: Twenty-three of 51 (45.1%) patients had biopsy-confirmed
acute GIT-GVHD, with 19 of 23 (82.6%) having upper GIT and 22 of
22 (100%) colonic involvement. One of 23 patients did not undergo a
colonoscopy. GVHD involved the entire colon contiguously in 21 of
22 patients. For quantitative analysis, histology from 4 upper GIT and
4 colonic segments were compared with 8 F-FDG PET/CT SUVmax.
Colonic segments positive for GVHD had a higher SUVy.x (4.1
[95% CI, 3.6-4.5)]) than did normal colonic segments (2.3 [1.9-2.7],
P = 0.006). No difference was demonstrated in upper GIT segments.
Quantitative "®F-FDG PET/CT yielded a 69% sensitivity, 57% specif-
icity, 73% negative predictive value, and 59% positive predictive
value for the detection of GVHD compared with 70%, 76%, 76%, and
68%, respectively, for qualitative analysis. Conclusion: '8F-FDG PET
is a useful noninvasive diagnostic test for acute GIT-GVHD, which
when present always involves the colon and usually in its entirety,
suggesting colonic biopsy obtained by sigmoidoscopy is adequate
for histologic confirmation when acute GIT-GVHD is suspected. Of
note, '8F-FDG PET cannot distinguish acute GIT-GVHD from non-
GVHD inflammatory changes in the colon.

Key Words: '®F-FDG PET/CT; bone marrow transplantation; graft vs.
host disease; gastrointestinal tract
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Allogeneic hemopoietic stem cell transplantation (AHSCT)
offers cure for various life-threatening hematologic malignancies
and disorders. The number of transplants performed each year con-
tinues to increase (/). Acute graft-versus-host disease (AGVHD)
is a recognized complication occurring in 30%-50% of AHSCT
recipients (2). It carries significant morbidity and a 25% mortality
rate within 100 d of AHSCT (3). Although AGVHD may affect
any organ system, there is a strong predilection for involvement of
the skin, gastrointestinal tract (GIT), and liver (4).

Acute GIT-GVHD is commonly suspected on the basis of diar-
rhea after AHSCT. However, the possible differentials are wide
and include GVHD, infectious causes such as Clostridioides diffi-
cile and cytomegalovirus colitis, drug effects, and chemoradiation
toxicity. The current gold standard for acute GIT-GVHD diagnosis
is histology acquired via endoscopic biopsy, characterized by crypt
cell apoptosis and crypt loss (5). However, endoscopy is an inva-
sive procedure and not without risk. Anesthetic risk, bleeding, and
perforation are all potential complications associated with endos-
copy, particularly in post-AHSCT patients who are unwell and
often thrombocytopenic (6).

Currently, there is no established role for conventional imaging in
the diagnosis of acute GIT-GVHD (7). It has been observed that '*F-
FDG PET/CT is a sensitive and specific biomarker of acute large
and small bowel inflammation in inflammatory bowel disease (8).
Furthermore, 2 pilot studies have reported that PET has a negative
predictive value (81%—96%) in the assessment of acute GIT-GVHD
(9,10), but data remain sparse in this area.

This prospective study aims to evaluate the diagnostic utility of
8F_-FDG PET for acute GIT-GVHD and to determine its role as a
noninvasive test for this condition.

MATERIALS AND METHODS

Study Design and Patient Selection

This study was conducted at the Alfred Hospital Melbourne, Austra-
lia. Written signed, informed consent was obtained from each partici-
pant in accordance with the Declaration of Helsinki and approval from
the Alfred Hospital research ethics committee. From December 2009 to
November 2014, 51 adult patients with clinically suspected acute GIT-
GVHD within 180 d of AHSCT who had not commenced any treat-
ment for GVHD, including steroids, were prospectively enrolled into a
noninterventional study comparing '®F-FDG PET/CT, endoscopy, and
histology.
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Clinically suspected acute GIT-GVHD symptoms included persis-
tent diarrhea, abdominal pain, anorexia, nausea, vomiting, or any com-
bination of these symptoms within 180 d of AHSCT with no other
apparent cause.

There were no restrictions to entry into study relating to underlying
hematologic disorder, stem cell source, or conditioning regimen.

The stem cell source was peripheral blood (PBSC) in 46 cases
(90%) and double umbilical cord blood in the remaining 5 cases
(10%). Of the 46 PBSC donors, 2 (4%) were human leukocyte antigen
(HLA)—identical sibling donors, a further 13 (28%) were HLA-matched
related donors, 29 (63%) were HLA-matched unrelated donors, and
2 (4%) were mismatched unrelated donors. The 5 double umbilical
cord blood donations showed variable levels of HLA matching.

Twenty-four patients (47%) received a standard myeloablative condi-
tioning regimen (total-body irradiation based), whereas 13 patients (25%)
received a reduced-intensity conditioning and 14 received nonmyeloabla-
tive conditioning (27%). Sixteen patients received equine antithymocyte
globulin as part of the conditioning regimen. For GVHD prophylaxis,
patients who underwent a myeloablative conditioning received cyclo-
sporin, usually with short-course methotrexate. Patients in the reduced-
intensity conditioning or nonmyeloablative groups received cyclosporin
and mycophenolate mofetil or cyclosporin alone.

Patient and AHSCT characteristics are summarized in Table 1.

'8F-FDG PET/CT Evaluation

All participants with clinically suspected acute GIT-GVHD symp-
toms underwent '®F-FDG PET/CT scanning.

Participants were asked to fast and refrain from vigorous activity
for at least 6 h before imaging. Administered '8F-FDG activity was
3 MBg/kg to a maximum of 400 MBq. Molecular imaging was per-
formed on a Gemini PET/CT scanner (Philips) with scan range
extending from the skull base to the proximal femora, 60-80 min after
intravenous injection of '8F-FDG (3 MBg/kg). Low-dose coregistered
CT was used for anatomic localization and attenuation correction.

All images were interpreted independently by nuclear medicine spe-
cialists experienced in '®F-FDG PET/CT masked to all investigation
results including endoscopy. Results of the 'F-FDG PET/CT scan
were not made available to the patient’s treating clinicians and did not
influence subsequent clinical management of the patient.

Quantitative '®F-FDG PET/CT Analysis

For quantitative '*F-FDG PET/CT analysis, the GIT was divided
into 8 segments: 4 upper GIT segments (esophagus, stomach, duode-
num, and terminal ileum) and 4 lower GIT segments (ascending colon,
transverse colon, descending colon, and sigmoid/rectum) using the
accompanying low-dose CT for anatomic localization.

The highest intensity region within each of the 8 GIT segments was
ascertained visually by 2 readers and the SUV ., of this region mea-
sured and recorded independently with a standardized 2-dimensional
(2D) planar region of interest in the sagittal plane for the esophagus;
transaxial plane for the stomach, duodenum, terminal ileum, and sig-
moid/rectum; and coronal plane for the ascending, transverse, and
descending colon. The size of the 2D planar region of interest used var-
ied according to the GIT segment evaluated to ensure there was no
overlap of other organs, and only the SUV . in the target GIT seg-
ment was measured. A 15-mm 2D circular region of interest was placed
in the central lumen of the ascending aorta and SUV ., recorded to
establish background mediastinal blood-pool '®F-FDG uptake as a ref-
erence. The average SUV ¢ between both expert readers for each GIT
segment was used for comparison with histology findings.

To evaluate overall '®F-FDG activity in the entire colon, the param-
eters Min L4, Max L4, and Sum L4 were used. Min L4 and Max L4
described the lowest and highest SUV,,,, of the ascending, transverse,

1900

TABLE 1
Patient Characteristics

Study population

Characteristic (n =51)
Median patient age (y) 46.5
(age range,
19.6-66.8)
Patient sex
Male 28 (54)
Female 23 (46)
CMV status
Seronegative donor-recipient 12 (24)
pair
Underlying diagnosis
AML 21 (41)
ALL 9 (18)
MM 11 (22)
MDS 3 (6)
NHL 4 (8)
HL 1)
Other (adrenoleukodystrophy 24
and BPD)
Stem cell source
PBSC 46 (90)
DUCB 5(10)
HLA matching
MRD 15 (29)
MUD 29 (57)
MISUD 7 (14)
Conditioning regimen
MAC 24 (47)
RIC 13 (25)
NMAC 14 (27)
ATG
Yes 16 (31)
No 35 (69)
GVHD prophylaxis
CsA 10 (20)
CsA + MMF 22 (43)
CsA + MTX 19 (37)

Data in parentheses are percentages, unless otherwise
indicated.

CMV = cytomegalovirus; AML = acute myeloid leukemia;
ALL = acute lymphoblastic leukemia; MM = multiple myeloma;
MDS = myelodysplastic syndrome; NHL = non-Hodgkin lymphoma;
HL = Hodgkin lymphoma; BPD = blastic plasmacytoid dendritic
cell neoplasm; PBSC = peripheral blood stem cell; DUCB = double
unit cord blood; MRD = matched related donor; MUD = matched
unrelated donor; MISUD = mismatched unrelated donor; MAC =
myeloablative conditioning; RIC = reduced intensity conditioning;
NMAC = non-myeloablative conditioning; ATG = antithymocyte
globulin; CsA = cyclosporin A; MMF = mycophenolate mofetil;
MTX = methotrexate.
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descending, and sigmoid/rectal colon segments, respectively. Sum L4
described the combined SUV,,,, of ascending, transverse, descending,
and sigmoid/rectal colon segments.

Qualitative '®F-FDG PET/CT Analysis

For qualitative '8F-FDG PET/CT analysis, the scan was considered
positive for acute GIT-GVHD if there was visually increased '*F-FDG
uptake greater than 1.5 times background liver uptake involving at
least 50% of one or more upper GIT or colonic segments. In the event
of disagreement between both expert readers, a third masked expert
reader was used to determine the final '®F-FDG PET/CT result.

"F.FDG PET/CT findings were compared with histology, with
patients considered positive for acute GIT-GVHD if they had histo-
logic evidence of GVHD in at least 1 upper GIT or colonic segment.

Diagnosis of Acute GIT-GVHD

Gastroscopy and colonoscopy were aimed to be performed within
7 d of the "®F-FDG PET/CT examination, using a segmental unmask-
ing method outlined as follows. Endoscopists were initially masked to
the results of the '*F-FDG PET/CT and were asked to macroscopically
assess 4 upper GIT segments (esophagus, stomach, duodenum, and
terminal ileum) and 4 colonic segments (ascending colon, transverse
colon, descending colon, and sigmoid/rectum) for active inflammation.

The results of the '®F-FDG PET/CT were then revealed to the endo-
scopists during endoscopy. Two biopsies were taken of each segment
that appeared normal on both '®F-FDG PET/CT and macroscopically
on endoscopy. Four biopsies were taken of each segment that was
abnormal on either '*F-FDG PET/CT, macroscopic assessment, or
both. Hence, a total of 16-32 upper to lower GIT biopsies were
obtained in each participant undergoing both gastroscopy and colonos-
copy. All segments able to be endoscopically visualized were biopsied.

Histology

Each segmental GIT biopsy was deemed positive or negative for acute
GVHD by a pathologist experienced in GVHD interpretation who was
masked to both the 'SF-FDG PET/CT and the endoscopy macroscopic
findings. Bacterial, viral (including cytomegalovirus), parasitic culture and
C. difficile toxin and culture testing was also performed and documented
to confirm or exclude other potential causes of non-GVHD inflammation.

Statistical Methods

All data were assessed for normality. Group comparisons of individual
location data were performed using Student ¢ tests and reported as mean
(£SD) while comparison of repeated measures data was performed using
repeated-measures ANOVA with results reported as mean (with 95% CI).
To further explore the predictive capacity of colonic locations, summary
statistics (minimum, maximum, total) were calculated. For quantitative
assessment of the relationship between acute GIT-GVHD and SUV,,,
sensitivity, specificity, negative predictive value (NPV) and positive pre-
dictive value (PPV) were determined from receiver-operating-characteris-
tic curves (ROC) derived from logistic regression. Qualitative assessment
was determined by consensus expert visual interpretation of scans. Statisti-
cal analysis was performed using SAS (version 9.4; SAS Institute), and a
2-sided P value of 0.05 was used to indicate statistical significance.

RESULTS

Patients

Fifty-one patients were enrolled and underwent '*F-FDG PET/CT
within a median of 47 d (range, 12-166 d) after AHSCT. Median
time from onset of clinical symptoms suggestive of acute GIT-
GVHD to '8F-FDG PET/CT examination was 6 d (range, 0-69 d).
Four patients had diabetes and 4 had a history of steroid induced
hyperglycemia; however, none was taking metformin. Twenty-two
patients had clinical evidence of cutaneous GVHD, whereas 5 patients

BE_FDG PET GraAFT-vs.-HosT Disease GI TRaCT  +

had elevated bilirubin suggestive of grade I-II hepatic GVHD (only 1
proven case of hepatic GVHD).

Endoscopic Findings

Participants underwent endoscopy within an average of 3 d
(range, 013 d) of '®F-FDG PET/CT scanning. Two patients were
outside the target 7-d period after '®F-FDG PET/CT scanning; 1
patient at 8 d was delayed due to severe illness and the other
required urgent treatment for pericardial effusion receiving endos-
copy 13 d after '*F-FDG PET/CT.

Eight of 51 (16%) patients did not have all 8 GIT segments
biopsied due to logistical reasons or being too acutely unwell. Of
these, 1 patient had a rectal biopsy only, 1 patient did not have
gastroscopy, 4 patients did not have colonoscopy, and 2 patients
had no biopsy of the terminal ileum. Details of endoscopic pathol-
ogy data in prespecified GIT segments are presented in the Supple-
mental Table 1 (supplemental materials are available at http://jnm.
snmjournals.org).

Per-Patient Histology Findings and Treatment

Twenty-three of 51 (45.1%) patients had biopsy-confirmed
acute-GIT GVHD. Nineteen of 23 (83%) had upper GIT and 22 of
23 (96%) colonic involvement. One of 23 GVHD-positive patients
did not have colonic biopsies. Twenty-one of 22 (95%) patients
with colonic GVHD had contiguous involvement of the entire
colon. Fourteen of 51 (27%) patients had non-GVHD inflamma-
tion (6 cytomegalovirus infection, 3 C. difficile infection, 5 non-
specific esophagitis and gastritis). Fourteen of 51 (27%) patients
had normal upper GIT and colonic segments.

Twenty-one of 23 (91%) patients with histologically proven
acute GIT-GVHD required steroid treatment for clinical symp-
toms, 13 of 21 intravenous methylprednisolone, and 8 of 21 oral
budesonide or prednisolone.

Per-GIT Segment Histology Findings

Of the intended GIT segments, 376 (191 upper GIT/185
colonic) of 408 (92%) were biopsied in 51 patients: 131 of 376
(35%) were positive for GVHD (52 upper GIT/79 colonic), 42 of
376 (11%) were positive for non-GVHD inflammation (25 upper
GIT/17 colonic), 199 of 376 (53%) (113 upper GIT/86 colonic)
were normal, and 4 of 376 (1.0%) were equivocal for GVHD
(1 upper GIT/3 colonic).

Relationship of '®F-FDG PET/CT SUV,,., with Histology

No difference in SUV,,x was demonstrated in normal upper
GIT segments (2.38 [95% CI, 2.24-2.52]) or those with GVHD
(2.57 [95% CI, 2.36-2.77]) or non-GVHD inflammation (2.63
[95% CI, 2.34-2.91)) (Fig. 1A).

SUVax Was significantly increased in both colonic segments
with GVHD (4.06 [95% ClI, 3.64-4.47]) and non-GVHD inflam-
mation (5.03 [95% CI, 4.13-5.93]) compared with normal colonic
segments (2.29 [95% CI, 1.89-2.69]) (Fig. 1B).

18F_FDG PET/CT and histology images of patient 49 are pro-
vided as an example of a positive case of acute GVHD involving
both the upper GIT and colon on histology with '8F-FDG uptake
only visibly increased in the colon on '®F-FDG PET/CT (Fig. 2).

GIT segment histology and corresponding SUV,,,,, for all 51
patients are provided in Supplemental Table 2.

Quantitative ®F-FDG PET/CT SUV,,..x Analysis
Upper GIT and colonic segment '*F-FDG PET/CT SUV,.x
were compared between the 23 patients positive and 28 patients

Cherk et al. 1901
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colon. Both expert readers were concordant
in their appraisal of the presence or absence
of GVHD on '"®F-FDG PET/CT in 46 of 51
(90%) of cases. Five cases required a third
expert reader for final consensus determina-
tion of '8F-FDG PET/CT status. Qualitative
visual assessment resulted in a '8F-FDG
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PET/CT sensitivity of 70%, specificity of
76%, NPV of 76%, and PPV of 68% for
the detection of acute GIT-GVHD.

Of the 22 acute GIT-GVHD patients with
positive results who had colonic biopsies,
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DISCUSSION

The main aim of our study was to deter-
mine the diagnostic utility of 'SF-FDG
PET/CT as a noninvasive test for acute
GIT-GVHD in patients with suggestive
clinical symptoms after AHSCT. The few
published studies (9,10) in this field have
relied predominantly on qualitative assess-
ment of '8F-FDG PET/CT for detection of
acute GIT-GVHD by consensus expert
visual assessment, which may be difficult

GVHD (n=79) Non-GVHD inflammation (7 = 17)

Histology: Colonic Segments

to reliably reproduce across institutions.
In addition to qualitative visual ‘*F-FDG
PET/CT assessment, we evaluated 'F-FDG

Mormal (7 = 88)

FIGURE 1. (A) Upper GIT segments. (B) Colonic segments.

negative for acute GIT-GVHD (Table 2). Patients positive for
GVHD had significantly higher SUV ., in all colonic segments
other than ascending colon than did patients negative for GVHD.
The minimum SUV,,,, in any of the 4 colonic segments (Min L4)
was significantly higher in GVHD-positive patients than GVHD-
negative patients. Similarly, the total SUV ,,, of all 4 colonic seg-
ments (Sum L4) was also significantly higher in GVHD-positive
patients than GVHD-negative patients. No difference in SUV ;.
was demonstrated in any of the 4 upper GIT segments between
GVHD-positive and -negative patients.

Area under receiver-operating-characteristic curve (AUROC)
analysis demonstrated '*F-FDG PET/CT SUV .« of all colonic seg-
ments other than ascending colon was independently predictive of
acute GIT-GVHD (Table 3). The Min L4 ROC curve was chosen to
generate sensitivity, specificity, NPV, and PPV for GVHD as it had
the highest AUROC and took into account all colonic segments.

As seen from the Min L4 ROC curve in Figure 3, a Min L4 of
1.73 (uptake greater than mean background mediastinal blood-pool
activity) resulted in a sensitivity of 69%, specificity of 57%, NPV
of 73%, and PPV of 59% for the detection of acute GIT-GVHD.

1902

PET/CT quantitatively using SUV ax. SUV ¢

is a widely accepted and validated parameter

used both clinically and for research purposes
to quantify and convey the degree/intensity of radiotracer uptake on '8F-
FDG PET/CT scans (/7). The higher the SUV ., the higher the degree
of radiotracer uptake (inflammatory activity in this clinical scenario) on
the '8F-FDG PET/CT scan.

Because SUV ., is objective and generally reproducible across
8E_.FDG PET/CT cameras and institutions, it allows objective crite-
ria and definitive thresholds to be defined when determining whether
a '8F-FDG PET/CT scan is considered positive or negative for acute
GIT-GVHD (/2). This could provide a robust standardized tech-
nique for '"F-FDG PET/CT evaluation of acute GIT-GHVD that is
widely applicable across all institutions with '8 F-FDG PET/CT.

One of the strengths of our study is the rigorous nature of data
collection, which included obtaining 376 biopsies of a possible
408 upper GIT and colonic segments (92%) in 51 patients for
direct correlation with '8F-FDG PET/CT scan findings. This novel
method of data collection provided an extremely robust dataset,
which is difficult to obtain in this patient population. Twenty-three
of 51 (45.1%) patients in our cohort had biopsy-confirmed acute
GIT-GVHD, confirming the reasonably high prevalence of this
condition when clinically suspected.
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Descending colon histology

FIGURE 2. '®F-FDG PET/CT and histology images of patient 49. (A) F-
FDG uptake only increased in colon and not upper GIT. (B) Lymphocytic
infiltration and necrosis (arrow) of stomach crypt epithelium in keeping with
acute GIT-GVHD. (C) Extensive colonic crypt destruction with frequent
apoptotic bodies (arrows), the histologic hallmark of acute GIT-GVHD.

The involvement of the colon in all GVHD-positive patients and
in its entirety in 96% of positive patients is a significant finding as
it suggests that when acute GIT-GVHD is suspected, sigmoidos-
copy alone, a less-invasive and resource-consuming procedure,
may suffice for histologic confirmation. Eliminating gastroscopy
and/or colonoscopy as part of work-up for acute GIT-GVHD (/3)
would markedly reduce the number of endoscopic procedures and
the associated risk of up to 1.8% mortality and morbidity in this
vulnerable patient cohort (6).

We demonstrated quantitative '¥F-FDG PET/CT assessment using
SUVax 18 only useful for assessing the presence of GVHD in the colon
because no difference in SUV,,,,, was demonstrated between GVHD-
positive and normal segments in the upper GIT. Stelljes et al. also
reported similar findings and postulated that higher lipopolysaccharide

and microbial proinflammatory stimuli in the colon, compared with the
upper GIT (9), might account for this. Interestingly, Stelljes et al. found
BE_FDG uptake was invariably increased in the ascending colon in
patients positive for acute GIT-GVHD. On the contrary, we found the
ascending colon was the only colonic segment not predictive for acute
GIT-GVHD on '8F-FDG PET/CT.

We demonstrated GVHD and non-GVHD causes of GIT inflam-
mation in the colon are indistinguishable and have similarly incre-
ased SUV .x. As such, further investigations including biopsy are
required to determine the cause of inflammation when suggested on
'8F-FDG PET/CT.

Our study yielded quantitative and qualitative '*F-FDG PET/CT
sensitivity of 69% and 70%, specificity of 57% and 76%, NPV of
73% and 76%, and PPV of 59% and 68%, respectively, for the
detection of acute GIT-GVHD. This finding suggests that quantita-
tive analysis using SUV ..« is no better than qualitative visual
analysis and qualitative analysis alone is sufficient.

Studies by Stelljes et al. (9) and Bodet-Milin et al. (/0), which
both used only qualitative visual PET assessment, reported more
favorable sensitivity of 82% and 81%, specificity of 100% and
90%, and NPV of 81% and 96%, respectively. They both provided
limited details on how their images were standardized for review
and did not have GIT segment histology datasets as comprehen-
sive as those in our study. Interestingly, Stelljes et al. did provide
quantitative SUV,,,, data as a figure, which showed findings strik-
ingly similar to those in our Figures 1A and 1B.

Noninvasive clinical algorithms based on patient symptoms, con-
ventional imaging, and serum biomarkers are not well established
for acute GIT-GVHD, hence the low threshold for clinicians to pro-
ceed to more invasive procedures such as endoscopy (74, 15).

The NPV of 73% (quantitative) and 76% (qualitative) for 'SF-
FDG PET/CT detection of acute GIT-GVHD in our study is rea-
sonable and adds to the literature increasingly supporting the use
of "8F-FDG PET/CT as a noninvasive diagnostic test for acute
GIT-GVHD. Our findings suggest '8F-FDG PET/CT fills a clinical
need where endoscopy may not be readily accessible, the patient
too unwell, or risks of endoscopy too great.

TABLE 2
Upper GIT and Colonic Segment SUV,,ox: Positive- Versus Negative-GVHD Patients

Variable GVHD-Positive (n = 23) GVHD-Negative (n = 28) P

Min L4 2.96 (1.65) 1.88 (1.41) 0.02
Transverse colon SUVax 3.72 (2.25) 2.34 (1.95) 0.02
Desc colon SUV pax 3.55 (2.16) 2.15 (1.93) 0.02
Sigmoid/rectum SUV,jax 3.81 (1.96) 2.77 (1.25) 0.03
Sum L4 15.00 (7.75) 10.60 (7.31) 0.04
Terminal ileum SUV ax 2.51 (0.92) 2.12 (0.58) 0.07
Esophagus SUVax 2.22 (0.68) 2.52 (0.62) 0.11
Ascending colon SUV a4« 3.91 (1.89) 3.31 (2.48) 0.35
Max L4 4.50 (2.23) 3.61 (2.33) 0.18
Duodenum SUVax 2.35 (0.62) 2.12 (0.49) 0.15
Stomach SUV pax 2.95 (0.69) 2.89 (0.76) 0.78

Data in parentheses denote standard deviation, unless otherwise indicated. Variables with P value < 0.05 are italicized.
Min L4/Max L4 = lowest/highest SUV .« out of ascending, transverse, descending and sigmoid/rectal colon; Sum L4 = combined
SUVnax of ascending, transverse, descending and sigmoid/rectal colon.
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TABLE 3
AUROC Analysis: SUV .« as a Predictor for GVHD

Variable n Maximum Minimum AUROC P

Min L4 51 7.9 0.8 0.73 0.03
Descending colon SUV/ .« 51 10.3 0.8 0.72 0.03
Transverse colon SUV,,ax 51 10.7 1.0 0.73 0.04
Sigmoid/rectum SUV/, .« 51 8.4 1.0 0.71 0.04
Sum L4 51 40.2 5.2 0.69 0.06
Terminal ileum SUV 51 1.2 4.7 0.62 0.08
Esophagus SUVax 51 4.0 1.1 0.64 0.12
Duodenum SUV ax 51 4.3 11 0.60 0.16
Max L4 51 11.3 1.7 0.63 0.18
Ascending colon SUV 4« 51 11.3 1.1 0.63 0.35
Stomach SUVax 51 5.1 1.5 0.57 0.78

Variables with P value < 0.05 are italicized.

Min L4/Max L4 = lowest/highest SUV .« out of ascending, transverse, descending and sigmoid/rectal colon; Sum L4 = combined
SUVnax of ascending, transverse, descending and sigmoid/rectal colon.

A major factor that likely limits the sensitivity and specificity of
8F_-FDG PET for acute GIT-GVHD is the marked variability in physi-
ologic '8F-FDG uptake that can be seen in the GIT. It is not unusual to
see intense physiologic '8F-FDG uptake in the GIT, which may relate
to underlying peristaltic smooth muscle activity at the time of imaging.

The use of antispasmodic agents such as N-butylscopoolamine
before scanning may decrease physiologic gastrointestinal '®F-
FDG uptake and may improve the performance of '*F-FDG PET/
CT in this cohort of patients (/6). Metformin is also well known to
significantly increase physiologic gastrointestinal '*F-FDG uptake
and should be withheld for at least 48 h when assessing the GIT on

8F_FDG PET/CT (/7). Importantly, no patients in our study were
taking metformin before their '®F-FDG PET/CT scan.

Combining PET with other noninvasive markers such as serum
inflammatory cytokines IL-17, IFN gamma, tumor necrosis factor,
and granulocyte macrophage colony-stimulating factor, which are
known to be elevated in acute GIT-GVHD (18,19), may also be an
option to further improve noninvasive diagnostic test performance.

Novel PET radiotracers targeting cellular apoptosis (20,21), the
histologic hallmark of acute GIT-GVHD, may provide signifi-
cantly improved sensitivity and specificity for detection of GVHD
compared with '®F-FDG PET and should be explored further.
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Limitations of our study include no formal grading of severity
of acute GIT-GVHD on histology; however, 21 of 23 (91%)
patients required steroid therapy (13 intravenous, 8 oral), suggest-
ing most acute GIT-GVHD cases were at least moderately severe.

CONCLUSION

8F_FDG PET is a useful noninvasive diagnostic test for acute
GIT-GVHD particularly in the colon. Acute GIT-GVHD, when
present, always involves the colon and usually in its entirety, sug-
gesting that only colonic biopsy is required for histologic confirma-
tion when acute GIT-GVHD is suspected. Of note, '®F-FDG PET
cannot distinguish acute GIT-GVHD from non-GVHD inflamma-
tory changes in the colon.
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KEY POINTS

QUESTION: How useful is '8F-FDG PET/CT for noninvasive
assessment of patients with clinically suspected acute GIT-GVHD
after allogeneic hemopoietic stem cell transplantation?

PERTINENT FINDINGS: In a prospective study evaluating
8F_FDG PET/CT in 51 patients with clinically suspected acute
GIT-GVHD with upper and lower gastrointestinal histology
obtained from endoscopy, '8F-FDG PET/CT was found to be a
useful noninvasive test with sensitivity and specificity of 70% and
76%, respectively, for acute GIT-GVHD. The colon appears to
always be involved in patients with acute GIT-GVHD and is the
location of greatest increase in SUVyax on '8F-FDG PET/CT.

IMPLICATIONS FOR PATIENT CARE: '8F-FDG PET/CT is a
useful adjunctive noninvasive diagnostic test when acute
GIT-GVHD is clinically suspected.
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The prevalence of cardiac amyloidosis (CA) in the general population
and associated prognostic implications remain poorly understood. We
aimed to identify CA prevalence and outcomes in bone scintigraphy
referrals. Methods: Consecutive all-comers undergoing %°™Tc-3,3-
diphosphono-1,2-propanodicarboxylic-acid (**™Tc-DPD) bone scintig-
raphy between 2010 and 2020 were included. Perugini grade 1 was
defined as low-grade uptake and grade 2 or 3 as confirmed CA. All-
cause mortality, cardiovascular death, and heart failure hospitalization
(HHF) served as endpoints. Results: In total, 17,387 scans from 11,527
subjects (age, 61 + 16y; 63.0% women, 73.6% cancer) were analyzed.
Prevalence of ®*™Tc-DPD positivity was 3.3% (n = 376/11,527; grade
1:1.8%, grade 2 or 3: 1.5%), and was higher among cardiac than non-
cardiac referrals (18.2% vs. 1.7%). In individuals with more than 1
scan, progression from grade 1 to grade 2 or 3 was observed. Among
patients with biopsy-proven CA, the portion of light-chain (AL)-CA was
significantly higher in grade 1 than grade 2 or 3 (73.3% vs. 15.4%).
After a median of 6y, clinical event rates were: 29.4% mortality, 2.6%
cardiovascular death, and 1.5% HHF, all independently predicted by
positive %™ Tc-DPD. Overall, adverse outcomes were driven by con-
firmed CA (vs. grade 0, mortality: adjusted hazard ratio [AHR] 1.46
[95% CI 1.12-1.90]; cardiovascular death: AHR 2.34 [95% CI
1.49-3.68]; HHF: AHR 2.25 [95% CIl 1.51-3.37]). One-year mortality
was substantially higher in cancer than noncancer patients. Among
noncancer patients, also grade 1 had worse outcomes than grade 0
(HHF/death: AHR 1.45 [95% CI 1.01-2.09]), presumably because of
longer observation and higher prognostic impact of early infiltration.
Conclusion: Positive ®™Tc-DPD was identified in a substantial number
of consecutive ®™Tc-DPD referrals and associated with adverse
outcomes.

Key Words: transthyretin; ATTR; diagnosis; mortality; heart failure
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Cardiac amyloidosis (CA) is a myocardial infiltrative disease
and causes heart failure by deposition of amyloid fibrils. The 2 major
amyloid proteins deposited in the myocardium are transthyretin
(ATTR), which predominantly affects elderly individuals, and
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immunoglobulin light chain (AL), whereas other types of CA are
very rare (I). If left untreated, CA leads to heart failure and death,
both in ATTR and AL. Formerly believed to be a rare condition,
recent diagnostic advances and disease awareness have resulted in a
true renaissance of CA. Increased diagnosis of CA is mainly driven
by excellent sensitivity and specificity of bone scintigraphy (e.g.,
99mTc-3,3-diphosphono-1,2-propanodicarboxylic acid [*™Tc-DPD];
9mTc-pyrophosphate [**™Tc-PYP]), in particular for ATTR (I).
Broader use of bone scintigraphy for screening of ATTR-CA has
unveiled a significant proportion of (coexisting) CA for various car-
diac conditions (2—5). Attempts to estimate the prevalence of CA in
the general population using bone scintigraphy yielded substantially
lower proportions of affected patients (6-8). However, these studies
were limited either by small sample size or failure to report on prog-
nostic implications of CA. Current diagnostic criteria require strong
cardiac tracer uptake (Perugini grade = 2) for ATTR-CA, whereas
the clinical significance of low uptake (Perugini grade 1) is not well
studied (9). This diagnostic gap is of particular importance because
ATTR-specific treatments might be more effective at earlier stages
of disease (/0). Yet, underlying pathology and outcomes of low-
grade cardiac uptake are unclear.

The present study was designed to evaluate the prevalence of
cardiac tracer uptake (grades 1-3) and to investigate associated
outcomes in all-comers referred to bone scintigraphy.

MATERIALS AND METHODS

Study Population

This study included consecutive all-comer referrals for bone scintigra-
phy between January 2010 and August 2020 at the Vienna General Hospi-
tal, a university-affiliated tertiary center. Bone scintigraphy was performed
using *’™Tc-methylene diphosphate (*™Tc-MDP) before April 2010, and
9mT¢e-DPD thereafter. Because **™Tc-MDP has been shown to lack sensi-
tivity in the diagnosis of ATTR (/7), patients evaluated with this tracer
were excluded (Supplemental Fig. 1; supplemental materials are available
at http://jnm.snmjournals.org). The remaining patients with available
9mT¢-DPD scans and sufficient image quality were included in the final
analysis. The institutional review board approved this retrospective study
(EK 1557/2020), and the requirement to obtain informed consent was
waived.

99mTc-DPD Bone Scintigraphy

All patients were scanned using either an Infinia Hawkeye 4 (GE
Healthcare) or a Discovery 670 (GE Healthcare) hybrid y-camera 3 h
after intravenous administration of 700 MBq of **™Tc-DPD. Planar
whole-body images were acquired at a scan speed of 10 cm/min using
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low-energy high resolution collimators (/2). On clinical request, addi-
tional SPECT/CT of the chest was performed.

Image Analysis and Diagnosis of CA

All scans were analyzed by 2 experienced nuclear imaging scan read-
ers masked to clinical data (e.g., age, sex, and referral diagnosis). Visual
assessment according to the Perugini classification was applied (/7),
where grade 0 represents no cardiac uptake with normal bone uptake
(i.e., negative, ™ Tc-DPD [**™Tc-DPD—]) and grades 1-3 represent
increasing cardiac uptake (*™Tc-DPD+) with increasing bone attenua-
tion and soft-tissue uptake. Grade 1 was defined as low-grade uptake
(Supplemental Fig. 2) and grade 2 or 3 uptake as confirmed amyloidosis.
In the case of discrepant ™ Tc-DPD grading between the 2 readers,
which occurred in 12 borderline cases, a third nuclear imaging specialist
was consulted, and final diagnosis was reached by consensus (Supple-
mental Fig. 3). Because of the retrospective study design, CA subtype
was not consistently assessed. However, organ tissue biopsy including
Congo red staining and immunohistochemical analysis was available in a
subset of patients. Mass spectroscopy was sought in cases with indistinct
amyloid subtyping on immunohistochemistry.

Data Acquisition

Clinical and laboratory data as well as hospitalizations for heart fail-
ure (HHF) were retrieved from medical records. All-cause mortality
was captured from the Austrian-Death-Registry and served as primary
study endpoint. Cardiovascular death (as determined from the cause of
death in the Austrian-Death-Registry) and HHF were selected as sec-
ondary study endpoints. HHF was determined from 3 sources, cover-
ing hospitalizations in all Austrian hospitals: patient records of the
Medical University of Vienna, Vienna-Health-Association data base,
and the nationwide electronic health records. Outcome assessment was
100% complete. An internal expert committee adjudicated each event,
masked to *™Tc-DPD results. The presence of monoclonal protein
was defined as positivity of serum or urine immunofixation with or
without elevated serum/urine levels of the corresponding light chain.

Statistical Analysis

All statistical analyses were computed using SPSS 27 (IBM SPSS).
Continuous data are expressed as median and interquartile range (IQR),
and categoric variables as numbers and percentages. Differences
between groups were analyzed with the Kruskal-Wallis test. Post hoc
analyses were performed using Dunn-Bonferroni tests for continuous
variables. x” tests or Fisher tests were used for categoric variables as
appropriate. We calculated the prevalence of **"Tc-DPD+ and 95%
Cls according to the Wilson’s score method. Kaplan—Meier estimates
and Cox regression analyses were used to evaluate the prognostic sig-
nificance of **"Tc-DPD++. Multivariate adjustment (including age, sex,
cardiovascular risk factors, and comorbidities as outlined in the respec-
tive outcome tables) was performed using a nonstepwise approach with
a cutoff P value to enter the multivariate model of = 0.05. The propor-
tional hazards assumption was tested with the examination of Schoen-
feld residuals. Multivariate binary logistic analysis was applied to
evaluate the association of parameters with the presence of **™Tc-
DPD+. A P value = 0.05 was considered statistically significant.

RESULTS

Patient Population

In total, 17,387 consecutive *™Tc-DPD bone scintigraphy scans
from 11,527 patients were analyzed and included in the final anal-
ysis (Supplemental Fig. 1). The median age of the study popula-
tion was 63.6 y (IQR 51.3-73.0), with 63.0% women and 73.6%
cancer patients.

CARDIAC AMYLOID IN BONE ScAN REFERRALS ¢

Referral Diagnosis and Temporal Trends

Referral diagnoses for *™Tc-DPD were noncardiac (90.6%)
and cardiac (9.4%). Precise breakdown of referral diagnoses is dis-
played in Supplemental Figure 4 and baseline characteristics strati-
fied according to referral indication are displayed in Supplemental
Table 1. The proportion of cardiac referrals among all-comers
increased consistently over time (2010-2014: 0.5%; 2015-2016:
4.5%; 2017-2018: 19.7%; 2019-2020: 28.8%; P < 0.001).

Prevalence and Predictors of CA

Among all-comers the prevalence of *™Tc-DPD+ was 3.3%
(95% CI 2.9-3.6, n = 376/11,527). Grade 1 was found in 1.8%
(n = 209/11,527) and confirmed amyloidosis (grade 2 or 3) in 1.5%
(n = 167/11,527) of patients. There was a significant increase in the
prevalence of *’™Tc-DPD positivity with incremental age: <60 y:
0.6% vs. 60-70 y: 2.2% vs. 70-80 y: 5.5% vs. >80 y: 12.4% (P <
0.001). Age distribution of *™Tc-DPD+ according to referral indi-
cation is shown in Figure 1. As expected, ™ Tc-DPD+ was more
common among cardiac versus noncardiac referrals (18.2%, 95% CI
16.0-20.7, n = 197/1,081 vs. 1.7%, 95% CI 1.5-2.0, n = 179/
10,446; P < 0.001). The distribution of disease burden differed sig-
nificantly between cardiac and noncardiac patients. Most **™Tc-
DPD+ cases among cardiac referrals displayed grade 2 or 3 uptake
(62.9% grade 2 or 3 vs. 37.1% grade 1), whereas grade 1 uptake was
predominantly observed among noncardiac referrals (24.0% grade 2
or 3 vs. 76.0% grade 1, P for differences according to referral diag-
nosis < 0.001).

Independent predictors for the presence of *°™Tc-DPD+ by
multivariate binary logistic regression analysis were history of car-
pal tunnel syndrome (odds ratio [OR], 8.06 [95% CI 4.50-14.46]),
atrial fibrillation (OR, 2.61 [95% CI 2.01-3.39]), chronic heart
failure (OR, 2.05 [95% CI 1.87-3.35]), male sex (OR, 1.86 [95%
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CI 1.48-2.34]), and age (per year increase: OR, 1.08 [95% CI
1.07-1.09], all P < 0.001).

Grade 0 versus Low-Grade Uptake Versus Confirmed
Amyloidosis

Differences in baseline characteristics according to Perugini grade
are displayed in Table 1. From *™Tc-DPD— to grade-1 to confirmed
CA, a stepwise increase in age, male sex, and history of carpal tunnel
syndrome was found (P all < 0.001). Conversely, the proportion of
cancer declined from no CA to confirmed CA (P < 0.001). Comor-
bidities typically associated with age, such as arterial hypertension,
coronary artery disease, and impaired kidney function, were more
prevalent in ®™Tc-DPD+ patients (all P < 0.001). Furthermore, atrial
fibrillation and chronic heart failure were more common in *™Tc-
DPD+ than in **™Tc-DPD— patients (all P < 0.001). Accordingly,
cardiac serum markers displayed a stepwise increase in *™Tc-DPD—
patients versus low-grade uptake versus confirmed CA: high-sensitive
troponin T, 19 ng/mL (IQR 10-41) versus 49 (IQR 25-148) versus 60
(IQR 33-104); N-terminal pro-brain natriuretic peptide, 655 pg/mL
(IQR 185-2,311) versus 2,117 (IQR 848-6,364) versus 3,043 (IQR
1,562-6,556); all P < 0.001. The presence of monoclonal protein was
more prevalent in grade 1 than in **"Tc-DPD— and grade 2 or 3
(P = 0.001). Among patients who underwent echocardiography, a
stepwise increase of left ventricular wall thickness from *™Tc-DPD—
to low-grade uptake to confirmed CA was observed: 13 mm (IQR
11-15) versus 14 (IQR 13-17) versus 20 (IQR 17-23). Also, left and
right heart dimensions were increased and left ventricular function was
decreased in *™Tc-DPD+ compared with **™Tc-DPD— (P for all
< 0.001).

99MT¢c-DPD Grading Trajectories

Repeated scans were available for 2,136 patients and yielded
identical Perugini grades in most cases (98.9%). However, 23
patients experienced a change in cardiac tracer uptake 3.4 y (IQR
1.3-5.9) after their previous scan (Supplemental Fig. 5): grade 0 to
grade 1 (n = 15), grade 0 to grade 2 (n = 1), grade 1 to grade 2 or
3 (n = 4), grade 0 to grade 1 to grade 2 or 3 (» = 1), decline in
grading because of excessive bone metastasis (n = 2).

SPECT

Among patients with a positive scan result on planar imaging, addi-
tional SPECT of the chest was available for 19.1% (n = 72/376).
Cardiac origin of tracer uptake was verified by SPECT in 89%
(n = 64/72), which was markedly higher among patients with grade
2 or 3 (100%, n = 52/52) than grade 1 by planar imaging (60%,
n = 12/20, Supplemental Fig. 6).

Tissue Biopsy

Organ tissue samples for amyloid detection and subtyping
among patients with a positive scan result were available in 7.7%
of grade 1 and in 16.8% of grade 2 or 3 (Supplemental Table 2).
Confirmation rates of amyloid tissue presence were 93.8% and
92.9% for grade 1 and 2 or 3, respectively. Negative samples were
derived from kidney biopsies (1 grade 1, 1 grade 2 or 3) and
abdominal fat tissue aspirate (1 grade 2 or 3), whereas amyloid
was confirmed in 100% of endomyocardial biopsies (n = 33/33).
Among those with confirmed amyloid on biopsy, the portion of
ATTR was significantly higher in grade 2 or 3 (76.9%, n = 20/26)
than in grade 1 patients (26.7%, n = 4/15; P < 0.01). Hence, AL

TABLE 1
Baseline Characteristics

Characteristic Grade 0 (n = 11,151 [96.7%)]) Grade 1 (n = 209 [1.8%)]) Grade 2 or 3 (n = 167 [1.5%)]) P

Age (y) 63 (51-73) 75 (68-80)* 80 (74-84)"* <0.001
Sex, male (%) 36.1 53.1* 74.3™% <0.001
BMI (kg/m?) 25.7 (22.8-29.4; 10,747) 27.5 (24.8-32.1; 198)* 25.3 (23.4-28.3; 163)F <0.001
Cardiac referral (%) 7.9 34.9* 74.3™ <0.001
Cancer (%) 74.6 56.5* 25.7T# <0.001
Myeloma (%) 1.0 5.3 1.2% <0.001
Arterial hypertension (%) 40.2 70.8* 49.9T# <0.001
Diabetes (%) 12.1 24.9* 12.6% <0.001
Atrial fibrillation (%) 8.1 29.7* 50.3"* <0.001
Past stroke (%) 5.5 7.2 10.27 0.019
CAD (%) 12.1 38.8* 31.17 <0.001
Previous MI (%) 1.7 7.7 3.0 <0.001
Chronic heart failure (%) 7.2 26.3* 38.9"+ <0.001
PAD (%) 1.5 4.3 1.2 0.004
COPD (%) 7.2 11.5* 10.8 0.015
CTS (%) 0.8 3.8 6.6" <0.001

*DPD grade 1 vs. grade 0: P < 0.05.
TDPD grade 2 or 3 vs. grade 0: P = 0.05.
*DPD grade 2 or 3 vs. grade 1: P < 0.05.

BMI = body mass index; CAD =coronary artery disease; Ml = myocardial infarction; PAD = peripheral artery disease; COPD =
chronic obstructive pulmonary disease; CTS = carpal tunnel syndrome.
Parenthetical data indicate number of patients with available data for parameter if not identical to column total.
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was the predominant amyloid subtype in grade 1 (73.3%, n = 11/15).
Furthermore, the presence of combined ATTR/AL-CA was diagnosed
in 2 grade 2 or 3 patients with endomyocardial biopsy and confirmed
by mass spectroscopy.

Mortality

After a median follow-up of 6.0 y (IQR 2.8-8.9), 29.4% (n =
3,385/11,527) had died. Cardiovascular death accounted for 8.9% of
mortality (n = 302/3,385). Among all-comers, *™Tc-DPD+ was sig-
nificantly associated with mortality by Cox regression analysis (crude
hazard ratio [HR] 1.76 [95% CI 1.49-2.08]), which applied for both
grade 1 (vs. grade 0: HR 1.61 [95% CI 1.29-1.99], and grade 2 or 3
(vs. grade 0: HR 2.02 [95% CI 1.57-2.60], all P < 0.001). After mul-
tivariate adjustment, *™Tc-DPD+ remained significantly associated
with mortality (Table 2), driven by confirmed CA but not low-grade
uptake (adjusted HR [AHR] with 9mTe DPD— as reference: 1.20
[95% CI 1.01-1.43] for ®™Tc-DPD+, P = 0.036; AHR, 1.46 [95%
CI 1.12-1.90] for confirmed CA, P = 0.006; AHR, 1.09 [95% CI
0.87-1.35] for low-grade uptake, P = 0.5). Results remained
unchanged after exclusion of 3 grade 1 patients with documented
myocardial infarction within 1 mo before scintigraphy. Also, results
were consistent when cardiovascular death was analyzed separately
(AHR with *™Tc-DPD— as reference: 1.79 [95% CI 1.26-2.54] for
9mTe DPD+, P = 0.001; AHR, 2.34 [95% CI 1.49-3.68] for con-
firmed CA, P < 0.001; AHR, 1.31 [95% CI 0.78-2.20] for low-grade
uptake, P = 0.3; Supplemental Table 3). The proportional hazard
assumption was satisfied, and we did not detect a significant collinear-
ity in the multivariate models. Kaplan—-Meier curves illustrate
increased all-cause mortality in confirmed CA versus grade 1 (log-
rank, P = 0.039; Fig. 2).

Overall, mortality rates at 1 y were more than doubled in cancer
versus noncancer patients (13.4% vs. 6.0%, P < 0.001). Unadjusted
death rates for *"Tc-DPD— versus *°™Tc-DPD+ patients were

higher among both cancer (HR, 1.59 [95% CI 1.29-1.98]) and non-
cancer patients (HR, 3.94 [95% CI 3.03-5.11], both P < 0.001).
After multivariate adjustment, ™ Tc-DPD+ remained significantly
associated with mortality only for noncancer (AHR, 1.41 [95% CI
1.06-1.89], P = 0.017), but not for cancer patients (AHR, 0.94
[95% C10.75-1.19], P = 0.6).

HHF

During follow-up, 1.5% of patients (n = 178/11,527) were hospi-
talized for heart failure. *™Tc-DPD + independently predicted the
occurrence of HHF (AHR, 2.25 [95% CI 1.51-3.37], P < 0.001).
Again, patients with low-grade uptake versus *’"Tc-DPD— per-
formed equally (AHR, 1.18 [95% CI 0.61-2.26], P = 0.6), whereas
confirmed CA was associated with a 3.5 times higher risk of future
HHF than was ™ Tc-DPD— (AHR, 3.57 [95% CI 2.19-5.80], P <
0.001, Supplemental Table 4).

Outcomes of Noncancer Patients with Low-Grade Uptake

Importantly, among noncancer patients, also grade 1 was associ-
ated with worse outcomes compared with grade 0 with a higher
hazard of HHF (HR, 4.89 [95% CI 2.34-10.24]), cardiovascular
(HR, 3.84 [95% CI 2.01-7.36]), and all-cause mortality (HR, 3.56
[95% CI 2.47-5.15], all P < 0.001). Results for the composite
endpoint of HHF or death remained significant after multivariate
adjustment for patients with grade 1 (vs. grade 0: AHR, 1.45 [95%
CI 1.01-2.09], P = 0.04), and grade 2 or 3 (vs. grade 0: AHR,
1.40 [95% CI 1.01-1.97], P = 0.049).

DISCUSSION

In this large-scale study we analyzed all-comer bone scintigraphy
referrals for the presence of ™ Tc-DPD positivity and report a preva-
lence of 1-in-50 among noncardiac and 1-in-5 among cardiac refer-
rals. Repeated scans revealed an increase in the burden of cardiac

TABLE 2
Cox Regression Analyses Assessing the Association of Parameters with Mortality
Univariate Multivariate

Parameter Hazard ratio P Hazard ratio P

Age, per 10-y increase 1.547 (1.498-1.598) <0.001 1.346 (1.298-1.396) <0.001
Male sex 2.223 (2.077-2.379) <0.001 2.097 (1.951-2.253) <0.001
Cancer 2.515 (2.272-2.783) <0.001 2.907 (2.620-3.225) <0.001
Arterial hypertension 1.884 (1.761-2.016) <0.001 1.137 (1.052-1.230) 0.001
Diabetes 1.758 (1.610-1.919) <0.001 1.161 (1.055-1.278) 0.002
Atrial fibrillation 2.096 (1.903-2.310) <0.001 1.095 (0.981-1.221) 0.104
Chronic heart failure 2.005 (1.808-2.225) <0.001 1.261 (1.117-1.423) <0.001
CAD 2.119 (1.945-2.307) <0.001 1.065 (0.957-1.185) 0.251
Previous Ml 1.633 (1.291-2.066) <0.001 0.919 (0.718-1.177) 0.504
Past stroke 2.034 (1.812-2.284) <0.001 1.231 (1.086-1.395) 0.001
PAD 1.837 (1.461-2.309) <0.001 0.915 (0.722-1.159) 0.460
COPD 2.185 (1.975-2.417) <0.001 1.585 (1.425-1.763) <0.001
DPD positivity 1.758 (1.488-2.077) <0.001 1.152 (1.004-1.323) 0.036

BMI = body mass index; CAD =coronary artery disease; Ml = myocardial infarction; PAD = peripheral artery disease; COPD =

chronic obstructive pulmonary disease; CTS = carpal tunnel syndrome.

Data in parentheses are 95% CI.
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amount of cardiac tracer uptake observed
in subjects with multiple scans. Most im-
portantly, this included cases with progres-
sion from low-grade uptake to confirmed
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CA (grade 2 or 3). Moreover, ATTR was
confirmed in approximately 25% of grade 1
patients with biopsy-proven CA. However,
most grade 1 patients receiving myocardial
biopsy had monoclonal protein, and tissue
sampling was sought to rule out AL-CA.
Hence, the proportion of ATTR among all
patients with low-grade uptake on bone scin-
tigraphy (not only in those with a likelihood
of AL) might in fact be considerably higher

8 9 10 than indicated by our data. These findings

highlight the importance to recognize subtle
1083 1238 557 tracer uptake as potential ATTR-CA (4,9)—
49 28 11 especially in the absence of a plasma cell
0

dyscrasia. In patients with monoclonal pro-

FIGURE 2. Association of CA with mortality. Among all-comers, grade 2 or 3 but not grade 1 was
associated with increased adjusted mortality as compared with grade 0. Two-year survival rates of
confirmed CA were comparable to those for patients in the placebo arm of the ATTR-ACT trial (data

adapted from (10)).

tracer uptake from low- to high-grade uptake in a subgroup of
patients over time, highlighting the progressive nature of the disease.
Outcomes were worse in *™Tc-DPD+ patients, without differences
in event-free survival between grade 1 and grade O in the overall
cohort. However, 1-y mortality was twice as high in cancer than in
noncancer patients. After the exclusion of cancer patients from the
analysis, grade 1 patients experienced worse outcomes than those
with no uptake, presumably because of the longer observation time/
life expectancy with a higher prognostic impact of early ATTR infil-
tration. On the basis of these results, we conclude that, particularly,
patients with grade 1 tracer uptake should be examined thoroughly
and receive close follow-up, as an early diagnosis may offer a win-
dow of opportunity for timely initiation of novel CA-specific treat-
ments to prevent adverse outcomes.

We also report a 10-times higher prevalence of *’™Tc-DPD pos-
itivity in cardiac than noncardiac scintigraphy referrals. Active CA
screening of patients with conditions typically associated with
myocardial thickening, such as severe aortic stenosis and heart
failure with preserved ejection fraction, have unveiled a preva-
lence of concomitant/underlying CA of = 10% (2,3). Among
elderly patients (=80 y) without these conditions, CA proportions
ranging from less than 1% to 5% have been reported (6-8). The
present data indicate an even higher CA prevalence among non-
cardiac patients older than 80 y of 6%.

In clinical routine, CA is generally suspected when symptoms
of heart failure are reported in combination with imaging features
typical for infiltrative cardiomyopathies (e.g., markedly increased
wall thickness). Hence, cardiac **™Tc-DPD referrals have a much
higher likelihood of CA, and on average, showed more advanced
disease (grade 2 or 3) than noncardiac patients, who mostly dis-
played grade 1 uptake. This likely relates to the clinical course of
the disease. If detected incidentally, CA may be caught at an early
stage where it is clinically unapparent. Conversely, the onset of
clinical symptoms and transition to overt HF is more common in
cases with advanced amyloid deposition (grade 2 or 3).

To our knowledge, for the first time we also report progressive
amyloid deposition over time, as indicated by an increase in the
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tein with or without a positive bone scan
result, novel nuclear imaging tracers (e.g.,
8F_florbetaben) show promise to diagnose
AL or reliably differentiate between AL and
ATTR or mimicking conditions, respectively
(13). Distribution of late enhancement patterns by cardiac MR
(CMR) may support the establishment of a CA diagnosis. Impor-
tantly, the addition of SPECT to planar imaging is recommended to
discriminate cardiac from other sources of tracer uptake (e.g., ribs,
residual blood-pool activity; Supplemental Fig. 6) (/4). SPECT is of
particular relevance in cases with subtle uptake on planar imaging to
avoid false-positive results. One recent study using PYP and a 1-h
imaging protocol reported false positivity in two thirds of patients
with subtle uptake on planar imaging when compared with SPECT
as a reference standard (/5). In the present series, where scans were
performed at 3 h—and therefore presumably more accurate in the
verification of myocardial tracer origin—false positivity of grade 1
planar imaging was 40%, whereas grade 2 or 3 was 100% accurate.
Given that SPECT was available only for a subset of patients with
low-grade uptake, we assume that a relevant proportion of grade 1
patients was diagnosed because of blood pooling effects. In the case
of suspected AL, endomyocardial biopsy OR extracardiac biopsy in
combination with typical imaging features (echocardiography, CMR)
are necessary to confirm the diagnosis (/6). However, recent impor-
tant improvements in cardiac imaging as outlined above have nur-
tured the hope that a CA diagnosis can be established purely
noninvasively, thereby avoiding potential risks inherent to cardiac
biopsy. Yet, on the basis of our data, grade 1 uptake currently
requires comprehensive work-up (e.g., echo, CMR, SPECT, labora-
tory light-chain assessment, myocardial biopsy if indicated) to
unmask early CA cases.

Few prospective CA registries have reported on predictors of
survival (17-19). However, outcome implications of CA in the
general population remain largely unknown. Here, we first
describe CA as an independent predictor of clinical endpoints.
After adjustment for (cardiovascular) risk factors, **™Tc-DPD pos-
itivity was associated with a 20% increase in all-cause mortality,
an 80% increase in cardiovascular death, and a more than 2-fold
risk for HHF. Overall, adjusted risk for adverse outcomes was
only increased in confirmed CA, with 2-y survival rates compara-
ble to those for patients in the placebo arm of the ATTR-ACT trial
(Fig. 2) (10). However, the present cohort comprised individuals
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with a high prevalence of malignancy and, hence, substantially
increased 1-y mortality rates. Thus, the impact of CA—in particular
of grade 1 CA—may be much stronger in the general population,
and over a longer follow-up period. Accordingly, among noncancer
patients, who had a significantly longer life expectancy than those
with cancer, both grade 2 or 3 and low-grade uptake predicted out-
comes, as previously reported in a preliminary analysis (20). Of
note, inclusion of a relevant number of grade 1 patients with blood
pooling may in fact underestimate the severity of outcomes in
grade 1 patients with true myocardial uptake in the present series.
Hence, low-grade uptake may represent a window of opportunity
for timely diagnosis and initiation of novel CA-specific treatments.
In ATTR, such treatments include agents that stabilize the tetra-
meric TTR protein (tafamidis) or reduce TTR serum levels (ino-
tersen, patisiran). Tafamidis is the only drug currently approved for
the treatment of ATTR-CA and has been shown to improve sur-
vival compared with placebo (/0). However, subgroup analysis
indicated fewer benefits for those with more advanced disease
(NYHA class III), where placebo was superior to Tafamidis in the
prevention of cardiovascular hospitalization. Treatment should,
therefore, be initiated early in the disease process to achieve prog-
nostic improvements. Future randomized trials are necessary to
clarify whether ATTR-specific drugs will improve outcomes in
grade 1 ATTR-CA patients.

This study has limitations. CA subtype was not consistently
assessed given the retrospective study design. Yet, available
results from cardiac biopsies emphasize the importance to recog-
nize grade 1 cardiac uptake as potential ATTR-CA. Additional
SPECT/CT of the chest was not uniformly available. Grade 1 may
therefore comprise a proportion of patients with blood pooling
effects and outcomes of low-grade patients with true myocardial
tracer origin may in reality be even worse than shown here. Also,
the presence of bone metastases in this population with a high rate
of malignancy may have led to an underdiagnosis of low-grade
amyloid deposition because of tracer competition with other com-
partments (Supplemental Fig. 5). Laboratory values (including
monoclonal protein assessment) were not available for all patients
and therefore excluded from outcome analysis. Finally, whereas a
selection bias must be considered because of the single-center
nature of our study, we followed an identical protocol for 99mT.
DPD bone scintigraphy, ensuring consistency of data throughout
the more than 10-y study period.

CONCLUSION

CA is prevalent in elderly patients undergoing bone scintigra-
phy, both among noncardiac and even more so among cardiac
referrals. Overall, the presence of confirmed CA (Perugini grade
2 or 3) was independently associated with adverse clinical out-
comes. Grade 1—which we show can progresses to confirmed CA
over time—had increased mortality only among noncancer
patients because of longer life expectancy and potentially higher
prognostic impact of early ATTR infiltration. If diagnosed and
treated early, outcomes of CA patients may potentially improve
significantly.
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CARDIAC AMYLOID IN BONE ScAN REFERRALS ¢

KEY POINTS

QUESTION: How prevalent is CA among all-comers referred for
bone scintigraphy and is it associated with worse outcomes?

PERTINENT FINDINGS: **™Tc-DPD+ affects 1-in-50 noncardiac
and 1-in-5 cardiac patients referred for bone scintigraphy.
Confirmed CA (grade 2 or 3) has increased mortality (all-cause
and cardiovascular) and risk for future heart failure; grade 1 may
represent both ATTR- and AL-CA and is likewise associated with
a poor prognosis if observed for a longer period.

IMPLICATIONS FOR PATIENT CARE: Grade 1 may offer the
possibility for early CA diagnosis and treatment with new
amyloid-targeting therapies.
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Evaluation of (rac)-, (R)-, and (S)-'*F-OF-NB1 for Imaging
GIuN2B Subunit-Containing N-Methyl-D-Aspartate Receptors

in Nonhuman Primates

Hazem Ahmed*'*, Ming-Qiang Zheng*?, Kelly Smart’, Hanyi Fang®", Li Zhang?, Paul R. Emery?, Hong Gao?,
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Despite 2 decades of research, no N-methyl-p-aspartate (NMDA) gluta-
mate receptor (GluN) subtype 2B (GIuN1/2B) radioligand is yet clinically
validated. Previously, we reported on (rac)-'8F-OF-NB1 as a promising
GIuN1/2B PET probe in rodents and its successful application for the
visualization of GIuN2B-containing NMDA receptors in postmortem
brain tissues of patients with amyotrophic lateral sclerosis. In the cur-
rent work, we report on the in vivo characterization of (rac)-, (R)-, and
(S)-"®F-OF-NB1 in nonhuman primates. Methods: PET scans were
performed on rhesus monkeys. Plasma profiling was used to obtain the
arterial input function. Regional brain time—activity curves were gener-
ated and fitted with the 1- and 2-tissue-compartment models and the
multilinear analysis 1 method, and the corresponding regional volumes
of distribution were calculated. Blocking studies with the GluN1/2B
ligand Co 101244 (0.25 mg/kg) were performed for the enantiopure
radiotracers. Receptor occupancy, nonspecific volume of distribution,
and regional binding potential (BPnp) were obtained. Potential off-target
binding toward o+ receptors was assessed for (S)-'®F-OF-NB1 using
the o receptor ligand FTC-146. Results: Free plasma fraction was
moderate, ranging from 12% to 16%. All radiotracers showed high and
heterogeneous brain uptake, with the highest levels in the cortex.
(R)-"®F-OF-NB1 showed the highest uptake and slowest washout
kinetics of all tracers. The 1-tissue-compartment model and multilinear
analysis 1 method fitted the regional time-activity curves well for all
tracers and produced reliable regional volumes of distribution, which
were higher for (R)- than (S)-"8F-OF-NB1. Receptor occupancy by Co
101244 was 85% and 96% for (S)-'8F-OF-NB1 and (R)-'®F-OF-NB1,
respectively. Pretreatment with FTC-146 at both a low (0.027 mg/kg)
and high (0.125 mg/kg) dose led to a similar reduction (48% and 49%,
respectively) in specific binding of (S)-'8F-OF-NB1. Further, pretreat-
ment with both Co 101244 and FTC-146 did not result in a further
reduction in specific binding compared with Co 101244 alone in the
same monkey (82% vs. 81%, respectively). Regional BPyp values
ranged from 1.3 in the semiovale to 3.4 in the cingulate cortex for
(S)-"8F-OF-NB1. Conclusion: Both (R)- and (S)-'8F-OF-NB1 exhibited
high binding specificity to GIUN2B subunit—containing NMDA recep-
tors. The fast washout kinetics, good regional BPyp values, and high
plasma free fraction render (S)-'®F-OF-NB1 an attractive radiotracer for
clinical translation.

Key Words: NMDA; GIuN2B subunit; brain PET imaging; nonhuman
primates; neurodegeneration
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Glutamatergic N-methyl-p-aspartate receptors (NMDARS) are
heterotetrameric ion channels ubiquitously expressed in the mam-
malian brain. The receptor complex is assembled from distinct sub-
units, namely N-methyl-p-aspartate (NMDA) glutamate receptor
(GluN) subtypes 1a—1h (GluN1(a-h)), GluN subtypes 2A-2D (Glu-
N2(A-D)), and GIuN subtypes 3A and 3B, where each GIuN2 sub-
type exhibits a unique spatiotemporal expression and function (/).
NMDARs are known to be the linchpin for synaptic plasticity and
transmission as well as higher cognitive functions. Notably, synap-
tic NMDARs are promotors of cell survival whereas extrasynaptic
GIuN2B subunit-enriched NMDARSs are mediators of cell death.
The GluN1/2B receptors are associated with several neuropatholo-
gies, such as Alzheimer’s disease, Parkinson’s disease, depression,
schizophrenia, and stroke, among others (2—5). As such, the develop-
ment of GluN1/2B antagonists has been the prime focus of therapeu-
tic development efforts over the past 2 decades, with 19 therapeutic
patent applications published in the past 5 years alone (6,7).
Although these subtype-selective antagonists possess pharmacologic
action similar to conventional NMDA ion channel blockers, they
exhibit a much more favorable neurologic safety profile, as their
selectivity is thought to preserve the physiologic functions of
NMDARs but minimize potential undesired pharmacologic
effects (4,8). To date, several GluN1/2B antagonists, such as
CERC-301, have been evaluated in clinical trials with no-to-
modest clinical benefits, whereas others are still in development
(7,9). PET imaging is a powerful modality that can accelerate
drug development—for example, to be used in target engage-
ment and drug occupancy studies—and serve as a credible tool
in patient selection and monitoring (10,17). Despite the long-
standing interest, efforts to develop a GluN1/2B-specific PET
radioligand have largely been unsuccessful. Challenges include
poor brain uptake, homogeneous distribution, and the existence
of brain radiometabolites, as well as binding to other brain
receptors, most notably o, receptors (o;Rs) (12).

The 3-benzazepine structural class of compounds has recently
emerged as potential PET radioligand candidates for the imaging
of GluN1/2B (Fig. 1) (/3,14). Recently, Ametamey’s group suc-
cessfully developed the 3-benzazepin-1-ol derivative, (R)-''C-Me-
NB1, for imaging GluN1/2B in humans (/5—17). To overcome the
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FIGURE 1.

(rac)-, (R)-, and (S)-"8F-OF-NB1 evaluated in the current work.

limitation of the short physical half-life of !'C-labeled radioligands,
we evaluated several radiofluorinated derivatives in animals (/8-20).
(Rac)-'®F-OF-NB1 (inhibition constant K; (GluN1/2B), 10.4 *+ 4.7
nM) emerged as one of the most promising candidates for evaluation
in nonhuman primates (19). In the current work and for the purpose
of clinical translation, we evaluated the pharmacokinetic and imaging
properties of (rac)-, (S)-, and (R)-'®F-OF-NB1 in nonhuman primates,
and performed a comprehensive assessment of (S)-'*F-OF-NBI
regarding its binding specificity to GluN1/2B receptors and selectivity
over oRs in vivo.

MATERIALS AND METHODS

Chemistry

Synthesis of the reference compound (rac)-OF-NB1 and the corre-
sponding aryl boronic ester precursors followed previously published
procedures, as did their chiral high-performance liquid chromatogra-
phy (HPLC) separation (/8,19).

Radiochemistry

18F_fluoride was produced via the '8O(p,n)'®F nuclear reaction using
H,'80 (Huayi Isotopes) in a 16.5-MeV GE Healthcare PETtrace cyclotron.
After bombardment, the activity was transferred to a shielded hot cell and
trapped on an anionic-exchange resin cartridge (Chromafix PS-HCOs;;
Macherey-Nagel). Trapped '®F~ was eluted into a sealed 5-mL borosilicate
glass reaction vial using a 2-mL solution of K,C,04 (1.0 mg/mL in water),
K5CO; (0.1 mg/mL in water), and Kryptofix 222 (Merck) (6.3 mg/mL in
acetonitrile). The solution was azeotropically dried for 5 min at 110°C
under nitrogen, followed by drying twice using 0.4 mL of acetonitrile each
time. Afterward, the vial was purged with 20 mL of air before the addition
of 0.4 mL of the boronic ester precursor solution (6 mg of precursor and
12 mg of Cu(OTf),(Py), in anhydrous dimethylacetamide). The reaction
mixture was stirred at 110°C for 20 min, diluted with 10 mL of deionized
water, and passed through a Waters C18 SepPak cartridge. The cartridge
was washed with 10 mL of deionized water. The trapped activity was
eluted from the SepPak with 1 mL of ethanol into a second reaction vial.
The solvent was dried at 90°C under a nitrogen stream. Dichloromethane
and anhydrous BBr; were added and left to react for 15 min at room tem-
perature. The solvent was removed by gentle nitrogen blowing, and the
crude product was redissolved in the HPLC mobile phase (25% acetoni-
trile/75% 0.1 M ammonium formate with 0.5% acetic acid, pH 4.2). The
solution was injected into a semipreparative HPLC system equipped with
an Agilent Eclipse XDB-C18 (9.4 X 250 mm, 5 pm) column eluting with
the above mobile phase at a flow rate of 5 mL/min. The radioactive peak

PET IMAGING oF GLUN2B-NMDA IN MONKEYS  *

Structures of (R)-''C-Me-NB1, the lead radiotracer recently evaluated in clinical trial;
(R)-"®F-OF-Me-NBH1, the first radiofluorinated derivative of (R)-''C-Me-NB1 evaluated in rats; and

with 50 mL of water each. The solutions were
passed through Waters C18 SepPak cartridges
separately. Each SepPak was washed with 1 mM
HCI (10 mL), dried with air, and then eluted
with 1 mL of U.S. Pharmacopeia—grade ethanol, followed by 3 mL of
U.S. Pharmacopeia—grade saline, into a collection vial. The solution
was then passed through a 0.22-pm Millex-GV filter (Millipore) into a
10 mL dose vial precharged with 7 mL of U.S. Pharmacopeia—grade
saline for formulation.

Measurement of Lipophilicity (log D7 4)

The lipophilicity (log D;4) of (S)-'"®F-OF-NB1 was determined
according to previously published procedures (27,22). The log D4
was calculated as the ratio between the concentrations of decay-cor-
rected radioactivity in 1-octanol and pH 7.4 phosphate-buffered saline
(Dulbecco).

PET Imaging in Rhesus Monkeys

All experimental procedures were approved by the Yale University
Institutional Animal Care and Use Committee. In total, 11 dynamic PET
scans (120 min each) were performed on 3 rhesus monkeys (Macaca
mulatta, 2 males and 1 female) on the Focus 220 scanners (Siemens
Medical Solutions).

Baseline scans were acquired for (rac)-, (R)-, and (S)-'*F-OF-NBI,
whereas blockade scans using the GluN1/2B antagonist Co 101244
(0.25 mg/kg; half-maximal inhibition concentration (/Csg), 4 = 1 nM
for GIluN1/2B) were performed for the enantiopure radiotracers (23).
Further, blockade scans using either the o;R antagonist FTC-146
(2 doses; 0.027 and 0.125 mg/kg; K;, 0.0025 nM for o|R) alone or
GluN1/2B (0.25 mg/kg dose of Co 101244) followed by o ;R blockade
(0.125 mg/kg dose of FTC-146) were accomplished using (S)-'*F-OF-
NBI1 (24). Procedures for PET scanning, image processing, and image
analysis are detailed in the supplemental materials (available at http:/
jnm.snmjournals.org).

Arterial Input Function Measurement and Metabolite Analysis.
Plasma activity and parent fraction were determined in accordance
with previously published procedures (25,26). Radioactivity was mea-
sured in whole blood and plasma from arterial samples taken at vari-
ous time points after radiotracer injection using cross-calibrated
y-counters (Wizard 1480/2480; Perkin Elmer). The radiometabolic
profile was investigated by HPLC analysis using a column-switching
method with plasma samples from 0, 5, 15, 30, 60, 90, and 120 min
after radiotracer injection (27). The parent fraction was calculated as
the ratio of the radioactivity in parent compound—containing fractions
to the total radioactivity measured. Finally, the arterial input function
was calculated as the product of total plasma concentrations and the
interpolated parent fraction at each time point.

Ahmed et al. 1913
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143.5 = 127.3 GBg/pmol (n = 10) at the end
of synthesis. The total synthesis time for (S)-
and (R)-'*F-OF-NBI was 200 min on average.
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Measurement of log D7 4

The measured log D74 of (S)-'8F-OF-
NB1 was 2.05 = 0.08 (n = 4), similar to the
log D;4 of (rac)-'*F-OF-NBI1, and in the
optimal range for brain penetration (/9,30).

FIGURE 2. Radiosynthesis of (rac)-, (R)-, and (S)-'®F-OF-NB1. DMA = dimethylacetamide; rt =

room temperature.

Measurement of Radiotracer Free Fraction in Plasma (fy).
Ultrafiltration was the method of choice for measuring the unbound
radiotracer in plasma f, (28). The f, measurement was performed in
triplicates per scan and was defined as the ratio of the radioactivity
concentration in the filtrate to the total activity in plasma.

Kinetic Modeling. The regional time—activity curves and metabo-
lite-corrected arterial input functions were analyzed with the 1- and 2-
tissue compartment models, as well as the multilinear analysis 1
method (starting time, 30 min) to calculate the kinetic parameters (28).
The regional volume of distribution (¥, mL/cm®) from each model
was derived and compared. Target occupancy and the nondisplaceable
Vr (Vnp) in the brain were derived from the Lassen plot, generated
using the baseline regional V7 values and the V' difference between
baseline and blockade scans (29). Regional binding potential (BPnp)
was calculated as BPnp = (Vr — Vap)/Vap using the Vyp value
derived from the Lassen plot for the GluN1/2B blocking scan.

RESULTS

Chemistry

The overall chemical yields of the reference compounds (rac)-,
(S)-, and (R)-OF-NBI and the respective boronic ester precursors
were comparable to those published previously (/8,19).

Radiochemistry

The radiosynthetic strategy is depicted in Figure 2. Despite starting
from enantiopure precursors, racemization occurred during the depro-
tection step, requiring additional chiral purification. The final activities

PET Imaging Experiments on
Rhesus Monkeys

The amount of injected radioactivity and
associated mass were 147.1 = 47.4 MBq and 1.05 * 0.70 pg, respec-
tively (n = 10). The parent fractions at 30 min after injection were
33% (n = 2),32% (n = 2), and 57% (n = 1) for the baseline scans of
(rac)-, (S)-, and (R)-'®F-OF-NBI, respectively (Fig. 3). For (S)- and
(R)-'8F-OF-NBI, the parent fractions decreased to 26% (n = 2) and
27%, respectively, after pretreatment of the animals with the GluN1/
2B antagonist Co 101244, whereas preblocking with the o;R antago-
nist FTC-146, whether at a low or a high dose, did not change the par-
ent fraction of (S)-'®F-OF-NB1 (32%). The Jp was 0.12 = 0.01 for
(rac)-"8F-OF-NBI (n = 2), 0.16 = 0.01 for (S)-'*F-OF-NBI1 (n = 8),
and 0.13 for (R)-'®F-OF-NB1 (n = 1).

In the monkey brain, all tracers showed a heterogeneous distribu-
tion, with uptake high in the cortex, putamen, and cerebellum; moder-
ate in the hippocampus and thalamus; and lowest in the centrum
semiovale (Fig. 4). Brain uptake of (S)-'8F-OF-NBI peaked at an
SUV of 4-5 within 20 min after injection, followed by a relatively
fast clearance. The (R)-enantiomer, on the other hand, displayed slow
brain clearance, with uptake increasing throughout the 120-min scan.
Brain uptake levels and tissue clearance of (rac)-'8F-OF-NB1 were
between those of the 2 enantiomers (Supplemental Fig. 1). Pretreat-
ment with the GluN1/2B antagonist Co 101244 (0.25 mg/kg) reduced
radioactivity levels in all regions to nearly those in the semiovale for
both enantiomers at the end of the scans. Receptor occupancy by a
0.25 mg/kg dose of Co 101244 was estimated at 81% and 88% across
the brain in 2 separate monkeys for (S)-'8F-OF-NB1 and 96% for
(R)-"®F-OF-NBI (Fig. 5). Pretreatment with a &R antagonist reduced
the uptake of (S)-'®F-OF-NBI across all brain regions. A low dose

Baseline GIluN1/2B blockade GIluN1/2B & 01R blockade
104 = (R)-°F-OF-NB1 1.04 1.0 (S)-"8F-OF -NB1
15
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FIGURE 3. Parent fraction remaining of (rac)-, (R)-, and (S)-'8F-OF-NB at different time points under baseline and blockade conditions. For GIuN1/2B
blockade, dose of 0.25 mg/kg of Co 101244 was used. For 4R blockade, either low dose (0.027 mg/kg) or high dose (0.125 mg/kg) of FTC-146 was used.
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FIGURE 4. (Top) Representative PET SUV images (summed from 45 to 60 min) and time—activity curves in selected brain regions from baseline,
GIuN1/2B blockade (0.25 mg/kg dose of Co 101244), o4R blockade (0.125 mg/kg dose of FTC-146), and sequential GluN1/2B/o1R blockade (0.25 mg/kg
dose of Co 101244 + 0.125 mg/kg dose FTC-146) scans of (S)-'8F-OF-NB1 obtained in the same rhesus monkey (monkey 2). (Bottom) PET SUV images
and time—activity curves from baseline and GluN1/2B blockade (0.25 mg/kg dose of Co 101244) scans of (R)-'®F-OF-NB1 (monkey 1).

(0.027 mg/kg) and a high dose (0.125 mg/kg) of FTC-146 reduced
the specific binding of (S)-'*F-OF-NB1 by 48% and 49%,
respectively. Double blocking with sequential administration
of both Co 101244 (0.25 mg/kg) and high-dose FTC-146
(0.125 mg/kg) in 1 monkey at 25 and 15 min before the radio-
tracer injection, respectively, did not further reduce brain uptake of
(S)-"8F-OF-NB1 when compared with blocking with Co 101244
alone (82% vs. 81%).

The time—activity curves were well fitted with both the 1-tissue-
compartment model and the multilinear analysis 1 method for reliable
V' estimates, with a relative SE of less than 5% (Supplemental Tables
1 and 2). On average, V¢ values were similar for (rac)- and (R)-'3F-
OF-NBI1 and were lower for (S)- ®F-OF-NBI1. Regional Vy values
ranged from 17 to 39 mL/cm? for (S)-'"*F-OF-NBI in the selected brain
regions (Table 1). From the GluN1/2B blocking studies, Vyp was
found to be 9.3 mL/cm? for (S)-'*F-OF-NB1 in monkey 1 and
7.3 mL/em? in monkey 2. From these Vyp values, regional BPyp val-
ues were calculated and ranged from 1.2 (semiovale) to 3.4 (cingulate
cortex) for (S)-'8F-OF-NBI1 (Table 1).

DISCUSSION

Given the involvement of GluN1/2B receptors in various neuropa-
thologies, great effort has been taken to develop therapeutic and PET

PET IMaGING oF GLUN2B-NMDA IN MONKEYS  *

imaging agents, and several radioligands are currently in development.
(R)-''C-Me-NBI1 was recently evaluated in healthy volunteers and
shown to have excellent brain uptake and kinetics (/7). These results
warrant the development of a radiofluorinated PET tracer that would
allow wider use. We previously synthesized and tested several ligands,
and (rac)-'SF-OF-NB1 emerged as one of the most promising candi-
dates for clinical translation, given its excellent properties in rodents
(19). In the current work, we evaluated the performance characteristics
of (rac)-'8F-OF-NBI and its enantiopure (S)- and (R)-'*F-OF-NBI1
with respect to their brain uptake, kinetics, and metabolism, to select
the most promising candidate for clinical translation. To our knowl-
edge, there have been no reports of clinical trials on the evaluation of a
radiofluorinated probe for PET imaging of GluN1/2B in humans.

The radiosynthesis of ®F-OF-NB1 proceeded in 2 steps: copper-
catalyzed radiofluorination of the boronic ester precursor, followed by
simultaneous cleavage of the 2 hydroxyl protecting groups (79).
Despite starting with enantiopure precursors, we could not obtain the
respective enantiopure (S)- and (R)-'®F-OF-NB1 without racemiza-
tion during the second deprotecting step. As such, the radiosynthetic
strategy was adapted to include a chiral HPLC purification step to
provide enantiopure radiotracers at the end of the synthesis (Supple-
mental Fig. 2). This allowed the production of both enantiomers from
a single radiosynthetic run. Metabolite analysis showed a higher
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FIGURE 5. Lassen occupancy plots of (R)- and (S)-'®F-OF-NB1 after pretreatment with either GIUN1/2B ligand Co 101244 (0.25 mg/kg) only or with
addition of o4R ligand FTC-146 (0.125 mg/kg). Each point represents unique brain region.

parent fraction in the plasma for (R)-'3F-OF-NBI than for the (S)-
enantiomer. This phenomenon can be explained by the fact that
different enantiomers can bind to enzymes with different affini-
ties and therefore exhibit different metabolic rates (37). Further,
all forms of '®F-OF-NB1 presented good f, values (0.12-0.16),
offering the opportunity for high-precision measurement and

subsequently improving the accuracy of quantitative PET measure-
ments and calculation of V7/f,, a potentially valuable outcome mea-
sure in clinical trials.

The brain uptake and distribution of (rac)-'8F-OF-NBI corrobo-
rated results in rodents (79). Kinetic analysis, however, is not suited
for racemic mixtures unless both enantiomers exhibit identical plasma

TABLE 1
One-Tissue-Compartment Model V; and BPyp Values in Selected Brain Regions Under Baseline and Blockade Conditions
Vr (ml/cm?®) BPnp
FTC-146 FTC-146
Baseline Co 101244 (0.25 mg/kg)  (0.027 mg/kg) (0.125 mg/kg) (V5 — Vap)/ Vb
Region of interest Monkey 1 Monkey 2  Monkey 1 Monkey 2 Monkey 1 Monkey 2 Monkey 1 Monkey 2
Thalamus 24.6 (39.6) 23.3 10.4 (13.7) 10.2 20.9 13.9 1.64 (2.1) 2.20
Cerebellum 27.3 (50.3) 25.5 10.8 (13.1) 10.2 19.6 15.5 1.93 (2.9) 2.50
Cingulate cortex  38.8 (59.5) 32.3 12.6 (16.5) 12.1 27.9 19.3 3.16 (3.6) 3.44
Frontal cortex 31.1 (49.1) 28.9 11.0 (13.8) 10.7 20.9 17.3 2.34 (2.8) 2.97
Hippocampus 32.1 (50.8) 26.3 11.5 (14.6) 10.6 24.0 16.2 2.44 (2.9) 2.61
Semiovale 20.3 (30.9) 16.9 10.6 (13.7) 9.0 15.9 11.5 1.18 (1.4) 1.32

Data in parentheses are for (R)-18F-OF-NB1 in 1 monkey; other data are for (S)-18F-OF-NB1 in 2 different monkeys. Vyp values were

derived from GluN1/2B blocking scan using Co 101244.
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clearance. The 2 enantiopure radiotracers displayed brain distribution
and kinetics that are in line with the results in rodents. (R)- and
(S)-'8F-OF-NB1 showed high uptake in GluN1/2B-rich brain regions,
with the highest uptake in the cingulate cortex. The binding of both
enantiopure tracers was displaceable across all brain regions, indicat-
ing the lack of a reference region for kinetic modeling analysis.
Regional time—activity curves of all 3 tracers, on the other hand, were
well fitted by the 1-tissue-compartment model. The 2-tissue-compart-
ment model also produced reasonable model fits, but the SE of V't val-
ues was high and nonphysiologic values were generated in several
gray matter regions. The multilinear analysis 1 method also provided
good fits and V' values comparable to those derived from the
1-tissue-compartment model (32). Regional V't estimates were
higher for (R)-'*F-OF-NBI than for the (S)-enantiomer. When
plotting V' values of (R)- and (S)-'8F-OF-NB1 against each other
to generate the Guo plot (33), the slope of this curve indicated
4- to 5-fold higher in vivo affinity for (R)-'®F-OF-NB1 than for
(S)-'8F-OF-NBI (Fig. 6).

To investigate the in vivo binding specificity of both enantiomers
to GluN1/2B, blocking experiments with the GluN1/2B antagonist
Co 101244 (0.25 mg/kg) were performed and a Lassen plot analysis
for each enantiomer was undertaken. Both enantiomers showed high
specific binding, with an estimated occupancy of 96% (n = 1) across
the brain by Co 101244 (0.25 mg/kg) when measured with (R)-'®F-
OF-NBI, and 85% (n = 2) with (S)-'"®F-OF-NBI. Furthermore, both
enantiomers exhibited good regional BPyp values in the range of
2-3, highlighting their clinical translation potential in terms of spe-
cific binding (Table 1). The high affinity of (R)-'®F-OF-NB1 came at
the expense of a less desirable pharmacokinetic profile due to its
extremely slow washout from the brain, which precluded its further
development, since a very long scan might be required in humans.
Pretreatment with a low dose (0.027 mg/kg) or a high dose
(0.125 mg/kg) of the 0| R antagonist FTC-146 led to partial blocking,
with a 49% and 48% reduction in the specific binding of (S)-!8F-OF-
NBI, respectively, as calculated from the Lassen plots, and no clear
dose—blockade level relationship. To address this potential off-target
binding component of (S)-'®F-OF-NB1, a sequential blockade exper-
iment was conducted in which Co 101244 (0.25 mg/kg) was injected
first, followed by the o;R antagonist FTC-146 (0.125 mg/kg). Block-
ing with a 0.25 mg/kg dose of Co 101244 alone resulted in 81%
occupancy, and virtually no change in occupancy was observed

PET IMAGING oF GLUN2B-NMDA IN MONKEYS  *

when FTC-146 was administered afterward. The absence of a further
reduction in binding after treatment with FTC-146 suggests that
(S)-'8F-OF-NBI binds specifically to the GluN1/2B receptors and is
selective over o ;Rs. The partial blockade of (S)-!8F-OF-NB1 binding
by FTC-146 when administered alone can be attributed to oR-
NMDAR cross-talk stemming from the inherent chaperone nature of
o1Rs and their ability to regulate the NMDARs (34,35). Another
plausible explanation might be off-target binding of FTC-146, as the
o 1R bears a particular binding site that is structurally similar to the
ifenprodil-binding site of the GluN1/2B receptor, and thus o;R
ligands are known for their off-target binding at the GluN1/2B. For
example, we have reported potential off-target binding by the oR
ligand fluspidine (/9). Nonetheless, further studies are warranted to
clarify the nature of potential off-target binding by these novel benza-
zepine-based radioligands.

CONCLUSION

We successfully synthesized and evaluated (rac)-, (S)-, and (R)-'5F-
OF-NBI in rhesus monkeys. The high GluN1/2B-specific binding of
(8)-'8F-OF-NBI1 (gray matter BPyp, values in the range of 1.6-3.4)
and its attractive pharmacokinetic profile render it a promising candi-
date for clinical translation. Clinical PET imaging of GIuN1/2B
could expedite the development of GIuN1/2B therapeutics through
target engagement and occupancy studies. Furthermore, PET imag-
ing of diseases in which the GluN2B subunit—containing NMDARs
are implicated could potentially improve the diagnosis and treatment
monitoring of these diseases.
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KEY POINTS

QUESTION: Can we selectively image GIuN2B subunit-containing
NMDARSs in nonhuman primates and identify a suitable
radiofluorinated PET probe for clinical translation?

PERTINENT FINDINGS: (S)-'®F-OF-NB1 emerged as an attractive
candidate for clinical translation, as it displayed high specific
binding to GIuN1/2B receptors and a favorable pharmacokinetic
profile.

IMPLICATIONS FOR PATIENT CARE: A GluN1/2B PET tracer
suitable for use in humans will facilitate the investigation and
diagnosis of neuropsychiatric diseases, as well as the development
of therapeutics targeting GluN2B-containing NMDARSs.
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First-in-Human Evaluation of 18F-PF-06445974, a PET
Radioligand That Preferentially Labels Phosphodiesterase-4B
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Phosphodiesterase-4 (PDE4), which metabolizes the second messenger
cyclic adenosine monophosphate (CAMP), has 4 isozymes: PDE4A,
PDE4B, PDE4C, and PDE4D. PDE4B and PDE4D have the highest
expression in the brain and may play a role in the pathophysiology and
treatment of depression and dementia. This study evaluated the proper-
ties of the newly developed PDE4B-selective radioligand 18F_PF-
06445974 in the brains of rodents, monkeys, and humans. Methods:
Three monkeys and 5 healthy human volunteers underwent PET scans
after intravenous injection of '8F-PF-06445974. Brain uptake was
quantified as total distribution volume (V/7) using the standard 2-tissue-
compartment model and serial concentrations of parent radioligand in
arterial plasma. Results: '8F-PF-06445974 readily distributed through-
out monkey and human brain and had the highest binding in the thala-
mus. The value of V; was well identified by a 2-tissue-compartment
model but increased by 10% during the terminal portions (40 and
60 min) of the monkey and human scans, respectively, consistent with
radiometabolite accumulation in the brain. The average human Vr
values for the whole brain were 9.5 + 2.4 mL - cm™ 3. Radiochromato-
graphic analyses in knockout mice showed that 2 efflux transporters—
permeability glycoprotein (P-gp) and breast cancer resistance protein
(BCRP)—completely cleared the problematic radiometabolite but also
partially cleared the parent radioligand from the brain. In vitro studies
with the human transporters suggest that the parent radioligand was a
partial substrate for BCRP and, to a lesser extent, for P-gp. Conclusion:
18F_PF-06445974 quantified PDE4B in the human brain with reason-
able, but not complete, success. The gold standard compartmental
method of analyzing brain and plasma data successfully identified the
regional densities of PDE4B, which were widespread and highest in the
thalamus, as expected. Because the radiometabolite-induced error was
only about 10%, the radioligand is, in the opinion of the authors, suitable
to extend to clinical studies.
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Phosphodiesterase type 4 (PDE4) metabolizes and thereby in-
activates the ubiquitous second messenger 3',5'-cyclic adenosine
monophosphate (cAMP). PDE4 inhibitors are approved to treat 2
peripheral inflammatory disorders (chronic obstructive pulmonary
disease and psoriasis) and are being explored as treatments for
several neuropsychiatric disorders (/). PDE4 has 4 isozymes:
PDE4A, PDE4B, PDE4C, and PDE4D; of these, the PDE4B and
PDEA4D isozymes are highly expressed in the brain and may play
important roles in pathophysiology and treatment. Interestingly, inhi-
bition of the PDE4D isozyme was found to improve cognition in ani-
mals and humans (2), whereas inhibition of the PDE4B isozyme had
antidepressantlike effects in animal models (3). Subtype-selective
inhibitors not only may be useful in treating distinct disorders but
also may avoid the nausea and vomiting associated with nonselective
inhibitors. For example, antidepressant trials of the nonselective
PDE4 inhibitor rolipram were discontinued because of severe nausea
and vomiting.

The search for subtype-selective PDE4 inhibitors has progressed in
parallel with the development of comparable PET radioligands that
can measure subtype density and evaluate whether the therapeutic
candidate crosses the blood—brain barrier and engages the target—that
is, receptor occupancy. Subtype-selective PET radioligands have been
developed for PDE4B (the subject of this article) and PDE4D. How-
ever, the most promising PDE4D radioligand, ''C-T1650, generated
such a significant accumulation of radiometabolites in animal and
human brains that it was not recommended for further study (4). Such
radiometabolites are problematic because quantitation of the target
density is based on the assumption that all radioactivity in the brain is
parent radioligand. If radiometabolites are included in brain signal,
the density of the target will be overestimated.

18F_PF-06445974, a new PET radioligand (Supplemental Fig. 1;
supplemental materials are available at http://jnm.snmjournals.org),
was developed to bind preferentially to PDE4B (5). This ligand
was selected as a candidate on the basis of its in vitro properties
and in vivo performance. In vitro, ®F-PF-06445974 has high affin-
ity (<1 nM) for PDE4B and moderate-to-high selectivity relative
to the other 3 PDE4 subtypes (4.7 nM for PDE4A, 17 nM for
PDEA4C, and 36 nM for PDE4D). In vivo, PET imaging of '3F-PF-
06445974 in cynomolgus monkeys showed good brain uptake, a
high percentage of specific (i.e., blockable) binding, and robust
quantitation of enzyme density using arterial input function of
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parent radioligand separated from radiometabolite (5). Because of
successful imaging in monkeys, the ligand was selected for first-in-
human evaluation.

MATERIALS AND METHODS

This study sought to determine whether '8F-PF-06445974 could accu-
rately quantify PDE4B in living human brain. Toward this end, PET
imaging was performed in healthy human volunteers using the gold stan-
dard method of compartmental modeling and serial concentrations of
arterial plasma of parent radioligand separated from radiometabolite.
Five volunteers were studied: 3 at the National Institutes of Health (NIH)
and 2 at the Karolinska Institutet (KI). All participants gave written
informed consent, and the study was approved by the institutional review
boards of the respective institutions. To address the issue of potential
radiometabolite accumulation in the brain, in vivo studies in monkeys
and in vivo and ex vivo studies in rodents were also performed after 'SF-
PF-06445974 injection and blockade by nonradioactive PF-06445974. A
detailed description of the methods and the relevant references (6—11)
can be found in the supplemental materials.

RESULTS

Brain Imaging

Uptake in the human brain was widespread (peak whole brain
SUV, ~2-3) and highest in the thalamus (Figs. 1 and 2), consis-
tent with the distribution of PDE4B (/2). Plasma parent concentra-
tions peaked immediately after injection and rapidly decreased
along a curve that was well-fitted by a triexponential function
(Fig. 2A). Brain activity achieved relatively stable peak values at
15-20 min and washed out slowly thereafter—that is, only 17%
washout from 20 to 120 min.

To quantify the density of the target enzyme in brain regions,
pharmacokinetic modeling was performed using the serial concentra-
tions of the parent radioligand in arterial plasma as the input to the
brain—that is, it was assumed that the brain contains only parent

3.0

0 Conc. activity (SUV)

FIGURE 1. Distribution of radioactivity in the brain of a healthy volunteer
after injection of '®F-PF-06445974 and the participant’s coregistered MRI
scan (top). The PET image displays the mean concentration (conc.) of
radioactivity from 0 to 120 min and is expressed as SUV (bottom). The
highest uptake was in the thalamus, which is marked with cross hairs.
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FIGURE 2. Concentration of plasma parent radioligand '®F-PF-0644974
separated from radiometabolite (A) and total radioactivity (B) in whole brain
of 3 healthy human participants. The plasma time-activity curve after peak
was fit to a triexponential curve. The brain time-activity curve was fit to a
2-tissue-compartment model. Concentrations in plasma and brain are
expressed as SUV. Plasma parent is plotted on a log scale, and brain
activity is plotted on a linear scale. Conc. = concentration.

radioligand and no radiometabolite. The standard 2-tissue-compart-
ment model provided curves that visually fit the measured PET val-
ues in a moderately good to excellent manner (Fig. 2B). Total
distribution volume (¥¢) (mL - cm ™) ranged from 6.4 in the corpus
callosum to 13.3 in the thalamus (Table 1). The variability (SD) of
the V1 measurements was quite large and due in part to differences
between the 2 institutions. For example, for the V1 (mL-cm-) of
whole brain in the 5 participants reported in Table 1, the NIH values
were generally slightly lower (9.9, 9.9, 5.6) than those of the KI
(10.2, 12.0). We do not know the cause(s) of these institutional dif-
ferences but, in such a small population of participants, they could
be due to chance. The V1 in the human brain did not become stable
during the 120-min scan. Instead, V7 values increased by approxi-
mately 10% during the last 40 min of the scan (80-120 min;
Fig. 3A). This increase was similar in regions with high and low
binding (Supplemental Fig. 2).

Brain imaging in 3 monkeys (1 rhesus monkey at the NIH and
2 cynomolgus monkeys at the KI) mirrored that in humans, includ-
ing the indirect measure of radiometabolite accumulation. That is,

TABLE 1
Total Distribution Volume (V5) in Brain Regions for 5 Human
Participants
Vo (mL - cm™3)
Region Mean SD
Whole brain 9.5 2.4
Frontal cortex 9.5 2.6
Cingulate 9.8 3.2
Hippocampus 9.0 2.0
Amygdala 11.2 2.5
Temporal cortex 9.8 2.0
Parietal cortex 9.3 2.7
Occipital cortex 8.9 2.2
Striatum 12.1 2.7
Thalamus 13.3 3.4
Globus pallidus 12.2 5.6
Corpus callosum 6.4 3.8
Insula 10.8 2.7
Cerebellum 10.6 2.2
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FIGURE 3. The apparent value of total distribution volume (V5) from 5
human participants (A) and 3 monkeys (B). Vr values never achieved sta-
bility during the scans. V1 values increased linearly by 10% during the last
40 min in humans and also by 10% during the last 60 min in monkeys.

V't increased by about 10% during the last 60 min of the scan
(120-180 min; Fig. 3B).

Assessing Radiometabolite Entry into Brain

The number of radiometabolite peaks in plasma varied among
rats, monkeys, and humans, but all radiometabolites were less
lipophilic than the parent radioligand, as shown by eluting earlier
in the reversed-phase high-performance liquid chromatography
(Supplemental Fig. 3). Although less lipophilic, the major radio-
metabolite peak (marked with an asterisk in Supplemental Fig. 3)
eluted close enough to the parent radioligand that it would have
been expected to enter the brain.

To directly determine whether this radiometabolite entered the
brain, 3 rats were euthanized 180 min after radioligand injection,
and radioactivity was extracted from the brain and plasma. Virtu-
ally all (98% = 2%) radioactivity in brain coeluted with the parent
radioligand, whereas only 32% in plasma was parent radioligand
(Fig. 4). Thus, essentially none of the radiometabolite in rat
plasma at 180 min was present in the brain.

To explain why rat brain had virtually no radiometabolite, brain
uptake was measured in mice with a knockout of both permeability
glycoprotein (P-gp) and breast cancer resistance protein (BCRP), the
2 most prevalent efflux transporters at the blood—brain barrier (/3).
Both the parent radioligand and the chromatographically adjacent
radiometabolite were substrates for one or both efflux transporters in
mice (Supplemental Fig. 4). At 120 min after '*F-PF-06445974 injec-
tion, the ratio of parent radioligand in brain to that in plasma was 93
in wild-type mice and 188 in knockout mice (Fig. 5); because the
concentrations in brain and plasma were in the same unit (SUV), the
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FIGURE 5. Concentrations of parent radioligand in brain and plasma of
wild-type and efflux transporter knockout mice at 120 min after '®F-PF-
06445974 injection. (A) For the parent radioligand, the ratio of brain-to-
plasma concentration was 93 in wild-type and 188 in mice with a knockout
of both BCRP and P-gp. Thus, the brain-to-plasma ratio of parent radioli-
gand was 2 times higher in knockout mice than in wild-type mice. (B) For the
radiometabolite, the ratio of brain-to-plasma concentration was 0.2 in wild-
type and 4.0 in BCRP and P-gp knockout mice. Thus, the brain-to-plasma
ratio of parent radioligand was 20 times higher in knockout mice than in
wild-type mice. Concentrations are expressed as percent SUV (%SUV).

ratio is unitless. Thus, the brain-to-plasma ratio of parent radioligand
was 2 times higher in knockout mice than in wild-type mice. Because
these ratios of parent radioligand to brain to plasma were so high, this
experiment was repeated in an additional set of 3 animals; similar
results were obtained.

In these same mice at 180 min, the ratio of radiometabolite in
brain to that in plasma was 0.2 in wild-type and 4.0 in knockout
mice (i.e., a 20-fold difference), indicating that knockout of these
2 transporters had about a 10-fold greater effect (20 vs. 2) on the
radiometabolite than on the parent radioligand. This differential
effect on the radiometabolite versus the parent radioligand was
also seen in the percentage composition of radioactivity in the
brain at 120 min. Specifically, the percentage of radiometabolite in
the brain was about 5-fold higher in knockout (8.8%) than in wild-
type (1.8%) mice (Supplemental Table 1).

Because substrate specificity varies between species, avidity was
measured in vitro using cloned human transporters and compared
with known substrates: digoxin for P-gp and prazosin for BCRP.

For BCRP, prazosin had an efflux ratio of

9.2 whereas PF-06445974 had a ratio of 5.9

Retention time (min)

Retention time (min)

200 B . (Supplemental Table 2), suggesting that

Plasma * ool O PF-06445974 was a mild/moderate sub-

7 160 o2 Parent strate for BCRP. In contrast, PF-06445974
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2 32% cally, digoxin had an efflux ratio of 38.1, and
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FIGURE 4. Radiochromatograms showing the composition of radioactivity extracted at 180 min
from plasma (A) and brain (B) of a rat injected with '8F-PF-06445974. In plasma (A), parent radioli-
gand (blue peak) comprised 32% of total radioactivity, and the adjacent radiometabolite (peak
marked with an asterisk) was 62%. At the same time, in the brain (B), parent radioligand comprised

99% of total radioactivity, and the adjacent radiometabolite was only 1%.
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displaceable binding typically reflects parent
radioligand rather than radiometabolite. Non-
radioactive PF-06445974 (0.1 mg/kg intrave-
nously injected 10 min before the radioligand)
blocked almost all radioactivity in rat and
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FIGURE 6. (A) PET and coregistered MRI of brain in a rhesus monkey.
The animal was scanned at baseline and after blockade by PF-06445974
(0.1 mg/kg intravenously injected 10 min before radioligand). Because of
prolonged tachycardia (heart rate up to 190 bpm), the blocked scan was
terminated after 75 min. The PET images show mean concentration of
radioactivity SUV from 0 to 70 min. (B) Radioactivity in whole brain after
injection of '8F-PF-06445974. (C) Concentration in arterial plasma of
plasma parent radioligand '8F-PF-06445974 separated from radiometa-
bolite. Because there were so few plasma samples, compartmental
modeling could not generate a reliable measure of enzyme density (total
distribution volume, V4). Measured as average concentration of radioactiv-
ity from 10 to 60 min (SUV40-g0), Nonradioactive PF-06445974 blocked
92% of radioligand uptake into brain. Conc. = concentration.

monkey brain for the entire duration of the scan (Fig. 6; Supplemental
Fig. 5). For the rhesus monkey, nonradioactive PF-06445974 decreased
SUVg 60 by 92% in the whole brain (Fig. 6). In rats, nonradioactive
PF-06445974 decreased SUV, 159 by 94% in the whole brain (Supple-
mental Fig. 5).

In summary, plasma from rats, monkeys, and humans showed a
range of radiometabolites, all with lower—though sometimes only
slightly lower—lipophilicities than that of '®F-PF-06445974. None
of these radiometabolites was present in rat brain 180 min after
injection. Studies in knockout mice showed that the radiometabolite
(the peaks marked with an asterisk in Fig. 4 and Supplemental
Fig. 3) adjacent to the radioligand was avidly cleared from the brain
by P-gp or BCRP (Supplemental Fig. 4). The monkey studies
showed that 92% of brain radioactivity was blocked by nonradioac-
tive ligand, suggesting that most of the radioactivity in monkey
brain, like that in rats and mice, represented parent radioligand.
Thus, by analogy to rats and monkeys, it is likely that no more than
a small amount of radiometabolite (=10% of total radioactivity)
accumulates in the human brain. However, of particular importance
to the quantitation of enzyme density, the in vitro studies showed
that the parent radioligand is a moderate substrate for human BCRP.

Dosimetry Calculations in Human and Nonhuman Primates
Whole-body imaging in 2 humans and 1 monkey was notable for
early distribution in the blood pool, accumulation in the target organs
(i.e., brain and lung), and excretion via the urinary tract (Supplemen-
tal Fig. 6). For the human volunteers, the 4 organs with the highest
exposure (Sv/MBq) were gallbladder (110 * 75), upper large
intestine (75 = 66), urinary bladder (55 = 5.9), and liver (44 =
8.1). The doses in the 2 humans were 19.6 and 19.3 uSv/MBq,

1922

respectively, which were similar to those extrapolated from monkeys
(16.5 Sv/MBq) (Supplemental Table 3).

DISCUSSION

This study sought to determine whether '®F-PF-06445974 could
accurately quantify PDE4B in human brain. Our results suggest
that this radioligand quantified PDE4B reasonably well, with the
exception that radiometabolite likely accumulated in the brain and
that the radioligand itself may be a substrate for efflux transport
from the brain. Brain uptake was moderately high (peak whole-
brain SUV was 1.5), and its distribution was appropriate for the
target. The PET measurements of enzyme binding (V7) from the
human brain were reasonably well fit to a 2-tissue-compartment
model that assumed input of only the parent radioligand from arte-
rial plasma. The V't value increased by approximately 10% over
the last 60 min of the 120-min scan (Fig. 3), which may have been
caused by radiometabolite accumulation in the brain.

To directly measure radiometabolite, all radioactivity was extracted
from the plasma and brain of rats at 180 min and the components
were separated using radio-high-performance liquid chromatography.
Surprisingly, rat brain contained essentially no radiometabolite, al-
though the plasma had several radiometabolites, one of which eluted
only slightly before the parent radioligand. Knockout of 2 efflux trans-
porters (P-gp and BCRP) in mice showed that the radiometabolite was
avidly cleared from the brain and that the parent radioligand was also
a substrate, but of lower avidity. Thus, either or both efflux transport-
ers had the positive effect of “cleaning up” the brain signal by remov-
ing radiometabolite, but also the negative effect of removing some of
the parent radioligand. In vitro studies using cloned human efflux
transporters showed that PF-06445974 was a moderate substrate for
BCRP and, to a lesser extent, for P-gp. Although these effiux trans-
porters completely cleared radiometabolite from rodent brain, they
likely did so only partially in humans, leading to the accumulation of
the adjacent radiometabolite in human brain, as shown by increasing
values of enzyme density with increasing length of scanning.

Compartmental modeling seeks to measure the specific binding
(Vs) of the radioligand for the target and is proportional to receptor
density (Byax) times the radioligand’s affinity (1/Kp). Because the
measurements of PET radioactivity in brain and of parent radioli-
gand in plasma have noise, a substantial number of such measure-
ments are required to converge on a value of specific binding,
often 15-60 min for many brain radioligands. If the density of the
target and the affinity of the radioligand remain constant during
the scan, the converged/well-identified V5 value should not change
with increasing scan duration, which will be reflected by the brain
and plasma time-activity curves decreasing at the same rate. In
contrast, in this study, values of total uptake (Vt = Vs + Vp)
appeared to increase with increasing scan duration.

The 2 most common causes of unstable V' values are slow kinetics
of radioligand binding or the accumulation of radiometabolites in the
brain. The first possible cause, slow kinetics, refers to how long the
radioligand requires to reach equilibrium, which in this case usually
refers to the time of peak radioactivity in brain; note that the term
“peak equilibrium” refers to tissue-to-plasma ratio at the exact time
of peak uptake in the brain, which varies among regions. This peak
equilibrium is distinct from “transient equilibrium” (/4), which refers
to the tissue-to-plasma ratio after the time of peak uptake and which
is typically greater than the true V1. As a rule, the brain must be
imaged before, at, and for some time after peak uptake to quantify
the rates of binding and unbinding to the receptor, which themselves
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are components of Vr. Here, the time to peak was about 30 min in
monkeys and 20 min in humans, and our scans extended well beyond
the peak (for a total of 180 min in monkeys and 120 min in humans),
suggesting that slow kinetics of radioligand binding are unlikely to
have caused the V1 values that increased with scan duration. Instead,
radiometabolite probably accumulated in the human brain. The likely
candidate is the peak marked with an asterisk in Supplemental Figure
3, which has a lipophilicity only slightly lower than that of the parent
radioligand.

It should be noted that being a substrate for efflux transport is
unlikely to increase V't values over time, as it is predicted to have the
opposite result. That is, the effect of efflux transport is to decrease
radioactivity in the brain and, therefore, to decrease the apparent Vr.
Nevertheless, the time course of efflux transport of parent ligand and
radiometabolite might change in some unexpected way to contribute
to increasing apparent values of Vr.

Taken together, the results suggests that the 2 pharmacologic
limitations of '8F-PF-06445974 for quantifying PDE4B in human
brain are the accumulation of a radiometabolite in the brain and
partial removal of the parent radioligand by the efflux transporter
BCRP. Both pharmacologic limitations will increase the variability
of the measurements between individuals to the extent that individ-
uals differ in metabolism and BCRP function. The severity of these
combined limitations in humans is unknown but, in the opinion of
the authors, would not preclude using this radioligand in clinical
studies. An increase in V7 of < 5% during the last hour is consid-
ered excellent, and our rate of 10% in the last 60 min (Fig. 3) is gen-
erally considered acceptable. Notably, this 10% variability mirrors
what might maximally occur based on blockade studies in monkeys
(Fig. 6). That is, nonradioactive PF-06445974 blocked 92% of total
uptake in monkey brain, suggesting that 92% of radioactivity in
brain was parent radioligand; metabolites usually, but not always,
have lower affinity for the target than the parent drug.

Although these 2 limitations will increase the necessary sample
size for a clinical study, we will proceed with use of this radioli-
gand to study clinical disorders such as major depressive disorder
(MDD) for 2 reasons. First, as described earlier, the error/variabil-
ity of these limitations may be only about 10%. Second, PET imag-
ing of PDE4 provides the unique ability to measure the activated
(i.e., phosphorylated) form of PDE4, which is not possible in post-
mortem samples (Fig. 7). Prior studies in this laboratory with !!C-
(R)-rolipram, which binds to all 4 PDE4 subtypes, provide in vivo
support for the notion that cAMP increases radioligand binding via
phosphorylation of PDE4 by protein kinase A (15). This phosphor-
ylation increases enzyme activity as well as the affinity of radioli-
gand binding by about 10-fold (/6). Because PDE4 is rapidly
dephosphorylated after death (/7), PET is uniquely capable of mea-
suring the active form of PDE4 in living participants.

Evidence from the 1980s and 1990s suggested that rolipram
might be used to treat MDD, and animal models of depression sug-
gested that PDE4B inhibitors might have antidepressant efficacy in
humans (3). In this context, a PET radioligand for PDE4B could
facilitate therapeutic drug development. For instance, we predict that
the current study using a PDE4B-selective radioligand will replicate
results previously obtained with the nonselective radioligand ''C-
(R)-rolipram (/8)—namely, that PDE4B binding will be decreased
in unmedicated individuals experiencing a major depressive episode
but still have significant overlap with that in healthy volunteers. If
so, this PDE4B radioligand could be used to identify a subgroup of
MDD patients who would most benefit from PDE4B inhibition,
given that low PDE4 binding implies low cAMP signaling because
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FIGURE 7. Schema of the cAMP cascade (black arrows) and negative
feedback via protein kinase A (PKA) (red arrows). Several neurotransmit-
ters act via receptors coupled to G proteins (Gs) to stimulate adenylate
cyclase (AC), which produces cAMP, activates PKA, and then phosphory-
lates cAMP response element-binding protein (CREB), which moves to
the nucleus and increases expression of brain-derived neurotrophic factor
(BDNF) and other genes. Negative feedback is provided by PKA, which
phosphorylates and activates PDE4, which metabolizes cAMP, thereby
terminating the cCAMP signal.

of the negative feedback mechanism mediated by protein kinase A.
The cAMP theory of the mechanism of antidepressant treatments
would further suggest that increasing cAMP signaling produces anti-
depressant effects. Thus, those patients with low PDE4B binding
might be most likely to benefit from treatment with a PDE4B inhibi-
tor. Furthermore, numerous animal studies have shown that antide-
pressants of all chemical classes must be administered for several
weeks in order to upregulate the cAMP cascade (/9), which mirrors
the therapeutic time course in humans. Because inhibiting PDE4B
would immediately increase cAMP signaling, these antidepressant
effects, if they exist, would occur quickly, meaning that PDE4B
inhibitors may represent a new class of rapid-acting antidepressants.

In short, a PET radioligand for PDE4B may be useful in 2
ways. First, if a PDE4B inhibitor is developed as an antidepressant
medication, the PET radioligand can be used to identify the appro-
priate dose and dosing interval of the therapeutic candidate.
Indeed, PET radioligands have often been used to measure recep-
tor occupancy and guide initial doses in therapeutic trials. Second,
a PDE4B radioligand might identify a subgroup of patients most
likely to respond to a PDE4B inhibitor. This selection of patients
likely to respond has been referred to as patient stratification,
patient enrichment, personalized medicine, and, most recently,
precision medicine. Expressed in other terms, low PDE4B binding
may be a biomarker to predict response to a PDE4B inhibitor.

CONCLUSION

18F_PF-06445974 was able to quantify PDE4B in human brain
with reasonable, but not complete, success. The gold standard
compartmental method of analyzing brain and plasma data suc-
cessfully identified the regional densities of PDE4B, which were
widespread and highest in the thalamus, as expected. Although a
radiometabolite may contaminate the signal in human brain, the
amount is likely small enough (~10%) that the authors plan to use
this radioligand in clinical studies.
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KEY POINTS

QUESTION: Can '8F-PF-06445974 accurately quantify PDE4B in
living human brain?

PERTINENT FINDINGS: '®F-PF-06445974 can accurately
quantify PDE4B, except for the likely presence of a small amount
(probably ~10%) of radiometabolite in the brain and the removal
of the radioligand from the brain via an efflux transporter.

IMPLICATIONS FOR PATIENT CARE: These findings have

no direct implications for clinical care. However, a radioligand
selective for PDE4B could measure this target in clinical disorders
and facilitate the development of PDE4B-selective inhibitors as
novel therapeutics.
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Total metabolic tumor volume (TMTV) and tumor dissemination
(Dmax) calculated from baseline '8F-FDG PET/CT images are prog-
nostic biomarkers in diffuse large B-cell lymphoma (DLBCL) patients.
Yet, their automated calculation remains challenging. The purpose of
this study was to investigate whether TMTV and Dmax features could
be replaced by surrogate features automatically calculated using an
artificial intelligence (Al) algorithm from only 2 maximum-intensity pro-
jections (MIPs) of the whole-body '®F-FDG PET images. Methods:
Two cohorts of DLBCL patients from the REMARC (NCT01122472)
and LNHO73B (NCT00498043) trials were retrospectively analyzed.
Experts delineated lymphoma lesions from the baseline whole-body
8F_.FDG PET/CT images, from which TMTV and Dmax were mea-
sured. Coronal and sagittal MIP images and associated 2-dimensional
reference lesion masks were calculated. An Al algorithm was trained
on the REMARC MIP data to segment lymphoma regions. The Al algo-
rithm was then used to estimate surrogate TMTV (sTMTV) and surro-
gate Dmax (sDmax) on both datasets. The ability of the original and
surrogate TMTV and Dmax to stratify patients was compared.
Results: Three hundred eighty-two patients (mean age = SD, 62.1 y =
13.4 y; 207 men) were evaluated. sTMTV was highly correlated with
TMTV for REMARC and LNHO73B datasets (Spearman r = 0.878 and
0.752, respectively), and so were sDmax and Dmax (r= 0.709 and
0.714, respectively). The hazard ratios for progression free survival of
volume and MIP-based features derived using Al were similar, for
example, TMTV: 11.24 (95% Cl: 2.10-46.20), sSTMTV: 11.81 (95% CI:
3.29-31.77), and Dmax: 9.0 (95% ClI: 2.53-23.63), sDmax: 12.49 (95%
Cl: 3.42-34.50). Conclusion: Surrogate TMTV and Dmax calculated
from only 2 PET MIP images are prognostic biomarkers in DLBCL
patients and can be automatically estimated using an Al algorithm.

Key Words: artificial intelligence; DLBCL; 8F FDG PET/CT; dissemi-
nation; metabolic tumor volume
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PET MIP ProgNosTiC BIoMARKERS IN DLBCL  +

Diffuse large B-cell lymphoma (DLBCL) is the most common
type of non-Hodgkin lymphoma. In clinical practice, !*F-FDG PET/
CT is a standard of care for staging and assessing response in
DLBCL patients (/). The prognostic value of the total metabolically
active tumor volume (TMTV) measured from the whole-body '3F-
FDG PET/CT images performed before treatment has been widely
demonstrated in lymphoma, especially in DLBCL (2—-6). The disease
dissemination reflected by the largest distance between 2 lesions in
the baseline whole-body ®F-FDG PET/CT image (Dmax) has been
recently shown to be a complementary early prognostic factor com-
pared with TMTV (7,8). TMTV and Dmax calculations require
tumor volume delineation over the whole-body 3-dimensional (3D)
8F_.FDG PET/CT images, which is prone to observer variability and
complicates the use of these quantitative features in clinical routine.

To address this problem, automated lesion segmentation ap-
proaches using convolutional neural networks (CNNs) have been
proposed (9, 10). These methods require high computational resour-
ces to be developed but have shown promising results, despite
missing small lesions (7). Results from CNN still need to be vali-
dated and adjusted by an expert before they are used for further
analysis (7,8). This implies a thorough visual analysis of all 3D
'8F-FDG PET/CT images and delineation of the lesions missed by
the algorithm. Consequently, developing a pipeline that would
speed up this checking/adjustment process is highly desirable in
clinical practice.

Nuclear medicine physicians commonly use 2-dimensional (2D)
PET maximum-intensity projection (MIP) views for visual inter-
pretation as a synthetic representation of the 3D distribution of the
tracer over the whole body. However, to the best of our knowledge,
the prognostic value of PET parameters extracted from 2D MIP has
never been explored. We hypothesized that tumor burden and
spread could be automatically evaluated from only 2 PET MIP
images corresponding to coronal and sagittal views. This would
have 2 advantages: first, result checking and adjustment would be
faster from 2 MIP views than the whole-body 3D '8F-FDG PET/CT
images, typically including more than 200 transaxial slices. Second,
a deep learning model for segmenting MIP images would involve
fewer parameters than when segmenting the whole-body 3D '3F-
FDG PET images. It is less computationally expensive and might
require less data for training.

Girum et al. 1925



The purpose of this study was to investi-
gate whether TMTV and Dmax biomarkers
could be replaced by surrogate biomarkers
automatically calculated using an artificial
intelligence (Al) algorithm from only 2 MIPs
of the whole-body ®F-FDG PET images.
We then determined the prognostic values
of the surrogate biomarkers in terms of
progression-free survival (PFS) and overall
survival (OS).

Excluded patients (n = 4)

MATERIALS AND METHODS

Patient Cohorts

The study population included DLBCL pa-
tients who had undergone a baseline (before
treatment initiation) PET/CT scan from 2 inde-
pendent trials: REMARC (NCT01122472)
and LNH073B (NCT00498043). The charac-
teristics of these cohorts have been published
elsewhere (6,11,12). PFS and OS as defined
following the revised National Cancer Institute
criteria (/3) were recorded. Flow diagrams
for the datasets and the study design are sum-
marized in Figure 1. All data were pseudony-
mized before analysis. The institutional review

or with 1 lesion only

REMARC cohort (n = 301):
Baseline whole-body '8F-FDG
PET/CT scans of DLBCL patients
available for analysis

- 18F-FDG PET delineated
lymphoma regions unreadable

Study population (n = 297):
Patients with baseline '8F-FDG PET and
delineated lymphoma regions available
for deep leaning model training and

Excluded patients (n = 10)
- Patients with no survival data

Study population (n = 287):
Patients available for survival analysis
(PFS and OS) using 3D "8F-FDG PET/CT
and 2D PET-MIP-based biomarkers

LNHO073B cohort (n = 174):
Baseline whole-body '8F-FDG
PET/CT scans of DLBCL patients
available for analysis

Study population (n = 174):
Patients with baseline '8F-FDG PET and
delineated lymphoma regions available
for deep leaning model evaluation

evaluation (Test set)

Excluded patients (n = 79)
- Patients with no survival data
or with 1 lesion only

Study population (n = 95):
Patients available for survival analysis
(PFS and OS) using 3D '8F-FDG PET/CT
and 2D PET-MIP-based biomarkers

3D "8F-FDG PET/CT images

|

board approval, including ancillary studies, was
obtained for the 2 trials, and all patients pro-
vided written informed consent. The demo-
graphics and staging of the patients used for the
survival analysis are summarized in Table 1.

|

Measurements of Reference TMTV
and Dmax

For the REMARC cohort, the lymphoma re-
gions were identified in the 3D PET images as |

Lymphoma regions delineation
(expert)

Volume based biomarkers
(expert)

l

Maximum intensity
projection (MIP) PET images

l

Artificial intelligence
(AI)

previously described (6,/4), and the LNH073B l
lesions were segmented as previously explained

(7). In all cohorts, physicians removed the re- Dissemination
gions corresponding to physiologic uptake and Dmax
added pathologic regions missed by the algo-

rithm. The supplemental materials (section A; l
supplemental materials are available at http://

}

Tumor burden
TMTV

|

|

Dissemination
sDmax

|

|

Tumor burden
sTMTV

|

jnm.snmjournals.org) provide details. Expert-
validated 3D lymphoma regions were used to

Are all predictive of lymphoma patient survival with respect to PFS and OS?

compute the reference TMTV and Dmax (based
on the centroid of the lymphoma regions), as
shown in Figure 1B (8).

FIGURE 1.

Calculation of PET MIP Images and 2D
Reference Lymphoma Regions

For each patient whole-body 3D '®F-FDG PET images and associ-
ated 3D lymphoma regions, two 2D MIP views and associated 2D lym-
phoma regions were calculated (Fig. 2). The 3D PET image was
projected in the coronal and sagittal directions, 90° apart (Fig. 2), setting
each pixel value of the projection to the maximum intensity observed
along the ray normal to the plane of projection. Similarly, MIPs of the
expert-validated 3D lymphoma regions were calculated, resulting in
binary images of 2D lymphoma regions (Fig. 2), hereafter called MIP_
masks. As described in the following section, these MIP_masks were
then used as a reference output to train a CNN-based fully automatic
lymphoma segmentation method.

1926

(A) Study flowchart. (B) Study design.

Fully Automatic Lymphoma Segmentation on PET MIP Images

Deep Learning Model Inputs and Architectures. To automati-
cally segment the lymphoma lesions from the sagittal and coronal PET
MIP images, we adapted a previously published supervised 2D deep
learning model (15). The sagittal and coronal PET MIPs were indepen-
dent input images during training. The corresponding MIP_mask was
the output image. The deep learning model was trained to transform a
given sagittal or coronal PET MIP image to the corresponding MIP_
mask with pixels of lymphoma regions set to 1 and pixels of the non-
lymphoma regions set to 0.

Training, Validation, and Testing Configurations. First, using
the REMARC cohort (298 patients), a 5-fold cross-validation technique
was used to train and evaluate the model. Patients were randomly split

THE JOURNAL OF NUCLEAR MEDICINE * Vol. 63 « No. 12 - December 2022



TABLE 1
Population Characteristics

Characteristic

REMARC

LNHO073B

No. of patients
Sex

No. of men

No. of women
Median age (y)
Median weight (kg)
Median height (cm)
Ann Arbor stage

<l

=l

287

165 (57.5%)

122 (42.5%)

8 (IQR, 64.0-73.0)
2 (IQR, 63.0-84.2)

167.5 (IQR, 160.0-175.0) (1 case missed)

1 (0.4%)
286 (99.6%)

95

2 (44%)
3 (56%)
6 (IQR, 33.25-55.0)
8 (IQR, 58.0-80.0)
173 (IQR, 140.0-193.0)

0 (0%)
5 (100%)

Performance status

0 115 (40%)
1 121 (42%)
2 2 (14.6%)
3 2 (0.7%)
4 2 (0.7%)
Missing 5 (1.7%)

0 (0%)
27 (28.4%)
43 (45.3%)
20 (21.1%)

5 (5.3%)

NA

IQR = interquartile range (quartile 1 to quartile 3); NA = not applicable.

Segmented PET MIP
(MIP_mask) images

PET MIP images

Coronal view

——

3D '8F-FDG PET
images

e

Sagittal view

FIGURE 2. Example of '®F-FDG PET MIP images (left) and associated
lymphoma regions (right) based on expert delineation of the 3D '8F-FDG
PET images.

into 5 groups, and then 5 models were trained on 80% of the population
and the remaining 20% was used for validation. The detailed network
architecture (/5,16) and the training procedures are fully described in the
supplemental materials (section B; Supplemental Fig. 1) (/7), following
the CLAIM guidelines (/8) and Society of Nuclear Medicine and Molec-
ular Imaging Al Task force recommendations (/9). The deep learning
model is publicly available at https://github.com/KibromBerihu/ai4elife.

Second, we tested the model trained from the REMARC cohort (298
patients) on the independent LNH073B cohort (174 patients) to charac-
terize its generalizability and robustness. The REMARC and LNH073B
cohorts were acquired from 2 different trials. The REMARC study was
a double-blind, international, multicenter, randomized phase III study,
which started inclusion in 2010. In contrast, the LNH073B study was a
prospective multicenter, randomized phase II study that started includ-
ing patients in 2007.

Calculation of Surrogate TMTV (sTMTV) and Surrogate
Dmax (sDmax)

The sTMTV and sDmax were defined and computed from the MIP_
masks automatically segmented from the coronal and sagittal PET MIP
images using the deep learning method.

Tumor Burden Analysis. To characterize tumor burden, we defined
a surrogate tumor volume sTMTV from the MIP_mask as the number
of pixels belonging to the tumor regions in MIP_mask multiplied by the
pixel area. For a given patient, sSTMTV was calculated from the coronal
and the sagittal MIP_masks as STMTV = STMTV  orona1 + STMTV ygittal-

Tumor Dissemination Analysis. The spread of the disease was ana-
lyzed by estimating the largest distance between the tumor pixels belonging
to the MIP_mask, using a new robust largest distance estimation approach.
First, we separately calculated the sum of pixels along the columns and the
rows of MIP_mask, yielding x and y profiles (Supplemental Fig. 2). Second,

PET MIP ProgNosTic BIoMARKERS IN DLBCL + Girum et al. 1927



in each of these 2 profiles, the distances between
the 2% percentile and the 98% percentiles (X3,
and Xogo, in the x profiles, y,y, and yoge, in the y
profiles) were calculated, yielding (Xgg0, — X505,
and (Y04 — ¥,94)» respectively. These percen-
tiles were chosen to improve the robustness of the
calculation to outliers. The largest distance was
defined as sSDMaX il /coronal = (X504 — X504,) +
(Yos0% — Y»9)- For a given patient, the surro-
gate tumor dissemination sDmax was the sum
of the coronal and sagittal disseminations using
sDmax = sDmaxggjtal + SDmMaxcoronal-

Statistical Analysis

Using the MIP_masks obtained from the
expert-delineated 3D lymphoma regions (Fig. 2)
as a reference, the segmentation performance of
CNN was evaluated using the Dice score, sensi-
tivity, and specificity. The difference between
the CNN-based segmentation results and the
expert-delineated 3D lymphoma regions was
quantified using Wilcoxon statistical tests.
Univariate and multivariate survival analyses
were performed. For all biomarkers, we calcu-
lated a time-dependent area under the receiver
operating characteristics curve (AUC) (20).
Bootstrap resampling analysis was performed to
associate Cls to the Cox model hazard ratio (HR)
and the time-dependent AUC (supplemental
materials, section C, provide details). Test results
were considered statistically significant if the
2-sided P value was less than 0.05.

RESULTS

A total of 475 patients from 2 different
cohorts were included in this study, of
which 93 patients were excluded from the
biomarker and survival analysis because the
provided baseline '®F-FDG PET/CT images
were not suitable to analyze all biomarkers
(no PET segmentation by an expert or less
than 2 lesions). Summary statistics of patients
are presented in Table 1.

Lymphoma Segmentation

The performance of the proposed segmen-
tation method was evaluated patientwise. The
CNN segmentation method achieved a 0.80
median Dice score (interquartile range [IQR]:
0.63-0.89), 80.7% (IQR: 64.5%-91.3%) sen-
sitivity, and 99.7% (IQR: 99.4%-0.99.9%)
specificity for the REMARC cohort. On
the testing set composed of 174 LNH073B
patients, the CNN yielded a 0.86 median
Dice score (IQR: 0.77-0.92), 87.9% (IQR:
74.9.0%-94.4%) sensitivity, and 99.7%
(IQR: 99.4%-99.8%) specificity. In the
LNHO073B data, the CNN yielded a mean
Dice score of 0.80 = 0.17 (mean = SD) on
the coronal view and 0.79 = 0.17 on the

A PET image

Coronal View

PET image

*

B PET image

Sagittal View

..

Coronal View

PET image

"

&

Y

Sagittal View

o
o8
44

Expert

N

CNN (Dice score: 86.9%)

CNN (Dice score: 95.1%})

' 4

o N B O 0 =

SUV

b
o

CNN (Dice score: 96.0%)

-

&

1,

FIGURE 3. '®F-FDG PET MIP images and segmentation results (blue color overlapped over PET
MIP images) by experts (MIP_masks) and by CNN for 4 patients: from REMARC cohort (A) and from
LNH073B cohort (B).

sagittal view. Figure 3 shows segmentation
result examples from experts (MIP_masks)
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TABLE 2
Statistics for Surrogate TMTV and Surrogate Dmax

Cohort sTMTV/sDmax Mean SD Minimum Q1 (25%) Median Q8 (75%) Maximum
REMARC sTMTV (cm?) 252.27 245.75 0.48 77.04 174.24 350.56 1339.36
sDmax (cm) 100.16 49.89 0.40 66.20 98.0 135.0 225.20
LNHO073B sTMTV (cm?) 388.12 249.91 63.68 224.48 307.2 450.08 1186.24
sDmax (cm) 121.82 41.10 43.20 92.00 116.40 145.60 222.40

Q1 = first quartile (25% percentile); Q3 = third quartile (75% percentile).

and CNN (Supplemental Fig. 3 provides more segmentation results).
The Dice score was not significantly different (P > 0.05) between
the coronal and sagittal views, both for the REMARC and the
LNHO073B cohorts.

In both cohorts, there was a significant correlation between
ranked TMTV and Dmax values and the associated surrogate val-
ues obtained using CNN. For REMARC, TMTV was correlated
with sSTMTV (Spearman r = 0.878, P < 0.001), and Dmax was cor-
related with sDmax (= 0.709, P < 0.001). Of 144 patients who
had TMTV greater than the median TMTV (242 em’), 121
(84.02%) patients had also sSTMTV greater than the median sSTMTV
(174.24 cm?). One hundred forty-four patients had Dmax greater
than the median Dmax (44.8 cm), and 113 (78.5%) of these patients
also had sDmax greater than the median sDmax (98.0 cm).

For LNHO073B, TMTV was correlated with sSTMTV (r = 0.752,
P < 0.001), and Dmax was correlated with sDmax (= 0.714, P <
0.001). Of 48 patients who had TMTV greater than the median
TMTV (375 cm®), 42 (87.5%) patients had also sSTMTV greater than
the median sTMTV (307.2 cm?). Forty-eight patients had Dmax
greater than the median Dmax (44.1 cm), and 39 (81.3%) of these
patients also had sDmax greater than the median sDmax (116.4 cm).
Table 2 shows the descriptive statistics for the surrogate PET features.

Survival Analysis

The time-dependent AUC and HRs with 95% CI of the meta-
bolic tumor volume and tumor spread are shown in Table 3 for
the REMARC and LNH073B data. All PET features extracted
from the baseline 3D '8F-FDG PET/CT images and using Al

(sSTMTV and sDmax) were significant prognosticators of the PFS
and OS.

When TMTYV and Dmax (or their surrogates) were combined,
3 risk categories could be differentiated in the REMARC data
(Fig. 4): using the 3D features, category 1 corresponded to low
TMTV (=222 cm®) and low Dmax (=59 cm) (low risk, n = 108);
category 2 corresponded to either high Dmax or high TMTV
(intermediate risk, n = 112); category 3 corresponded to both
high Dmax and high TMTV (high risk, n = 67). This stratification
was similar when using the MIP features—based categories using
Al (Fig. 4). The accuracy of the CNN-based classification into
3 categories with respect to the 3D biomarkers—based classifica-
tion was 71.4%.

In the LNHO73B cohort, when TMTV and Dmax (or their surro-
gates) were combined, 3 risk categories could be differentiated
(Fig. 5): using the 3D features, category 1 was defined as low
TMTV (=468 cm3) and low Dmax (=60 cm) (n = 45); category 2
corresponded to either high Dmax or high TMTV (n = 37); cate-
gory 3 corresponded to both high Dmax and high TMTV (n = 13).
Of the 13 patients classified as high risk, 9 (69.2%) patients had less
than 4 y of OS, and 10 (76.9%) patients had less than 4 y of PFS.
This stratification was similar when using the CNN-based results.
The STMTV cutoff value was 376 cm?, and the sDmax cutoff value
was 122 cm. There were 38 patients in category 1, 35 in category 2,
and 22 in category 3. Of the 22 patients classified as a high risk, 19
(77.3%) patients had less than 4 y of OS, and 19 (86.4%) patients
had less than 4 y of PFS. The accuracy of the Al-based classifica-
tion into 3 categories with respect to the 3D biomarkers—based

TABLE 3
Results of the Univariate Analyses for PFS and OS Using Time-Dependent AUC Analysis and Cox Models (HR)

3D "®F-FDG PET/CT estimates

2D PET MIP estimates

Data PFS/OS Metrics TMTV Dmax sTMTV sDmax
REMARC PFS AUC 0.67 (0.60-0.73) 0.65 (0.58-0.72) 0.65 (0.58-0.72) 0.68 (0.62-0.75)
HR 11.24 (2.10-46.20) 9.0 (2.53-23.63) 11.81 (3.29-31.77) 12.49 (3.42-34.50)
(0K AUC 0.67 (0.58-0.76) 0.62 (0.53-0.71) 0.67 (0.58-0.76) 0.68 (0.59-0.76)
HR 16.43 (2.42-77.29) 8.60 (1.47-28.33) 22.14 (4.73-69.06) 22.79 (3.80-79.21)
LNHO073B PFS AUC 0.62 (0.49-0.75) 0.56 (0.39-0.72) 0.66 (0.53-0.80) 0.58 (0.41-0.74)
HR 13.79 (0.45-86.80) 32.83 (0.4-220.8) 9.24 (0.95-37.94) 16.79 (0.69-86.41)
(OF] AUC 0.65 (0.46-0.82) 0.51 (0.31-0.72) 0.64 (0.45-0.82) 0.50 (0.29-0.72)
HR 64.30 (0.74-384.80) 49.21 (0.07-258.3) 14.17 (0.59-67.02) 20.39 (0.08-93.66)
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computational cost). We thus investigated
the prognostic values of these surrogate
biomarkers using 2 independent retrospec-
tive cohorts of DLBCL patients with base-
line '8F-FDG PET/CT. Characterizing
tumor burden and its dissemination was
feasible using features extracted from the
2D PET MIP images. TMTV and Dmax
were highly correlated with sTMTV and
sDmax, respectively.

Developing automatic and robust lym-
phoma segmentation methods on PET MIP
images could cost less data and less com-
putational resources than when using the
whole-body '8F-FDG PET images. It could
allow Al experts to quickly investigate
appropriate segmentation approaches to
tackle the challenging lymphoma segmen-
tation task and reduce intercenter and inter-
expert variations in lymphoma delineation.
Experts can validate and correct, if neces-
sary, Al results on 2D MIP images easier
and faster than on their 3D volume coun-
terparts. We also showed that a CNN could
segment lymphoma lesions fully automati-
cally from the given 2D PET MIP image
with high accuracy compared with expert
readers. This result was confirmed on the
independent LNH073B cohort. The pro-
posed CNN-based segmented regions

FIGURE 4. Kaplan-Meier estimates of OS and PFS from REMARC cohort according to 3D '8F-
FDG PET/CT image-based features TMTV (¢cm®) and Dmax (cm) (A and C), and according to PET
MIP image-based features sSTMTV (cm?) and sDmax (cm) estimated from Al (B and D).

classification was 64.2%. All patients classified as high risk using
the 3D biomarkers were also classified as high risk using the CNN,
except 1 patient who had an OS of 36.6 mo. Of the 9 patients classi-
fied as high risk when using the CNN but not when using the 3D
biomarkers, 8 (88.9%) patients had less than 4 y of OS, and the
remaining 1 (11.1%) patient had 21.95 and 57.99 mo of PFS and
OS, respectively.

In Supplemental Figure 4, the confusion matrices show the
agreement between the 3D-based biomarkers and the surrogate
MIP biomarkers in the LNHO73B data. The percentage of the data
classified into high, low, and intermediate risk is also shown. When
a classification in 2 groups based on 1 biomarker only (either tumor
burden or dissemination biomarkers) was used, the Al-based classi-
fication had a 79% accuracy compared with the 3D-based clas-
sification.

DISCUSSION

We developed and evaluated a new framework to calculate
STMTYV and sDmax (the largest distance between lymphoma sites)
features from 2D PET MIP images. The motivation for consider-
ing tumor delineation on 2D MIP views instead of the 3D volume
was 2-fold: first, checking lymphoma regions on 2D PET MIP
images is much faster than on the 3D '8F-FDG PET/CT volumes.
Second, training an automated Al tumor segmentation algorithm is
easier in 2D than in 3D from a practical point of view (fewer
parameters to be tuned, less data to be used for training, and less

1930

enabled features extraction with predictive
values comparable to when these features
are calculated from the areas delineated by
experts in the 3D image. The main strength
of this work was that we validated our findings using an external
cohort from a different retrospective trial. However, training the
proposed deep learning model from an increased training sample
size, preferably from different centers and acquisition parameters,
might further improve its performance. No correlations were
observed between the segmentation errors made by the model and
lesion size. Previous lymphoma segmentation methods used the
whole-body '8F-FDG PET/CT images (9,10). Most of these meth-
ods involved complex preprocessing, CT and PET image alignment,
and did not investigate whether both TMTV and Dmax remained
good prognosticators when calculated from the automated segmen-
tation. Recent studies have also demonstrated that CNN-based
results need corrections by experts (7,8). Correction of results on 3D
volume could be time-consuming, observer-dependent, and difficult.
In contrast, corrections, and validations (if necessary) could be eas-
ier and faster on 2D PET MIP images, allowing easy use of these
features in clinical routine.

Interestingly, the surrogate biomarkers automatically calculated
using Al (sTMTYV and sDmax) had strong prognostic values regard-
ing PFS and OS, comparable to the prognostic importance of
TMTYV and Dmax obtained from the 3D volumes. The classification
of patients into the 3 risk groups using the 3D TMTV and Dmax
agreed with the patient’s classification based on the 2D sTMTV and
sDmax (71.4% and 64.2%, respectively, in REMARC and LNH037
cohorts). Patients classified as high-risk using 3D-based biomarkers
and low-risk (or vice versa) using 2D-based biomarkers had values
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FIGURE 5. Kaplan-Meier estimates of OS and PFS from LNHO73B cohort according to 3D
"8F_FDG PET/CT image-based features TMTV (cm®) and Dmax (cm) (A and C), and according to
PET MIP image-based features sSTMTV (cm?) and sDmax (cm) estimated from Al (B and D).

close to the cutoff values. Visual assessment of the segmentation
results suggested that the 2D-based biomarkers tend to perform
well compared with the 3D-based biomarkers when the patient had
lesions spread over the body and performed less well when the
patient had a large bulky lesion.

In this work, we defined and calculated the surrogate biomarkers
from both the coronal and the sagittal PET MIPs. However, experi-
ments showed that characterizing the lymphoma disease using
STMTV and sDmax calculated from either coronal or sagittal also
had good predictive values, comparable to these features obtained
from 3D volumes. The same cutoff values were used to analyze the
PFS and OS. The cohorts were from 2 independent studies with
varying stages of cancer (Table 1). Thus the (s)TMTV cutoff val-
ues were different between the 2 cohorts. Interestingly, the cutoff
values to characterize the lesion dissemination (Dmax and sDmax)
in DLBCL patients on baseline PET images were almost identical
on the independent cohorts. Dmax and sDmax were defined empiri-
cally, yet a recent study has shown that the distance between
lesions calculated using different distance measurement methods
(namely Euclidean, Manhattan, and Chebyshev) in 3D yielded sim-
ilar results in predictions of the outcome (21).

Our study has limitations. Although we validated the CNN on
2 independent retrospective studies, validating the proposed
CNN in larger multicenter cohorts will be required to develop it
into a clinical tool. In addition, although the CNN results can be
easily visually checked, they should ideally be provided with a

PET MIP ProgNosTiC BioMARKERS IN DLBCL  «
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KEY POINTS

QUESTION: Are surrogate tumor burden and dissemination features
calculated from PET MIP images prognostic biomarkers in DLBCL
patients and can they be automatically measured using an Al?

PERTINENT FINDINGS: sTMTV and sDmax calculated from MIP of
whole-body '8F-FDG PET images are predictive of PFS and OS in
DLBCL patients from 2 independent cohorts. A CNN could segment
lymphoma lesions from 2D PET MIP images automatically and the
resulting CNN-based sTMTV and sDmax estimates were predictive
of PFS and OS in 2 independent cohorts.

IMPLICATIONS FOR PATIENT CARE: Surrogate tumor burden
and dissemination features automatically calculated using Al from only
2 PET MIP images are prognostic biomarkers in DLBCL patients.
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Sarcoidosis and lymphoma often share common features on '8F-FDG
PET/CT, such as intense hypermetabolic lesions in lymph nodes and
multiple organs. We aimed at developing and validating radiomics sig-
natures to differentiate sarcoidosis from Hodgkin lymphoma (HL) and
diffuse large B-cell lymphoma (DLBCL). Methods: We retrospectively
collected 420 patients (169 sarcoidosis, 140 HL, and 111 DLBCL) who
underwent pretreatment '8F-FDG PET/CT at the University Hospital of
Liege. The studies were randomly distributed to 4 physicians, who
gave their diagnostic suggestion among the 3 diseases. The individual
and pooled performance of the physicians was then calculated. Inter-
observer variability was evaluated using a sample of 34 studies inter-
preted by all physicians. Volumes of interest were delineated over the
lesions and the liver using MIM software, and 215 radiomics features
were extracted using the RadiomiX Toolbox. Models were developed
combining clinical data (age, sex, and weight) and radiomics (original
and tumor-to-liver TLR radiomics), with 7 different feature selection
approaches and 4 different machine-learning (ML) classifiers, to dif-
ferentiate sarcoidosis and lymphomas on both lesion-based and
patient-based approaches. Results: For identifying lymphoma versus
sarcoidosis, physicians’ pooled sensitivity, specificity, area under the
receiver-operating-characteristic curve (AUC), and accuracy were
0.99 (95% Cl, 0.97-1.00), 0.75 (95% CI, 0.68-0.81), 0.87 (95% ClI,
0.84-0.90), and 89.3%, respectively, whereas for identifying HL in the
tumor population, it was 0.58 (95% CI, 0.49-0.66), 0.82 (95% ClI,
0.74-0.89), 0.70 (95% Cl, 0.64-0.75) and 68.5%, respectively. Moder-
ate agreement was found among observers for the diagnosis of lym-
phoma versus sarcoidosis and HL versus DLBCL, with Fleiss k-values
of 0.66 (95% Cl, 0.45-0.87) and 0.69 (95% Cl, 0.45-0.93), respectively.
The best ML models for identifying lymphoma versus sarcoidosis
showed an AUC of 0.94 (95% CI, 0.93-0.95) and 0.85 (95% Cl,
0.82-0.88) in lesion- and patient-based approaches, respectively, using
TLR radiomics (plus age for the second). To differentiate HL from
DLBCL, we obtained an AUC of 0.95 (95% CI, 0.93-0.96) in the
lesion-based approach using TLR radiomics and 0.86 (95% Cl,
0.80-0.91) in the patient-based approach using original radiomics
and age. Conclusion: Characterization of sarcoidosis and lymphoma
lesions is feasible using ML and radiomics, with very good to excel-
lent performance, equivalent to or better than that of physicians, who
showed significant interobserver variability in their assessment.
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Sarcoidosis is a systemic inflammatory disease characterized by
the development of granulomas, which may involve lymph nodes
and various organs. Hodgkin lymphoma (HL) and diffuse large
B-cell lymphoma (DLBCL), the most frequent type of non-Hodgkin
lymphoma, are also characterized by enlarged invaded lymph nodes
but can affect many organs. When '8F-FDG PET/CT is performed
at diagnosis, these diseases may present with a similar pattern, that
is, intense hypermetabolism in enlarged lymphadenopathies, in par-
ticular in the mediastinum. Involvement of many other nodal sta-
tions may also be observed, along with extranodal lesions, and the
distribution of lesions thus helps imaging specialists in interpreting
these PET/CT scans. Nonetheless, the accuracy of visual interpreta-
tion of '8F-FDG PET/CT scans for differentiating sarcoidosis from
lymphomas is imperfect (/). Semiquantitative measurements such
as SUV .« have not proven to be the answer either (2,3). Moreover,
sarcoidosis can develop before lymphoma (sarcoidosis-lymphoma
syndrome) and after lymphoma, and immunotherapy-induced sar-
coidlike reactions are increasingly observed (4-7). No matter the
results of the imaging studies, pathologic confirmation of the disease
is mandatory in all cases before initiating treatment.

The histopathology of these entities is very different, suggesting
that deep characteristics of the image might also be specific. Radio-
mics is a high-throughput approach allowing extraction of large
amounts of data from images and characterization of the lesion
phenotype (8,9). The development of artificial intelligence and
machine learning (ML) combined with radiomics has gained popu-
larity in different medical imaging tasks, including lesion identifica-
tion and characterization. In lymphoma, some studies have shown
the potential of '®F-FDG PET/CT radiomics to differentiate lym-
phoma from other types of cancers and to differentiate different
types of lymphoma (/0-14). To the best of our knowledge, no
study has yet explored the use of '*F-FDG PET/CT radiomics to
characterize sarcoidosis lesions, except one for the diagnosis of car-
diac involvement (15).
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The primary objective of the present study was to develop and
validate a radiomics signature to differentiate sarcoidosis, HL, and
DLBCL lesions. Furthermore, we compared the ML-driven diag-
nosis with physician performance in categorizing the 3 diseases,
taking into account interobserver variability.

MATERIALS AND METHODS

Patients

The study was approved by the Ethics Committee of the University
Hospital of Liege. The need for written informed consent was waived
because of the retrospective and noninterventional design of the study.
We retrospectively collected consecutive '®F-FDG PET/CT scans
obtained at the University Hospital of Liege between April 2010 and
February 2020 of patients with HL, DLBCL, or sarcoidosis at initial
diagnosis, before any treatment. The diagnosis was based on pathol-
ogy in all lymphoma cases and in most cases of sarcoidosis. The diag-
nosis of the remaining sarcoidosis cases was based on clinical
evidence and follow-up. Exclusion criteria were radiotracer extravasa-
tion, artifacts in pathologic areas, absence of a delineated volume of
interest (VOI) after semiautomatic segmentation, and absence of rele-
vant information in the DICOM files. Basic clinical data (age, sex, and
weight) were collected from the information obtained routinely on the
day of the PET/CT scan. Figure 1 shows the flowchart of the study.

Imaging

8F_.FDG PET/CT scans were acquired using 2 cross-calibrated PET/
CT systems, a GEMINI TF Big Bore and a GEMINI TF 16 (Philips),
66 min on average (range, 58-92 min) after intravenous injection of
8E_FDG (mean injected activity, 245 MBgq, depending linearly on the
patient’s weight). The patients fasted for at least 6 h before the injec-
tion, and the median glycemia was 92 mg/dL (range, 59-195 mg/dL).
A low-dose CT scan (slice thickness, 5 mm; tube voltage, 120 kV; and
tube current-time product, 50-80 mAs, depending on the patient’s
weight) was performed without injection of intravenous contrast agent,
followed by a PET emission scan of 90 s per bed position (50% over-
lap), extending from the upper thighs to the skull base. All images were
acquired and reconstructed according to the EARL (European Associa-
tion of Nuclear Medicine Research Ltd.) guidelines for both PET/CT
systems. Images were reconstructed with standard 4 X 4 X 4 mm

voxels (slice thickness, 4 mm) using an iterative list-mode algorithm
(blob ordered-subset time-of-flight), and corrections for attenuation,
dead time, random events, and scatter events were applied without post-
reconstruction smoothing.

Lesion Segmentation and Clinical Diagnosis

The entire cohort of anonymized patients was randomly distributed
into 4 groups (groups A—D). The scans of each group were assigned to 4
different nuclear medicine physicians (observers A-D), who were
unaware of any clinical information or diagnosis and had 6 y (observer
A), 3 y (observer B), 15 y (observer C), and 10 y (observer D) of experi-
ence. In a first step, from visual interpretation of the PET/CT scans, the
physicians attributed a diagnosis to each patient of their cohort. For that
purpose, they first chose either sarcoidosis or cancer, and if the latter was
selected, they chose HL or DLBCL. This evaluation was based solely on
the experience of each physician. No reading guidelines or visual or
semiquantitative interpretation criteria were provided to the readers
within the framework of the study. For each answer, the physicians indi-
cated their level of confidence (0, possible; 1, probable; or 2, certain).

In the next step, the physicians segmented PET VOIs for their
assigned patient population using MIM software, version 7.0.5 (MIM
Software Inc.), with the following 4 steps. The first was automatic selec-
tion of all regions using an absolute threshold SUV,,,, of at least 3
within a rectangular VOI manually drawn on the whole body. The sec-
ond step was automatic exclusion of VOIs smaller than 2 cm?. The third
step was manual exclusion of all physiologic VOIs (e.g., brain, heart,
and kidneys). The fourth step was manual modification of some patho-
logic VOlIs, that is, removing physiologic activity in continuity with the
pathologic VOI but never enlarging the VOL In the absence of literature
references for this combination of diseases, especially considering sar-
coidosis, the thresholds of SUV .« and volume were decided after tests
were performed on a sample of images with the aim of including as
many lesions as possible while limiting the need for manual modifica-
tions. A VOI of 20 cm® was also drawn on the healthy liver.

Radiomics Extraction and Model Elaboration
Two hundred fifteen features were extracted from the segmented
PET volumes using the RadiomiX Toolbox (Radiomics SA), coded
with Matlab (MathWorks), and aligned with the Imaging Biomarkers
Standardization Initiative, with, however, some additional features
(a list of all features can be found in the sup-
plemental materials, available at http://jnm.

448 patients

‘ Patients with sarcoidosis or lymphoma according to the gold-standard and who underwent baseline '®F-FDG PET/CT

snmjournals.org). We also studied the ratio
‘ of the feature values calculated in the tumor

and in the liver (tumor-to-liver ratio [TLR]),

448 patients

‘ Semi-automatic segmentation of pathologic volumes of interest (VOI) by 4 nuclear medicine (NM) specialists

except for the shape features. For calculation
of the texture matrix-based features, the inten-

Exclusion criteria

13 without segmented VOI

6 with image artifacts

5 with paravenous injection

4 with missing information in DICOM files

sities were discretized using 2 different meth-
ods according to the recommendations of the
Imaging Biomarkers Standardization Initia-
tive: fixed bin numbers of 32 and 64 and fixed

Final studied population: 420 patients |

bin widths of 0.05, 0.1, 0.2, and 0.5 SUV.
Since each patient could have more than 1

Exclusion criteria
1 patient with diffuse liver involvement

lesion, 2 radiomics approaches were tested. In a
‘ first approach (lesion-based), each lesion was

considered as 1 observation and the goal was to

Suggestion of diagnosis by 4 NM
specialists based on visual analysis, with
use of levels of confidence: 420 patients

419 patients

Radiomics analysis and development of
machine learning models

classify each lesion as, first, belonging to the
sarcoidosis or lymphoma class and, second, as

Per-patient analysis

Inter-observer variability
analysis in a subgroup of
34 common patients

belonging to the HL or DLBCL class. In the
second approach (patient-based), the radiomics
features of each lesion and for each patient
were merged using their minimum, maximum,

Per-lesion analysis

FIGURE 1. Study flowchart.

1934

mean, and median values, and clinical data (age,
sex, and weight) were added to the radiomics
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features. Here, the aim was to classify each patient into the sarcoidosis,
HL, or DLBCL group.

We also evaluated whether combining different feature selection (FS)
approaches and ML classifiers would allow for a radiomics signature to
differentiate sarcoidosis from lymphoma patients and to differentiate HL
from DLBCL. For that purpose, we tested a different set of models,
which differed in feature type, that is, original radiomics or TLR radio-
mics; FS and ML classifier method; and the effect of adding clinical data
before FS. Seven different FS methods were tested: accuracy decrease
obtained from the embedded FS of the random forest (RF) classifier;
Gini impurity decrease obtained from the embedded FS of the RF classi-
fier; forward FS using the minimum redundancy maximum relevance
(MRMR) method with Pearson correlation; backward FS using MRMR
with Pearson correlation; forward FS using MRMR with Spearman cor-
relation; backward FS using MRMR with Spearman correlation; and for-
ward MRMR based on the mutual information. We also used 4 ML
classifiers: RF, support vector machine with radial kernel, naive Bayes,
and a logistic regression (/6). The dataset was stratified with the same
percentage of classes, avoiding unbalanced data, and was randomly
divided into training and test sets (80% and 20%, respectively). We
tested different models that differed in the FS, ML, and intensity discreti-
zation method and in the number of features, which was between 2 and
20 with intervals of 2. We used 5-fold cross validation in our training
data, and we chose the best radiomics signature according to the best
mean 5-fold cross validation area under the precision-recall area under
the receiver-operating-characteristic curve (AUCpr). For each classifier,
the default hyperparameter values were used in their respective R pack-
ages. Finally, for each of the different models with distinct selected fea-
tures, all training data were bootstrapped to derive the corresponding
95% Cls for each performance metric and tested on the independent test
set. The number of bootstrap repetitions was set to at least 1,000. Since
images came from only 2 scanners (same manufacturer and model, same
acquisition protocol), which were also cross-calibrated, we did not con-
sider it necessary to perform data harmonization. As recently suggested
by Buvat and Orlhac (/7), we performed a T.R.U.E. checklist (Is it true?
Is it reproducible? Is it useful? Is it explainable?) to assess the potential
impact of our findings.

Statistical Analysis

The homogeneity in age and weight across the A, B, C, and D pop-
ulations was assessed by the Kruskal-Wallis nonparametric test,
whereas x test association was performed for sex and the final diag-
nosis (gold standard). Additionally, the homogeneity in age, sex, and
weight across cancer and sarcoidosis patients and between HL and
DLBCL patients was also evaluated using the x> and Kruskal-Wallis
tests. Statistical significance was assigned for P values of 0.05 or less.

The diagnostic performance of all observers pooled together and
each individual observer against the gold standard was calculated
using sensitivity, specificity, positive predictive value (PPV), and neg-
ative predictive value (NPV). In addition, diagnostic performance was
evaluated by calculating the percentage of agreement (or accuracy)
and the AUC. To calculate the predicted probabilities, we fitted a
logistic regression model with the observer’s classification as the pre-
dictor. We additionally bootstrapped the data to measure the AUC
95% Cls. The 95% Cls for the sensitivity, specificity, PPV, and NPV
were calculated using exact binomial confidence limits.

To test variability among observers, we applied the CI approach in
sample size estimation for interobserver agreement with binary out-
comes (/8). Because of a lack of literature on the established agree-
ment, to calculate the sample size in the case of 4 observers we
assigned an expected k of 0.70, indicating moderate agreement (/9), a
lower bound of 0.50 with an unknown upper bound, and a significance
level of 0.05. With a prevalence of 0.3 for sarcoidosis versus cancer
and 0.6 for HL versus DLBCL, a sample size of 27 and 23 was
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required, respectively. On the basis of this estimation, we randomly
selected a subgroup of 34 patients who were subsequently analyzed by
all 4 observers to evaluate the interobserver variability. Because of the
misclassification for the sarcoidosis versus cancer, only 21 patients
remained in the evaluation of interobserver variability in the analysis
of HL versus DLBCL. Fleiss k was used to investigate overall agree-
ment among 4 observers in the classification (for sarcoidosis/cancer
and for HL/DLBCL) and intraclass correlation coefficients for degree
of certainty. Finally, the Hotelling T test was used to test the differ-
ence in agreement between pairs of observers.

For radiomics, we evaluated the performance of the models using
AUC, AUCpr, sensitivity, specificity, PPV, and NPV, with a 0.5 prob-
ability threshold on the test set for lesion-based and patient-based
approaches. Statistical and ML analyses were performed for the 2 clin-
ical tasks (sarcoidosis/cancer and HL/DLBCL) using R software,
version 4.0.3.

RESULTS

In total, 448 patients meeting the study inclusion criteria were
initially identified. After the exclusion criteria were applied, 420
patients (mean age, 49 = 18 y; 241 men and 179 women) remained
in the study (Fig. 1). According to the gold standard, 169 patients
had sarcoidosis (40.2%), 140 had HL (33.3%), and 111 had
DLBCL (26.4%). The Ann Arbor stages for HL were 10 cases of
stage I, 1 of stage IE, 64 of stage II, 1 of stage IIE, 19 of stage III,
20 of stage IIIS, and 25 stage of IV, and the stages for DLBCL
were 10 cases of stage I, 27 of stage 11, 12 of stage III, 10 of stage
IIIS, and 52 of stage IV. Eighty-one patients with sarcoidosis had
extrathoracic lesions. Table 1 presents the patient characteristics
and gold standard for the entire population and the 4 physicians’
subsamples. The 4 groups were balanced except for observer D,
who had significantly more sarcoidosis patients and fewer DLBCL
patients. Patient age differed significantly across the 4 subsamples
(P = 0.008), with patients in group D being significantly younger
than those in groups A and B, which could be explained by the dif-
ference in the distribution of diseases. There was no significant dif-
ference in weight or sex across the 4 subsamples.

Individual and Pooled Observer Performance as Compared
with Gold Standard

For identifying lymphomas (HL and DLBCL) in the entire popu-
lation (n = 420), the sensitivity and specificity were 0.99 (95% CI,
0.97-1.00) and 0.75 (95% CI, 0.68-0.81), respectively. The AUC
was 0.87 (95% CI, 0.84-0.90), and accuracy was 0.893 (95% CI,
0.86-0.92). Similarly, a Cohen k of 0.78 (95% CI, 0.72-0.84)
revealed substantial agreement with the gold standard. Taking the
certainty level into account, a significant higher agreement k of 0.86
(95% CI, 0.79-0.92) was found for certainty level 2, compared with
ak of 0.41 (95% CI, 0.23-0.58) for level 1 (P < 0.001).

Overall and individual observer performance for the diagnosis of
cancer versus sarcoidosis for their subsample populations is listed in
Table 2. All observers had an excellent sensitivity (0.97—-1.00) but a
lower and more variable specificity (0.58—0.81). AUC and accuracy
ranged from 0.79 to 0.90 and from 0.85 to 0.92, respectively.
Regarding the confidence levels, observers A, B, C, and D chose
level 2 in 81%, 80%, 80%, and 65% of cases; level 1 in 15%, 19%,
12%, and 27%; and level 0 in 4%, 1%, 8%, and 8%, respectively.

For identifying HL in the cancer population (n = 248, after remov-
ing 3 patients mistakenly categorized with sarcoidosis), the sensitivity
and specificity were 0.58 (95% CI, 0.49-0.66) and 0.82 (95% CI,
0.74-0.89) respectively. AUC was 0.70 (95% CI, 0.64-0.75), and
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TABLE 1
Patient Characteristics (n = 420) and 4 Physician Subsamples

Characteristic Overall Observer A

Observer B Observer C Observer D

Median age (y) 49 (Q1-Q83, 35-61)

75 (Q1-Q3, 63-86)

52 (Q1-Q3, 36-67)

Median weight (kg) 74 (Q1-Q8, 62-84)

Sex
Female 179 47
Male 241 62
Diagnosis
Sarcoidosis 169 (40.2%) 36 (33%)
HL 140 (33.3%) 32 (29%)
DLBCL 111 (26.5%) 41 (38%)

Q1 and Q3 are interquartile ranges.

52 (Q1-Q3, 37-61)
75 (Q1-Q3, 66-85)

49 (Q1-Q3, 39-60)
72 (Q1-Q3, 62-85)

44 (Q1-Q83, 29-55)
77 (Q1-Q3, 63-89)

41 45 46
61 55 64
36 (35.5%) 34 (34%) 63 (57%)
36 (35.5%) 35 (35%) 37 (34%)
29 (29%) 31 (31%) 10 (9%)

accuracy was 0.69 (95% CI, 0.63-0.74). The Cohen k of 0.40 (95%
CI, 0.29-0.51) indicated only fair agreement with the gold standard.
When the certainty level was 2, a significantly higher k of 0.51 (95%
CI, 0.41-0.67) was obtained, compared with a k of 0.20 (95% CI,
0.14-0.39) at level 1 certainty (P = 0.003).

Overall and individual observer performance for the diagnosis
of HL versus DLBCL for their subsample populations is listed in
Table 3. The sensitivity ranged from 0.39 to 0.77 and specificity
from 0.77 to 0.85. AUC and accuracy ranged from 0.60 to 0.81
and from 0.59 and 0.82, respectively. Regarding the confidence
levels, observers A, B, C, and D selected level 2 in 54%, 46%,
61%, and 45% of cases; level 1 in 38%, 49%, 33%, and 43%; and
level 0 in 8%, 5%, 6%, and 12%, respectively. Representative
examples of PET studies are shown in Figures 2 and 3.

Interobserver Agreement
In the sample of 34 patients, a Fleiss k-value of 0.66 (95% CI,
0.45-0.87) indicated that the 4 observers were in moderate

agreement with one another in the diagnosis of cancer versus sar-
coidosis. Regarding the certainty levels, an intraclass correlation
coefficient of 0.353 (95% CI, 0.181-0.547) showed poor agree-
ment among the observers. At the individual level, the agreement
with the gold standard was highly variable, as k ranged from 0.45
to 0.93. The Hotelling T? test showed that agreement with the
gold standard differed significantly between the 2 extreme values,
that is, observers B and D (T?> = 8.70, P = 0.000).

For the diagnosis of HL versus DLBCL, in the population of 21
patients diagnosed with cancer evaluated by all 4 observers, the
Fleiss k-value of 0.69 (95% CI, 0.45-0.93) indicated moderate
agreement among observers. Regarding certainty levels, an intra-
class correlation coefficient of 0.075 (95% CI, 0.076-0.316)
showed poor agreement among the observers. At the individual
level, only observer A displayed substantial agreement with the
gold standard (xk = 0.70; 95% CI, 0.38-1.01), whereas the other 3
observers showed poor agreement, with k ranging from 0.07 to
0.27. The Hotelling T? test showed that observer A outperformed

TABLE 2
Overall and Individual Performance for Diagnosis of Sarcoidosis Versus Lymphoma
Parameter Overall Observer A Observer B Observer C Observer D
Proposed diagnosis: 130-290 31-78 21-80 28-72 50-60

sarcoidosis, cancer
Correct classification

Correct sarcoidosis
classification

Correct cancer classification

Sensitivity
Specificity
PPV
NPV
AUC

375/420: 89.3%
(86.3%-92.2%)

133/169: 78.7%
(72.5%-84.9%)

248/251: 98.8%
(97.5%-100%)

0.99 (0.97-1.00)
0.75 (0.68-0.81)
0.86 (0.81-0.89)
0.98 (0.93-1.00)
0.87 (0.84-0.90)

Data in parentheses are 95% Cls.

100/109: 91.7%
(86.6%-96.9%)

29/36: 80.6%
(67.6%-93.5%)

71/73: 97.3%
(93.5%-100%)

0.97 (0.90-1.00)
0.81 (0.64-0.92)
0.91 (0.81-0.96)
0.94 (0.79-0.99)
0.89 (0.82-0.96)

86/101: 85.1%
(78.29%-92.1%)

21/36: 58.3%
(42.2%-74.4%)

65/65: 100%

1.00 (0.94-1.00)
0.58 (0.41-0.74)
0.81 (0.71-0.89)
1.00 (0.84-1.00)
0.79 (0.71-0.87)

92/100: 92%
(86.7%-97.3%)

27/34: 79.4%
(65.8%-93%)

65/66: 98.5%
(95.5%-100%)

0.98 (0.92-1.00)
0.79 (0.62-0.91)
0.90 (0.82-1.00)
0.96 (0.82-1.00)
0.89 (0.82-0.96)

97/110: 88.2%
(82.3%-94.2%)

56/63: 88.9%
(81.1%-96.7%)

47/47: 100%

1.00 (0.92-1.00)
0.79 (0.67-0.89)
0.78 (0.66-0.88)
1.00 (0.93-1.00)
0.90 (0.85-0.95)
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Overall and Individual Performance for Diagnosis of HL Versus DLBCL Lymphomas

TABLE 3

Parameter Overall

Observer A

Observer B

Observer C

Observer D

Proposed diagnosis: HL, DLBCL
Correct HL classification

110-180

80/140: 57.1%
(49.0%-65.3%)

91/111: 82%
(74.8%-89.1%)

Correct DLBCL classification

When observer said cancer and
gold standard was cancer:

79/137: 57.7%
(49.4%-65.9%)

91/111: 82%
(74.8%-89.1%)

Correct HL classification

Correct DLBCL classification

Sensitivity 0.58 (0.49-0.66)
Specificity 0.82 (0.74-0.89)
PPV 0.80 (0.71-0.87)
NPV 0.61 (0.53-0.69)
Accuracy 170/248: 68.5%

(62.7%-74.3%)
AUC 0.70 (0.64-0.75)

33-45

23/32: 71.9%
(56.3%-87.5%)

35/41: 85.4%
(74.5%-96.2%)

23/30: 76.7%
(61.5%-91.8%)

35/41: 85.4%
(74.6%-96.2%)

0.77 (0.58-0.90
0.85 (0.71-0.94
0.79 (0.60-0.92
0.83 (0.69-0.93

58/71: 81.7%
(72.7%-90.7%)

0.81 (0.72-0.91)

)
)
)
)

22-58

14/36: 38.9%
(23.0%-54.8%)

24/29: 82.8%
(69.0%-96.5%)

14/36: 38.9%
(23.0%-54.8%)

24/29: 82.8%
(69.0%-96.5%)

0.39 (0.23-0.57)
0.83 (0.64-0.94)
0.74 (0.49-0.91)
0.52 (0.37-0.67)

38/65: 58.5%
(46.5%—-70.5%)

0.60 (0.50-0.72)

27-45

20/35: 57.1%
(40.8%-73.5%)

24/31: 77.4%
(62.7%-92.1%)

20/34: 58.8%
(42.3%-75.4%)

24/31: 77.4%
(62.7%-91.1%)

0.59 (0.41-0.75)
0.77 (0.59-0.90)
0.74 (0.54-0.89)
0.63 (0.46-0.78)

44/65: 67.7%
(56.3%-79.1%)

0.68 (0.57-0.79)

28-32

27/37: 73.0%
(58.7%-87.3%)

8/10: 80%
(55.2%—-100%)

22/37: 59.5%
(43.6%-75.3%)

8/10: 80%
(55.2%-100%)

0.59 (0.42-0.75)
0.80 (0.44-0.97)
0.92 (0.73-0.99)
0.35 (0.16-0.57)

30/47: 63.8%
(50.1%~77.5%)

0.70 (0.54-0.85)

Data in parentheses are 95% Cls.

the other 3 observers in agreement with the gold standard and that
the most significant difference was between observers A and B
(T?> = 9.60, P = 0.006). There was no significant difference in
agreement among observers B, C, and D. Supplemental Tables
1-2 show all the individual k and Hotelling T? values for the inter-
observer agreement analysis for the 2 tasks.

Performance of Radiomics Models Compared with
Gold Standard

In the whole cohort, 2816 VOIs were segmented, including
1,028 (36.5%) for sarcoidosis, 836 (29.7%) for HL, and 952
(33.8%) for DLBCL (mean number of VOIs by patient: 42.1 for
sarcoidosis, 44.7 for HL, and 75.8 for DLBCL). One patient with
sarcoidosis was excluded from the radiomics analyses (n = 419)
because of diffuse liver pathologic infiltration that did not allow

delineation of the hepatic background VOI. The results of the best
model performance compared with physician performance are
summarized in Figures 4 and 5.

An RF classifier, in which features were selected with the embedded
RF feature selection using the accuracy decrease as a criterion, yielded
the best performance to differentiate cancer from sarcoidosis following
a lesion-based approach. This model included 4 TLR radiomics features
discretized with a fixed bin width of 0.05 SUV: 2 first-order gray-level
statistics features (Stats_min; Stats_p10), 1 intensity volume histogram
feature (IVH_AIRV_90), and 1 textural feature (GLCM_infoCorr2).
This model showed sensitivity of 0.92 (95% CI, 0.89-0.94), specificity
of 0.80 (95% CI, 0.75-0.84), PPV of 0.88 (95% CI, 0.86-0.91), and
NPV of 0.85 (95% CI, 0.81-0.89). For the test set, performance was
excellent, with an AUC and AUCpr of 0.94 (95% CI, 0.93-0.95) and
0.96 (95% CI, 0.95-0.97), respectively, and was significantly better
than the best model with original radiomics
(AUC, 0.68; and AUCpr, 0.78). The best

patient-based radiomics models included TLR
radiomics (intensity volume histogram, shape,
and texture features), merged using their mini-
mum values, and age of patients but showed
poorer results than for differentiation by
lesion, with an AUC and AUCpr of 0.85
(95% CI, 0.82-0.88) and 0.88 (95% CI,
B 0.84-0.92), respectively. For a decisional
threshold of 0.5, sensitivity was 0.84 (95%
CL 0.78-0.90), specificity was 0.67 (95%
CI, 0.56-0.76), PPV was 0.79 (95% CI,
0.74-0.84), and NPV was 0.74 (95% CI,
0.67-0.83), respectively. Supplemental Tables

FIGURE 2. Representative examples of '®F-FDG PET/CT studies of diseases localized to thorax:

DLBCL (A), HL (B), and sarcoidosis (C).
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3-6 show the selected features and results of
the best original and TLR radiomics models
for lesion-based and patient-based analysis.
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DISCUSSION

In cancer imaging, '®F-FDG PET/CT takes
advantage of a high sensitivity, but the specif-
icity is intrinsically limited by significant up-
take by various inflammatory and infectious
lesions. Obviously, 'SF-FDG uptake alone
cannot reliably identify the pathology of the
. tumor. In this study, we developed radiomics
signatures to characterize lesions with highly
increased 'F-FDG uptake, as a proof of
concept of ML to differentiate inflammation
from cancer and to differentiate 2 cancer
types. At the lesion level, we found highly

FIGURE 3. Representative examples of '®F-FDG PET/CT studies of diffuse diseases: DLBCL

(A), sarcoidosis (B), and HL (C).

To differentiate HL from DLBCL, the lesion-based radiomics
model with the best performance used the RF classifier (Gini impu-
rity decrease) and comprised 2 TLR radiomics features discretized
with a fixed bin width of 0.05 SUV: 1 first-order gray-level statistics
features (Stats_min) and 1 textural feature (GLCM_infoCorr2). It
showed sensitivity, specificity, PPV, and NPV of 0.89 (95% CI,
0.85-0.92), 0.88 (95% CI, 0.84-0.92), 0.87 (95% CI, 0.83-0.90),
and 0.90 (95% CI, 0.87-0.92), respectively. For the test set, perfor-
mance was excellent, with an AUC and AUCpr of 0.95 (95% CI,
0.93-0.96) and 0.95 (95% CI, 0.92-0.96), respectively, close to those
of the validation set (AUC and AUCpr of 0.97, both) and signifi-
cantly better than the best model with original radiomics (AUC,
0.67; and AUCpr, 0.62). The best patient-based radiomics models
used a naive Bayes classifier and a forward MRMR with Pearson
correlation for FS. The model included original radiomics features
merged with their maximal values and discretized with a fixed bin
width of 0.5 SUV (first-order, intensity volume histogram, and tex-
tural features: IH-entropy, IVH_AIRV_70, GLCM_infoCorrl,
NGLDM_SM, and NGLDM_DNN) and patient age. It showed very
good performance, with an AUC and AUCpr of 0.86 (95% CI,
0.80-0.91) and 0.87 (95% CI, 0.78-0.91), respectively. For a deci-
sional threshold of 0.5, this model showed sensitivity of 0.79 (95%
CIL 0.71-0.86), specificity of 0.85 (95% CI, 0.73-0.86), PPV of 0.87
(95% CI, 0.79-0.89), and NPV of 0.76 (95% CI, 0.70-0.83),
respectively.
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accurate signatures, with an AUC of 0.94 for
the first task and 0.95 for the second one. At
the patient level, we created models with very
good performance to differentiate cancer
from sarcoidosis (AUC, 0.85) and HL from DLBCL (AUC, 0.86),
which were respectively equivalent and significantly better than
human performance. All physicians showed an excellent sensitivity
(0.97-1.00) to identify patients with cancer and a good but lower
specificity (0.75). Overall, the global performance was good, with
an AUC of 0.87. However, there was only moderate agreement
among the observers, especially because of the poorer performance
of the youngest observer (resident in training with 3 y of experi-
ence). Furthermore, the observers greatly varied in their level of cer-
tainty when deciding whether a PET/CT scan result was cancer or
sarcoidosis. Interestingly enough, this level of certainty correlated
significantly with performance; that is, higher confidence was associ-
ated with better performance. To differentiate HL from DLBCL, the
overall performance of the physicians deteriorated, with an AUC of
0.70, which was related to moderate sensitivity. Again, large variabil-
ity among observers was observed, with one of them performing sig-
nificantly better than the others. However, the difference was unrelated
to experience level, whereas there was a significant correlation with
the degree of certainty. Observer D had a sample of diseases different
from the other observers. Yet, the fact that he was not aware of this
difference, and the fact that his performance in his subsample and in
the interobserver variability analysis was unaffected, were reassuring
as to any possible confounding effect on the obtained results.

The findings confirmed that radiomics analysis of the metabolic
signal could effectively distinguish not only between inflammatory
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FIGURE 4. Chart illustrating performance of physician and ML-radio-
mics models for diagnosis of sarcoidosis vs. lymphoma. Vertical lines at
top of each bar represent Cls.
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FIGURE 5. Chart illustrating performance of physicians and ML-radio-
mics models for diagnosis of HL vs. DLBCL. Vertical lines at top of each
bar represent Cls.
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and neoplastic lesions (20-22) but also among different types of
cancer (10,12,23-26). Regarding lymphomas, in a population of 25
patients, Lartizien et al. used '®F-FDG PET/CT radiomics and a sup-
port vector machine classifier to distinguish aggressive lymphoma
lesions (B-cell lymphoma and HL) from nonlymphomatous uptake
sites (e.g., brown fat, inflammation, infection, and physiologic thymic
uptake) with an AUC of 0.91 (27). Lippi et al. reported that ML per-
formed well in discriminating different types of lymphomas from one
another, especially HL, but in a small population of patients (/7).
Recently, de Jesus et al. showed promising results in differentiating
follicular lymphoma from DLBCL using radiomics and an ML classi-
fier in a population of 120 patients—findings that might have impor-
tant clinical use when monitoring for aggressive transformation (/4).
Their best performing model showed an AUC of 0.86, significantly
higher than the performance of the SUV,.-based model (AUC,
0.79). In addition to the significant difference in population size and
the differences in types of lymphoma, certain methodologic differ-
ences should be highlighted with our work, including the type of ML
classifier (based on per-lesion only), the segmentation method, the
choice of analyzed lesions, the absence of comparison with human
performance, and the use of radiomics of PET and CT simulta-
neously. Beyond the proof of concept, our results may have clinical
implications. Indeed, the high sensitivity of the model might avoid an
invasive biopsy in patients with sarcoidosis, provided that these excel-
lent results can be confirmed in a large and independent external
population.

The performance of ML algorithms depends on several factors,
including data size, randomness during learning, and preprocess-
ing steps (28). We therefore tested a different set of models—a set
that differs in the feature types, that is, original radiomics or TLR
radiomics; the FS strategy and number of features; and the inten-
sity discretization scheme. We have shown in previous studies that
using the TLR as a reference organ improves the predictive perfor-
mance in cervical cancer and the robustness across centers (/6).
The improvement in model performance might be because a nor-
malizing effect of SUVs on each patient. In the present study, the
TLR models systematically outperformed the original radiomics
models in the lesion-based approach but not in the patient-based
approach. Nevertheless, the performance of the models when
using TLR features was close to that when using the original fea-
tures, showing the high potential of TLR-based features in terms
of applicability in different centers.

Even though the present study followed the guidelines of the
Imaging Biomarkers Standardization Initiative and scored 56%
according to the radiomics quality score (29), it had several limita-
tions, including its retrospective and monocentric design, with the
need for external validation within an independent population. It is
possible that the performance of physicians in this study was under-
estimated in comparison to that in clinical routine because of the
complete absence of clinical data. Moreover, the fact that the physi-
cians were nuclear medicine specialists without specific training in
radiology might potentially influence performance. Conversely, the
performance of radiomics and ML might be improved by integrat-
ing more clinical data (e.g., sweating and weight loss) and biologic
data, the localization of lesions (/7), the CT or MRI radiomics
(14,24,30), and a deep-learning approach (37). In our study, some
VOIs were manually adapted if physiologic activity overflowed
into a pathologic VOI. However, such occurrences were rare and
were unlikely to result in biased results. Also, we excluded from
the study the patients without any VOI generated by the automated
segmentation process. Given that these patients represented only a

ML N SARCOIDOSIS AND LYMPHOMA ~ *

small part of the population (n = 12/448 patients; 2.5%), it was
unlikely that they would have affected the results. Finally, to show
the validity, reproducibility, usefulness, and explainability of our
results, we add a T.R.U.E. checklist in the supplemental materials.

CONCLUSION

Characterization of sarcoidosis and lymphoma lesions using
ML and radiomics is feasible as seen in their very good to excel-
lent performance, proving to be equivalent to or better than that
of physicians, who showed significant interobserver variability in
their assessment.
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KEY POINTS

QUESTION: Are specialists in medical imaging able to differentiate
sarcoidosis from lymphoma on the basis of visual analysis of
"8F_FDG PET/CT images, and can ML models using radiomics
help them in this task?

PERTINENT FINDINGS: Physicians characterized these diseases
with variable performance, from moderate to very good. ML and
radiomics models achieved similar and better performance, in a
more reproducible way.

IMPLICATIONS FOR PATIENT CARE: ML and radiomics models
can differentiate sarcoidosis from lymphoma, making it possible to
consider, after external validation, their use to avoid unnecessary
biopsies in patients with high suspicion of sarcoidosis.
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We introduce multiple-organ objective segmentation (MOOSE) soft-
ware that generates subject-specific, multiorgan segmentation using
data-centric artificial intelligence principles to facilitate high-throughput
systemic investigations of the human body via whole-body PET imag-
ing. Methods: Image data from 2 PET/CT systems were used in train-
ing MOOSE. For noncerebral structures, 50 whole-body CT images
were used, 30 of which were acquired from healthy controls (14 men
and 16 women), and 20 datasets were acquired from oncology patients
(14 men and 6 women). Noncerebral tissues consisted of 13 abdominal
organs, 20 bone segments, subcutaneous fat, visceral fat, psoas
muscle, and skeletal muscle. An expert panel manually segmented all
noncerebral structures except for subcutaneous fat, visceral fat, and
skeletal muscle, which were semiautomatically segmented using
thresholding. A majority-voting algorithm was used to generate a refer-
ence-standard segmentation. From the 50 CT datasets, 40 were used
for training and 10 for testing. For cerebral structures, 34 '®F-FDG PET/
MRI brain image volumes were used from 10 healthy controls (5 men
and 5 women imaged twice) and 14 nonlesional epilepsy patients
(7 men and 7 women). Only "®F-FDG PET images were considered for
training: 24 and 10 of 34 volumes were used for training and testing,
respectively. The Dice score coefficient (DSC) was used as the primary
metric, and the average symmetric surface distance as a secondary
metric, to evaluate the automated segmentation performance. Results:
An excellent overlap between the reference labels and MOOSE-derived
organ segmentations was observed: 92% of noncerebral tissues showed
DSCs of more than 0.90, whereas a few organs exhibited lower DSCs
(e.g., adrenal glands [0.72], pancreas [0.85], and bladder [0.86]). The
median DSCs of brain subregions derived from PET images were lower.
Only 29% of the brain segments had a median DSC of more than 0.90,
whereas segmentation of 60% of regions yielded a median DSC of
0.80-0.89. The results of the average symmetric surface distance analysis
demonstrated that the average distance between the reference standard
and the automatically segmented tissue surfaces (organs, bones, and
brain regions) lies within the size of image voxels (2 mm). Conclusion:
The proposed segmentation pipeline allows automatic segmentation of
120 unique tissues from whole-body '8F-FDG PET/CT images with high
accuracy.
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Living organisms maintain steady internal physiologic condi-
tions through dynamic, self-regulating multiorgan systemic inter-
actions (/), also known as homeostasis. In healthy subjects, any
notable deviation from homeostasis is avoided with the aid of sys-
temic feedback loops (2). Chronic pathologies are conceived as
sustained disturbances in homeostasis for which systemic commu-
nications cannot compensate (3). Molecular imaging modalities,
such as PET, can provide essential insights into diverse biologic
processes within the human body by using highly specific radio-
tracers that track molecular function in vivo (4). Assuming that
homeostasis is associated with a balanced, albeit variable, glyco-
Iytic pattern, PET can help characterize bespoke feedback loops
and deviations that lead to pathologies. However, until recently,
whole-body PET imaging protocols were typically limited to only
a portion of the patient’s body (e.g., neck to upper thigh) because
of the relatively narrow axial field of view (15-25 cm) of PET sys-
tems. This limitation required multiple bed positions to be
acquired sequentially to cover the axial field of investigation.
Nonetheless, this acquisition mode failed to fully harness the mul-
tisystemic physiologic information provided by PET imaging (5).

With the recent advent of PET/CT systems with a large axial
field of view (>70 cm) (6-8), the opportunity arose to acquire
total-body PET images with only 1-2 bed positions, facilitating
multiorgan system analysis. Such systemic analysis might allow
the investigation of multiorgan interactions in various pathologies,
such as those associated with cancer (9), cachexia (/0,11), meta-
bolic syndrome (/2), or the more recent severe acute respiratory
syndrome coronavirus 2 (/3). However, the amount of data gener-
ated by this new generation of PET/CT systems is too large to be
adequately analyzed without automated processing pipelines.

In response, we developed a multiple-organ objective segmenta-
tion (MOOSE) tool, an open-source software framework based on
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TABLE 1
Institutional Review Boards and Approval Numbers for Various Datasets

Dataset

Acquisition system

Institutional review board

Reference number

34 "®F-FDG PET/MR brain

datasets

30 low-dose healthy control

CT datasets

20 low-dose mixed pathologic
Siemens CT datasets

Three lymphoma datasets

Three mesothelioma datasets

Biograph mMR; Siemens
Healthineers

UEXPLORER; United Imaging
Healthcare

Biograph mCT TruePoint
TrueV; Siemens Healthineers

Gemini GXL16; Philips

Biograph mCT TruePoint TrueV;
Siemens Healthineers

Medical University of Vienna

University of California at

Davis

Medical University of Vienna

Protection des Personnes
Sud-Est I, Hopital Hotel-
Dieu, Place de I'Hopital

Medical University of Vienna

EK1960/2014

11341792-18

EK1649/2016

Etude REMARC reference
no. 2009-006B; Eudract
no. 2008-008202-52

EK1649/2016

Dice-score perfarmance for non-cerebral organs as a function of training dataset size
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FIGURE 1. Median DSCs of abdominal organs (10 test datasets) were obtained from models
based on 3 separate training subsets: D40 (circle), D20 (square), and D10 (triangle). Inverted triangle
(pink) indicates 0.90 mark. Red background highlights organs characterized by low median DSCs

(<0.90) and high SDs (Supplemental Fig. 4).

data-centric artificial intelligence (Al) prin-
ciples (/4) (Supplemental Fig. 1; supple-
mental materials are available at http://jnm.
snmjournals.org) to allow fully automated
generation of a subject-specific total-body
8E_.FDG PET/CT tissue map consisting of
over 100 different tissue types. We named our
software pipeline MOOSE120. MOOSE120
is free, open-source software. All codes
related to MOOSE120 are available online,
and all models for our application are pub-
licly available. A complete description of
the processing pipeline is available on our
GitHub page (https://github.com/QIMP-Team/
MOOSE). The development of such a soft-
ware tool dramatically increases the amount
of information that can be efficiently ex-
tracted from PET data. Further, such a tool
provides a means to observe normal physi-
ology and pathologic conditions globally,
permitting systems-level investigations into
human physiology. For example, when ap-
plied in a clinical setting, this approach will
allow physicians to automatically generate
a list of SUVs for all organs of interest,
which might provide auxiliary informa-
tion during the diagnostic process. In addi-
tion, the automated generation of a complete
set of organ-specific SUVs lends itself well
to Al-supported diagnostic screening, allow-
ing organ SUV ratios to be compared across
subjects and alerting the physician about
potential secondary pathologies.

MATERIALS AND METHODS

All the data in this study were acquired in
accordance with the Declaration of Helsinki.
Written informed consent was obtained from
all subjects before the examinations. Table 1
details the institutional review boards and
approval numbers for the various datasets.
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Dice-score parformance for bones as a function of training dataset size

age * SD, 47 = 13 y) using the uEXPLORER
(United Imaging Healthcare) total-body PET/
CT system (/7). The remaining 20 datasets
belonged to a retrospective patient cohort from
; \ a TruePoint TrueView (Siemens Healthineers)
PET/CT system (14 men and 6 women; mean

age, 67 £ 12 y). The noncerebral tissue atlas

consists of 13 abdominal organs, 20 bone seg-
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ments, subcutaneous fat, visceral fat, psoas mus-
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cle, and skeletal muscle (Supplemental Table 1;
Supplemental Fig. 2).

An expert segmentation panel comprising 4
physicians and 4 medical students (final year)
was responsible for the manual segmentation
of all noncerebral structures, except for sub-
cutaneous and visceral fat and skeletal mus-

cle, which were outlined using an established
thresholding method (/8). The physicians were
responsible for segmenting the abdominal

) ( J A A

Iz Matiapel Rheianges orthe hand Hadlls organs and psoas muscle, whereas the students
et : % I generated the bone segments. From the 50
I " / e \ datasets, 40 were used for training, and 10 were

m g i {Y used for testing (hold-out dataset).
- y . Y = : - v For training and evaluation of cerebral struc-
CE— -_— f : | S tures, we used 34 'F-FDG PET/MRI brain
datasets (10 test-retest healthy controls [5
men and 5 women; mean age, 27 * 7 y] and
Pelvis Femur Patella Tibia 14 nonlesional epilepsy patients [7 men and
3 Iz b 3 7 women; mean age, 29 * 9 y]) (1/9,20).
%g i b [ o @ The cerebral atlas consisted of 83 brain sub-
y regions (Supplemental Table 1) automatically
a4 B created from PET data in combination with
R —— e 2 ——— T1-weighted MR images and the Hammer-
—_ he— 8 > e smith atlas (27). In short, subject-specific
T1-weighted MR images were normalized to
Fibula Tarsal Metatarsal Phalanges of the fest Montreal Neurological Institute space using

SPM 12 (22). The obtained (inverse) transform
was then used to spatially transform brain
regions of the Hammersmith atlas into the

| i ,,:“ i individual subject’s native space, yielding 83

i i ¥if i 2l a1y X . ) X
° o ° o ° cm o o ¥ subject-specific cerebral subregions, which were
— : ] > .. 2 transferred to coregistered PET image volumes.

Of the 34 datasets, 24 and 10 were used for

training and testing, respectively.

FIGURE 2. Median DSCs of bone structures (10 test datasets) as obtained from models based on

3 separate training subsets: D40 (circle), D20 (square), and D10 (triangle). Inverted triangle indicates
0.90 mark. Red background highlights bones characterized by low median DSCs (<0.90).

Overall Segmentation Strategy

Our approach is based on the latest state-of-the-art nnU-Net seg-
mentation framework (/5). More importantly, we propose a data-cen-
tric approach (/4,16) in which the network model is fixed and the data
are iteratively augmented to increase the performance of the Al sys-
tem. As such, the model’s performance is continuously monitored. As
new data deviating from the training dataset’s characteristics enter the
processing stream, the model is retrained to enhance performance.

Data

Two different types of datasets were used for the development of a
software tool able to segment both cerebral (83 regions) and noncere-
bral (37 tissues) structures.

For training and evaluation of noncerebral structures, 50 whole-body
low-dose CT datasets were used. Among these 50 datasets, 30 CT images
were acquired from healthy volunteers (14 men and 16 women; mean

PET/CT MULTIORGAN SEGMENTATION ~ °

Reference Standard Generation

To address intervariability issues in organ
segmentation, the simultaneous truth and per-
formance level estimation (STAPLE) algorithm (23) was used to gen-
erate reference volumes for further performance assessment. Each
reference volume represents a probabilistic estimate of the true seg-
mentation as well as a measure of multioperator segmentation perfor-
mance (STAPLE variance). The STAPLE method was not used for
reference segmentations derived using automatic (brain atlas) or semi-
automatic (thresholding) methods.

U-Net-Based Semantic Segmentation

The nnU-Net implementation of the generic U-Net architecture is a
self-configuring method for deep learning—based biomedical image
segmentation. This implementation exhibits strong performance by
retaining the original U-Netlike architecture while automating the
complex process of manual hyperparameter configuration (/5).

In our implementation, the nnU-Net was trained separately for the fol-
lowing 4 structure classes: 13 abdominal organs and psoas muscle,

Shiyam Sundar et al. 1943
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FIGURE 3. (A) Bar graph demonstrating similar performance of different
models for bone segmentation other than forearm bones. Green bar
depicts homogeneous training dataset (SMS-20), whereas mixed training
datasets (MIX2-18, MIX5-15, and MIX10-10) are represented by red bars.
(B) Bar graph showing segmentation performance of forearm bones. Sig-
nificant performance improvement is seen in mixed training datasets (red
bars) compared with homogeneous training dataset (green bar). (C) Fore-
arm bone analysis of individual subject. Images demonstrate that forearm
bones are incorrectly segmented in case of SMS20 (green background)
model, whereas all mixed models accurately segmented forearm bones
(red background).

20 bone structures, 83 brain regions, and fat (subcutaneous and visceral)
and skeletal muscle. Noncerebral tissues were segmented using CT data,
whereas cerebral regions were segmented using '*F-FDG PET images.

Assessment of Deviation from Training Dataset Distribution

It is unlikely that any training dataset will be sufficient to fully cap-
ture the variability encountered in clinical routine. Accordingly, a
data-centric approach is necessary, permitting continuous monitoring
of segmentation performance so that data that substantially deviate
from the original training data distribution (i.e., out-of-distribution
[OOD] data) are detected. Erroneous segmentation results obtained for
such data will then require manual correction by a human expert.
Once corrected, these data can be appended in suitable quantities to
the initial training dataset for retraining purposes.

Since continuous operator-based monitoring of segmentation perfor-
mance is untenable in clinical routine, we developed an automated error
analysis routine that detects OOD datasets on the basis of morphometric
analysis of organ shapes (e.g., elongation, volume, area, and maximum

1944

and minimum bounding box diameter), which were determined for each
STAPLE-derived segmentation of structures, and a normative morpho-
logic feature database was generated. On segmentation of a new dataset,
morphologic features for each segmented structure were calculated and
compared with the normative morphology database, yielding a distance
(z score) in similarity space for each structure. The z score reflects the
difference between the shapes of the segmented structure in comparison
to its normative value obtained from the training datasets. In our imple-
mentation, we chose a z score of 1.5 as the cutoff for OOD labeling.

Algorithm Performance Versus Training Sample Size

A primary performance assessment of the MOOSE automated seg-
mentation was performed for all structures using the Dice score coeffi-
cient (DSC) (24). A DSC of 1.0 with respect to STAPLE indicates
perfect overlap, and 0 indicates no overlap. In addition, the average
symmetric surface distance (ASSD) (25) was used as a secondary met-
ric, representing the average distance (in mm) between surface voxels
of the standard and the automated segmentation.

To assess the segmentation performance as a function of training
sample size, we calculated for each noncerebral structure the DSC and
the ASSD using the segmented volumes derived using 10 (D10), 20
(D20), and 40 (D40) training datasets, respectively. A similar analysis
was performed for cerebral regions with 8, 16, and 24 datasets. In
both instances, cases were randomly selected from the whole datasets
(50 cases for noncerebral structures and 34 cases for cerebral struc-
tures). The testing (hold-out) dataset included 10 cases that were not
part of the training sets in both instances.

Algorithm Performance Versus Training Dataset Variability

To investigate the effect of training dataset variability on segmenta-
tion performance, we performed a series of training and test runs using
various mixtures of 2 datasets that differed significantly with respect
to arm position (either arms down or arms crossed on chest, Supple-
mental Fig. 3). We created 4 subsets of training datasets, each with a
total sample size of 20. The first dataset consisted of 20 low-dose CT
images with arms down (SMS20). The other 3 training datasets
included mixtures of images: MIX2-18 (18 arms down, 2 crossed),
MIX5-15 (15 arms down, 5 crossed), and MIX10-10 (10 arms down,
10 crossed). Networks trained on these 4 training datasets were then
used to segment 10 test datasets that included only images with
crossed arm positions (X10). The following 4 (training test) scenarios
were investigated: SMS20—X10, MIX2-18—X10, MIX5-15—X10,
and MIX10-10—X10. Segmentation results were assessed separately
for bone structures of the arm (radius, ulna, carpal, metacarpal, and
fingers) and for all other bone structures (that did not differ position-
ally). This analysis provided information on the necessary variability
in the training dataset required to segment OOD data accurately.

Algorithm Performance for Clinical OOD Datasets

We applied the trained network to 2 small pathologic cohorts that
were not part of the initial training set: 3 lymphoma cases and 3 mesothe-
lioma lung cancer cases. The intent was to assess the performance of
MOOSE on clinical datasets that differ significantly from the training
data distribution. Evaluation of the segmentation quality was based on
similarity space analysis (z scores). OOD datasets with incorrect segmen-
tations were manually corrected, and the corrected segmentations were
then appended to the original training datasets for retraining purposes.

Statistical Assessment

A paired ¢ test was applied to determine whether DSCs differed sig-
nificantly between the various training sample sizes and to investigate
the effect of training dataset variability (either fully OOD or mixed)
on DSCs. In addition, a correlation analysis (Pearson p) was per-
formed to investigate the relationship between STAPLE variance and
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highly significant negative correlation (p =
—0.79, P = 0.002), with the 3 identified
regions showing high STAPLE variance.
This significant correlation with the STA-
PLE variance was also reproduced using the
ASSD metric (p = 0.60, P = 0.042; Sup-
plemental Fig. 5), indicating that accurate
segmentation of this subset of regions is
challenging even for human experts.

The segmentation performance for bone
structures was similar to that for the abdom-
inal organs (Fig. 2). Again, one notes an ex-
cellent overlap between the reference structure
volumes and those obtained using the auto-
mated segmentation based on D10, D20,
and D40 (ASSDs of 1.63 = 3.01, 1.61 =
3.14, and 0.83 = 0.76 mm, respectively),
except for a small number of bone struc-
tures with either low mean DSCs or high
SDs (Supplemental Fig. 6). These struc-
tures were the carpal bones, metacarpal
bones, and phalanges of the toes. Removal
of these organs resulted in a similar seg-
mentation performance between D20 and
D40 (P = 0.07), with segmentation based
on D10 remaining significantly worse than
D20 (P = 0.016) and D40 (P = 0.010).

FIGURE 4.

the DSCs associated with the best (D40) training sample size. A simi-
lar analysis was also performed using the ASSD metric.

Software Tool Implementation

Our processing pipeline is based on the Python and C+ + program-
ming languages, with the nnU-Net framework representing the seg-
mentation backbone, built using PyTorch, version 1.6.031 (26).
Similarity space was implemented using the morphometric capabilities
of SimplelTK, version 2.1.0 (27), and erroneous segmentation results
were cleaned manually using 3D Slicer, version 4.11.20210226 (26).

RESULTS

Effect of Training Data Size on Segmentation Performance
Most noncerebral tissues (81%) were segmented with high accu-
racy (DSC > 0.90), as seen from Figure 1. DSC analysis generally
showed an excellent overlap between STAPLE-derived reference
and organ segmentations based on D10, D20, and D40. This excel-
lent overlap was confirmed through ASSD analysis, yielding aver-
age distances of 1.40 = 1.29, 1.05 = 1.26, and 0.68 = 0.52 mm for
D10, D20, and D40, respectively. However, the performance of the
automated segmentation was suboptimal for a small group of organs
(Fig. 1), with low median DSCs and high SDs (Supplemental Fig.
4A), such as the adrenal glands (DSC, 0.72), pancreas (DSC, 0.85),
and bladder (DSC, 0.86). Subsequent correlation analysis of the
STAPLE variance and the DSCs derived from the D40 training set
is shown in Supplemental Figure 4B. The graph indicates an overall

PET/CT MULTIORGAN SEGMENTATION ~ °

(A) Error analysis in similarity space for representative lymphoma patient. Horizontal
bars depict distance in similarity space, with blue bars characterizing organs with z score of <1.5.
Figure shows z scores of >1.5 for liver, kidneys, and bladder (red bars). Corresponding organ seg-
mentations are displayed to right for liver (z = 1.9) and heart (z = 9.9), indicating suboptimal segmen-
tation results that require manual correction. (B) Error analysis in similarity space for representative
mesothelioma patient with z scores of >1.5 for liver, heart, bladder, and lung. Incorrect organ seg-
mentations are shown to right for liver (z = 2.8) and heart (z = 8.4). VCI = vena cava inferior.

Although the median DSCs of brain
subregions derived from PET images were
relatively low (only 29% of brain seg-
ments had median DSCs > 0.90; Supple-
mental Fig. 7), ASSDs showed subvoxel
differences between the template regions
and the automated segmentation, with sim-
ilar performance across the D10 (0.52 =
0.35 mm), D20 (0.53 = 0.41 mm), and D40 (0.46 £ 0.27 mm)
datasets.

Effect of Training Dataset Variability on Segmentation
Performance

The results of dataset variability analysis are shown in Figure 3.
The figure indicates that segmentation of structures that substantially
deviate from the expected position in the training datasets was subop-
timal. However, by including at least 2 cases that match the deviant
position to the training dataset, performance improved significantly.
Specifically, DSCs for bones of the arm were significantly lower for
the fully OOD scenario (SMS20—X10) (DSC, 0.87 = 0.12) than for
the 3 scenarios that included 10% (MIX2-18—X10) (DSC, 0.92 =
0.06; P = 0.04), 25% (MIX5-15—X10) (DSC, 0.940 + 0.003; P =
0.01), and 50% (MIX10-10—X10) (DSC, 0.91 + 0.04; P = 0.04) of
cases that matched the deviant position. In addition, the coefficient of
variation for DSCs derived from the 3 mixed training datasets was sig-
nificantly lower (6.6% [P = 0.01], 3.3% [P = 0.03], and 4.3% [P =
0.01]) than that for DSCs derived from the fully OOD training dataset
(13.5%). In comparison, the performance of all 4 scenarios for bone
structures that were matched in position between the training and test
datasets was similar, with DSCs of more than 0.95 (Fig. 3).

Detection of OOD Segmentation Errors

Application of similarity space analysis identified segmentation
errors in clinical datasets that included various anatomic pathologies,
representing OOD datasets for specific organs. This was clearly
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A Inference of a lymphoma dataset: Before including twa lymphoma datasets to the training cohort

Low-dose CT overlaid with abdominal
segmentations {anterior view)

Liver includes a part of
spleen

Spleen naccurately
segmented

B Inference of the same lymphoma dataset: After including twe lymphoma datasets to the training cohaort

Low-dose CT overlaid with abdominal
segmentations {anterior view)

Spleen accurately

Liver accurately segmented segmented

FIGURE 5. (A) Organ segmentation of hold-out lymphoma test dataset using training dataset that
did not include splenomegaly cases. (B) Organ segmentation of same patient after inclusion of 2 (dif-
ferent) lymphoma datasets and model retraining using expanded training dataset. Updated model
was able to recognize new image pattern, resulting in correct segmentation of both liver and spleen.

which living organisms maintain homeo-
stasis and allostasis. The resulting images
are not mere pictures—they represent a
rich pallet of multidimensional data (29).
By systemically parcellating these datasets
into respective organ and tissue classes, one
can, in theory, study system-level interac-
tions in detail between the various homeo-
static and allostatic networks, allowing a
better understanding of pathologic abnor-
malities in vivo. Nevertheless, manual seg-
mentation of various tissues in the human
body is not tenable, either in research appli-
cations or in clinical routine.

To bridge this gap, we developed a fully
automated segmentation pipeline, MOOSE,
that allows the creation of subject-specific
multitissue '8F-FDG PET/CT atlases (Sup-
plemental Fig. 2). These tissue maps enable
the extraction of subject-specific functional
information from molecular imaging data
with minimal additional effort for further
analysis. We based the segmentation pipe-
line on the latest state-of-the-art nnU-Net
architecture (/5) and demonstrated that
robust training of the convolutional neural
network could be achieved with as few as
20 datasets, provided that sufficient vari-
ability in the training dataset is present. In
addition, our results support the concept of
data-centric Al, which focuses primarily on
data quality rather than quantity.

In general, MOOSE performed reasonably
well in segmenting most of the noncerebral
tissues while exhibiting poorer segmentation
performance on selected organs such as thy-
roid, adrenal gland, and bladder. Our correla-

demonstrated by applying the initially trained neural network to 2 dis-
tinct OOD datasets (lymphoma and mesothelioma) that were not part
of the initial training set. Specifically, all lymphoma patients presented
with splenomegaly, which led to its incorrect classification as a liver
and spleen (Fig. 4A). After manual correction (time required, ~3 min
per case), we appended 2 corrected datasets to the original training set
to retrain the neural network. The retrained neural network correctly
segmented the abnormally enlarged spleen in the third lymphoma
patient, which was used as a hold-out dataset (Fig. 5).

Similarly, the large tumor mass in the lungs of mesothelioma
patients was incorrectly classified as part of the liver, heart, and
bladder (Fig. 4B). Again, similarity space analysis identified the
incorrect segmentation and labeled the dataset as representing an
OOD image pattern (Fig. 6A). After manual correction of 2 of 3
patients, these 2 cases were again appended to the training dataset,
and the neural network was retrained using the extended training
set. Once again, we determined an improvement in the segmenta-
tion performance of the third (uncorrected) dataset (Fig. 6).

DISCUSSION

Hybrid molecular imaging modalities such as 'F-FDG PET/CT
allow the investigation of multiorgan systemic interactions through
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tion analysis revealed a significant negative
correlation between the STAPLE variance and the DSCs derived
from the D40 training set (Supplemental Fig. 4B). This result sug-
gests that, because of a combination of small organ size, low con-
trast, and increased noise levels present in low-dose CT images,
accurate segmentation of bespoke structures is challenging even for
human experts.

Al, PET Imaging, and Systems Biology

The ultimate objective of the developed multiorgan and tissue
segmentation methodology is to promote the concept of whole-
person research (30) and systems biomedicine (37) through whole-
body '8F-FDG PET/CT imaging. With the advent of PET/CT
systems that have a large axial field of view, most or all organs can
be simultaneously imaged, therefore allowing an improved evalua-
tion of interactions between organs in both healthy and diseased
states. We envision that through automated extraction of rich physi-
ologic information inherent in PET/CT data (e.g., organ SUVs),
disease-specific metabolic fingerprints can be derived that uniquely
characterize diverse pathologies affecting system-level organ inter-
action (Supplemental Fig. 8). Such an analysis might uncover
metabolic dependencies among sets of organs and provide novel
insights into metabolic pathway dysregulation associated with dis-
ease progression. Moreover, given the fact that noncerebral tissues
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A Inference of a lung cancer dataset: Before including two lung cancer datasets to the training cohart

Low-dose CT overlaid with abdominal
segmentations (posterior view)

Tumeur in lung misctassified
as heart

Heart inaccurately
segmented

B Inference of the same lung cancer dataset: After Including two lung cancer datasets (o the tralning cohorn

Low-dose CT overlaid with abdominal
segmentations (posterior view)

Tumour in the lung has no
misckassified label

Heart accurately
segmented

FIGURE 6. (A) Organ segmentation of hold-out mesothelioma test dataset using training dataset
that did not include mesothelioma cases. (B) Organ segmentation of same patient after inclusion of
2 (different) mesothelioma datasets and model retraining using expanded training dataset. Updated
model recognized new image pattern, resulting in correct segmentation of heart.

segmentation performance is dependent pri-
marily on whether the training dataset allows
the correct identification of several unique
image patterns, each characterized by a
mean spatial pattern and the associated vari-
ance (Figs. 4-6). This insight also explains
why more cases are usually preferred, as it is
likely that a greater number of unique image
patterns can be captured using a larger data-
set. However, the number of images needed
per unique pattern is not evident. Our results
suggest that accurate segmentation of abnor-
mal image patterns is viable, provided that
the training data include a small number
(2-4) of cases that establish a distinct image
pattern with the associated morphologic
variance.

A Data-Centric Approach to
Segmentation

Over the long run, any clinically viable
medical image segmentation method will
require a system in which incoming data are
constantly used to adjust model parameters
to accommodate changing data distributions.
To meet this requirement, the implemented
data-centric approach executes 2 operations:
first, it actively monitors segmentation per-
formance followed by the users’ input to
correct the erroneous segmentation, and sec-
ond, it periodically updates model parame-
ters through retraining of the neural network
using an updated training set (which includes
the manually corrected OOD data).

In particular, segmentation performance
is continuously monitored in similarity

are segmented directly from CT data, this technique is insensitive
to variations in PET tracer uptake patterns, thus allowing the study
of diverse system-level functional processes using a multitude of
function-specific radiotracers.

Training of Neural Networks Using Sparse Datasets

It is commonly assumed that the performance of a neural network
increases with the size of the training set. Therefore, most non—
health-care image classification applications are trained on vast num-
bers of training cases (e.g., ImageNet (32)). However, creating large
training datasets in the medical field is problematic, as manual cura-
tion of medical images is highly time-consuming and heavily depen-
dent on domain-specific human expert knowledge. In this study, 50
medical image datasets were manually segmented (into 120 objects
for each dataset) by medical professionals. This process required sig-
nificant personal effort by each expert and took several months to
complete. Such an effort cannot be expected to be repeated numer-
ous times when additional silos of data (possibly with a different dis-
tribution) become available.

In recognition of this methodologic constraint, we investigated
the effect of both training sample size and training sample vari-
ability on segmentation performance. Our results demonstrate that

PET/CT MULTIORGAN SEGMENTATION ~ °

space, and feedback on segmentation accu-

racy is provided to the physician in the

form of tissue-specific z scores that signal potential deviations
from tissue shape and position in the normative training data dis-
tribution. On the basis of this analysis, all tissues that are judged
to be OOD (z > 1.5) are flagged, and the physician is prompted
for corrective action. This approach ensures adequate segmenta-
tion of all tissues present in abnormal datasets and provides impor-
tant curated data for future retraining of the neural network.
Moreover, this strategy addresses potential segmentation problems
right when they occur in the processing pipeline, when corrective
actions can be performed most efficiently and with the least effort.
The presented segmentation framework bears its challenges.
First, this methodology mandates a high-performance workstation,
which might be cost-prohibitive. Our network training was per-
formed on a dedicated server (Intel Xeon Silver 4216 central proc-
essing unit running at 2.10 GHz, 32 central processing unit cores,
256 GB of random-access memory, and a single Nvidia GeForce
graphics processing unit), allowing the generation of a single total-
body '8FDG PET/CT tissue-map from an individual whole-body
PET/CT dataset in about 30 min. Moreover, once OOD datasets
are collected, the neural network needs to be retrained, which took
approximately 2 d to complete using the above server configura-
tion. Finally, there is some unavoidable subjectivity in identifying
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OOD datasets, as the cutoff defining OOD data is based on
heuristics.

CONCLUSION

We present here a fully automated, data-centric segmentation
pipeline for the creation of a total-body '®F-FDG PET/CT tissue
map. The generated map is modular and consists of 120 tissues
and bone structures, enabling the automated extraction of image
information for both cerebral and noncerebral regions, potentially
providing added information about secondary abnormalities during
the diagnostic process.
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KEY POINTS

QUESTION: How can we efficiently extract diagnostic information
from whole-body '8F-FDG PET/CT data?

PERTINENT FINDINGS: Our automated approach to multiorgan
segmentation of whole-body '®F-FDG PET data builds on the
nnU-Net methodology driven by data-centric principles and
supports accurate segmentation of 37 extracerebral and 83
cerebral regions. Over 92% of the noncerebral tissues were
segmented with a DSC of more than 0.90, whereas 89% of the
cerebral areas had a DSC of more than 0.80.

IMPLICATIONS FOR PATIENT CARE: The developed software
tool increases the amount of information extracted from standard,
whole-body PET/CT datasets and provides a means to perform
system-level investigations into human physiology.
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Imaging of cholesterol use is possible with the '®'I scintiscanning/
SPECT agent NP-59. This agent provided a noninvasive measure of
adrenal function and steroid synthesis. However, iodine isotopes
resulted in poor resolution, manufacturing challenges, and high radia-
tion dosimetry to patients that have limited their use and clinical
impact. A '®F analog would address these shortcomings while retain-
ing the ability to image cholesterol use. The goal of this study was to
prepare and evaluate a '®F analog of NP-59 to serve as a PET imaging
agent for functional imaging of the adrenal glands based on choles-
terol use. Previous attempts to prepare such an analog of NP-59 have
proven elusive. Preclinical and clinical evaluation could be performed
once the new fluorine analog of NP-59 production was established.
Methods: The recent development of a new reagent for fluorination
along with an improved route to the NP-59 precursor allowed for the
preparation of a fluorine analog of NP-59, FNP-59. The radiochemistry
for the '8F-radiolabeled '®F-FNP-59 is described, and rodent radiation
dosimetry studies and in vivo imaging in New Zealand rabbits was per-
formed. After in vivo toxicity studies, an investigational new drug
approval was obtained, and the first-in-humans images with dosime-
try using the agent were acquired. Results: In vivo toxicity studies
demonstrated that FNP-59 is safe for use at the intended dose. Bio-
distribution studies with "8F-FNP-59 demonstrated a pharmacokinetic
profile similar to that of NP-59 but with decreased radiation exposure.
In vivo animal images demonstrated expected uptake in tissues that
use cholesterol: gallbladder, liver, and adrenal glands. In this first-in-
humans study, subjects had no adverse events and images demon-
strated accumulation in target tissues (liver and adrenal glands).
Manipulation of uptake was also demonstrated with patients who
received cosyntropin, resulting in improved uptake. Conclusion: '8F-
FNP-59 provided higher resolution images, with lower radiation dose
to the subjects. It has the potential to provide a noninvasive test for
patients with adrenocortical diseases.

Key Words: endocrine; radiobiology/dosimetry; radiochemistry; NP-
59; adrenal gland; aldosterone; cholesterol
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DEVELOPMENT OF FLUORINATED NP-59

Cholesterol is essential in numerous biologic processes.
Changes in the trafficking of cholesterol are an important feature of
many diseases such as Cushing’s syndrome, primary aldosteronism,
hyperandrogenism, adrenocortical carcinoma, and most importantly,
based on number of patients affected, atherosclerosis. Given the
importance of cholesterol, efforts to image its distribution and spe-
cifically its involvement in the adrenal glands was an area of focus.
In the 1970s cholesterol analogs radiolabeled with *'T were devel-
oped as scintiscanning agents, beginning with 19-iodocholesterol
(1). It was then discovered that a modification of the steroid scaffold
via a thermal rearrangement gave NP-59 a remarkably improved
tracer with superior adrenal uptake (2). NP-59 was subsequently
developed for the use of diagnosing primary aldosteronism and other
related diseases of the adrenal cortex related to the increased use of
cholesterol.

The precursor for aldosterone is cholesterol, and an excessive
accumulation of cholesterol esters is present in primary aldosteron-
ism which was exploited with imaging of NP-59 to differentiate
bilateral adrenal gland hyperplasia versus a unilateral solitary ade-
noma when blood work indicated a hormone imbalance (3—14). It
has also been used to identify primary Cushing’s disease and clas-
sify an adrenal lesion as adrenal cortical carcinoma when there is a
lack of uptake (2). NP-59 provided a noninvasive alternative to the
gold standard for localizing abnormal cortical steroid production
the invasive adrenal vein sampling procedure. However, NP-59
never saw wide adoption as a diagnostic agent given the limitations
of *'I. difficult synthesis, requirement of a multiday imaging proto-
col allowing background tissue clearance, free '3'I accumulation in
the thyroid, poor image quality due to high-energy photons emitted
by '3'1, and, consequently, poor radiation dosimetry excluding its
routine screening use. Although still used in Asia and Europe in
select cases, production was discontinued at our institution (the sole
source in the United States) given NP-59’s limitations and subse-
quent improvements in CT/MRI. However, CT/MRI alone is unable
to reliably differentiate bilateral adrenal gland hyperplasia versus a
unilateral solitary adenoma in up to 50% of patients (15,76). In the
absence of NP-59, invasive adrenal vein sampling is the only
method of determining lateralization of primary aldosteronism.

Given the limitations of NP-59, many efforts to image the cause
of primary aldosteronism have been investigated that do not rely on
cholesterol accumulation. These include metomidate labeled with
'C or '8F that relies on the detection of extracortical adrenal tissue
(17,18); fluorine-labeled ligands for CYP11B2, an enzyme in-
volved with aldosterone production, which is overexpressed in
functional adenomas (18,19); and most recently CXCR-4 ligand
analogs (notably ®Ga-pentixafor), imaging overexpression of the
receptor in adrenal adenomas (20-22). Imaging agents for these
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targets (CXCR-4 and CYP11B2) have the advantage of identifying
adrenal adenomas based on the expression/overexpression of tar-
gets not generally seen in normal adrenal tissue, and likely have
clinical utility for primary aldosteronism detection. However, as
ligands they have the limitation of not being a functional imaging
agent. The signal observed from their imaging does not represent
the production of aldosterone or the other steroid hormones pro-
duced by the adrenal gland. Consequently, imaging agents based
on the precursor (cholesterol) of aldosterone (or other cortical ste-
roid hormones) are able to represent their production by their
uptake, similar to FDG as a surrogate of glycolysis. This allows
cholesterol imaging to be used for primary aldosteronism, as well
as excessive cortisol production and other pathologies that rely
on cholesterol.

In the years that followed the introduction of NP-59 and its study
as an imaging agent for behavior as a labeled cholesterol, numerous
efforts were undertaken to improve the molecule using various
radionuclides and structural modifications, shown in Figure 1
(1,2,23-26). Prominent among these efforts was the preparation of
a '8F analog to yield an improved PET imaging agent. However,
those efforts over 3 decades failed to generate the fluorinated analog
(23,24). Advances in fluorine chemistry and '®F radiochemistry
now make the radiolabeling of a fluorinated cholesterol analog
(FNP-59) possible (with results demonstrated herein). Access to
I8F_FNP-59 will provide higher resolution images with lower radio-
active dose to the subject, and potentially offer a noninvasive alter-
native to adrenal vein sampling.

MATERIALS AND METHODS

All animal work was done under the approval by the Institutional
Animal Care and Use Committee at the University of Michigan. All
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FIGURE 1. (A) Examples of previous efforts to prepare cholesterol-
based adrenal imaging agents and their limitations. (B) Improved adrenal
imaging agent '®F-FNP-59 and its advantages.

1950

human studies were performed under an Food and Drug Administration
(FDA) investigational new drug (IND), registered at clinicaltrials.gov
(NCT04532489 and NCT04546126), and local approval by the Univer-
sity of Michigan institutional review board with written informed con-
sent obtained.

Synthesis of FNP-59 Reference Standard and '®F-FNP-59

The generation of a fluorinated analog of NP-59 has been attempted
for more than 40 y (24). Several advances in radiochemistry techni-
ques have been developed by our laboratory that have allowed the
development of FNP-59 (27,28). Before the synthesis of the radioac-
tive version, a reference standard needed to be produced with nonra-
dioactive fluoride. This reference standard would allow quality control
to confirm the preparation of radioactive FNP-59 (‘8F-FNP-59) and to
perform toxicity studies for evaluation and IND approval of the agent
for human study.

Preparation of the reference standard for FNP-59 was achieved and
published by our group (27). Once the nonradioactive FNP-59 standard
was prepared, we turned our attention to 'SF-FNP-59. We were able to
achieve the synthesis using the radiofluorination chemistry techniques
pioneered at our facility over the past 5 y. Starting from cholesterol
(Supplemental Fig. 1; supplemental materials are available at http:/
jnm.snmjournals.org), this synthesis requires fewer steps and used safer
chemistry techniques than the synthesis of NP-59 (2). Specifically, the
radiosynthesis uses only class 3 solvents (International Conference on
Harmonisation guideline for residual solvents based on solvent toxicity)
and is conducted according to current good manufacturing practices
(GMPs), with the resulting dose formulated at a higher specific activity
than NP-59 (28,29).

Detailed synthesis procedures including quality control/high-perfor-
mance liquid chromatography data for the agent and intermediate pre-
cursors are provided in the supplemental materials, or can be obtained
on request from the authors.

Preclinical Studies of '®F-FNP-59

Radiation Dosimetry. The '8F-FNP-59 uptake and dosimetry stud-
ies were performed in Sprague—Dawley rats (n = 4, 2 males/2 females)
at 10, 30, 60, 120, and 360 min. Rats were anesthetized with isoflurane,
and '"8F-FNP-39 (3,349 = 827 kBq for 10 min; 3,709 * 255 kBq for 30
min; 3,312 = 608 kBq for 60 min; 3,645 = 71 kBq for 120 min; 8,297
+ 237 kBq) was administered via tail vein injection. At the appropriate
time points, animals were euthanized and their tissues procured for
measuring radioactivity. Radioactivity was measured in a well counter
and expressed as decay-corrected percentage injected dose per gram of
tissue. These data were then compared with historical '3'I-NP-59 data
as mean = SD. Radiation dosimetry was calculated from the distribu-
tion data and was used to determine estimates of human dosimetry
with OLINDA/EXM 2.0 software (29).

Toxicology Study. A single-dose acute toxicity study for FNP-59
was performed at the Michigan State In Vivo Facility. In this study,
male and female Sprague—Dawley rats (n = 20, 10 males/10 females)
were administered FNP-59 (416 pg/kg) intravenously at 1,000 times
the expected human equivalent dose in the formulation to be used for
PET imaging studies; '®F-FNP-59 was administered intravenously.
Body weights were recorded; blood was collected at intervals for clini-
cal chemistry and complete blood count; clinical observations were
recorded daily; and food consumption was monitored. Two points (day
4 and day 15) were used for necropsies, with half of the males and
females analyzed at each time point. Organs were inspected and
weighed, and slides were prepared for pathology.

In Vivo Imaging
A pilot study was performed with New Zealand rabbits. Rabbits (n = 2)
were anesthetized with isoflurane and were dosed via intravenous
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TABLE 1

Human Dosimetry for 18F-FNP-59 (n = 4; 2 Men, 2 Women), Compared with Rodent-Derived Human Estimated
18F_-FNP-59, Human '3'|-NP-59, and Human '8F-FDG

Human sex average dose

+95% error,

Rodent sex average

Human "3'|-NP59*

average dose

8F_FDGT average

Target organ mSv/MBq mSv/MBq dose (MSv/MBQq) (mSv/MBq) dose (MSv/MBQq)
Adrenals 2.72E-02 6.82E-03 6.82E-02 4.0E+00 1.3E-02
Brain 7.92E-03 1.41E-03 3.70E-03 1.9E-02
Breasts 8.43E-03 1.12E-02 1.17E-02 4.0E-01 9.2E-03
Esophagus 1.43E-02 1.90E-03 1.43E-02

Eyes 7.94E-03 1.42E-03 5.22E-03

Gallbladder wall 3.09E-01 3.73E-01 2.11E-02 1.3E-02
Left colon 1.40E-02 3.91E-03 2.85E-02

Small intestine 1.34E-02 3.71E-03 5.14E-02 4.1E-01 1.3E-02
Stomach wall 1.48E-02 3.18E-03 1.57E-02 4.0E-01 1.3E-02
Right colon 1.88E-02 9.58E-03 5.76E-02

Rectum 1.07E-02 2.09E-03 1.65E-02

Heart wall 1.10E-02 3.02E-03 1.60E-02 5.9E-02
Kidneys 1.91E-02 9.46E-03 1.51E-02 4 1E-01 2.0E-02
Liver 7.29E-02 7.70E-03 3.45E-02 1.2E+00 1.6E-02
Lungs 2.19E-02 8.57E-03 2.44E-02 1.7E-02
Ovaries 1.06E-02 1.72E-02 3.11E-02 3.8E-01 1.4E-02
Pancreas 1.91E-02 1.01E-02 1.68E-02 4.3E-01 2.6E-02
Prostate 1.69E-02 1.08E-02 1.32E-02

Salivary glands 8.90E-03 1.95E-03 1.10E-02

Red marrow 1.07E-02 2.14E-03 1.22E-02 3.9E-01 1.3E-02
Osteogenic cells 1.66E-02 5.59E-03 1.04E-02 3.7E-01

Spleen 5.75E-02 7.92E-02 3.36E-02 3.9E-01 3.8E-02
Testes 9.99E-03 2.94E-02 6.02E-03 3.6E-01 1.1E-02
Thymus 1.16E-02 2.16E-03 1.40E-02 1.2E-02
Thyroid 1.01E-02 2.38E-03 1.25E-02 3.0E+01 1.1E-02
Urinary bladder wall 1.11E-02 5.23E-03 1.32E-02 3.9E-01 8.6E-02
Uterus 1.03E-02 1.63E-02 1.54E-02 4.0E-01 1.7E-02
Total body 1.20E-02 2.08E-03 1.36E-02

Effective dose 1.75E-02 5.33E-03 1.92E-02 5.6E+01

*ICRP 53 (44).

TFDA product insert (45).

Significant decreased dose, 2 orders of magnitude, is seen with '®F-FNP-59 compared with '3'I-NP-59.

administration of SF-FNP-59 (83.62 *+ 3.33 MBq [2.26 *+ 0.09 mCi]).
Imaging of the rabbits with PET (Concorde microPET) occurred at 2 and
3 h. At 4 h, the rabbits were sacrificed and imaged on a clinical PET/CT
scanner (Biograph True Point; Siemens) within in 20 min of euthanasia.

Human Imaging

With the data from the preclinical studies of '®F-FNP-59, the FDA
approved a physician-sponsored IND (#150397; principal investigator,
Benjamin L. Viglianti) in June 2020 to begin testing '*F-FNP-39 in
human subjects. A University of Michigan Institutional Review Board
(IRB) protocol (#HUMO00179097) was also approved. After informed
consent was obtained, 4 subjects (>18 y, no known adrenal pathology,

nonpregnant females) were chosen; 2 men and 2 women were imaged
dynamically for 30 min after 222 MBq (6 mCi) of '8F-FNP-59 were
injected into the antecubital fossa. Static imaging at a 3-h time point
(n = 4) along with a 1- and 6-h time point were also obtained (n = 2 for
each).

An additional 3 patients without adrenal pathology were imaged
under adrenal stimulation to test if we could artificially increase
I8E_FNP-59 uptake. These patients were given 250 g of cosyntropin
intravenously over approximately 2 min. Five minutes after cosyntropin
administration, 222 MBq (6 mCi) of '8F-FNP-59 were injected into the
antecubital fossa. Dynamic imaging over the abdomen occurred for 30
min followed by a 1- and 3-h whole-body acquisition.

DEVELOPMENT OF FLUORINATED NP-59 -« Brooks et al. 1951



Human Radiation Dosimetry and Image Analysis

Organs (liver, kidney, spleen, gallbladder, pancreas, kidneys, lungs,
bones, heart, male gonads, and bladder) were segmented on MIM
encore software, and SUVs, absolute, and decay-corrected/attenuated
counts were generated. Given that the adrenal glands were nonenlarged,
segmentation was not practical. Consequently a 2-cm sphere centered
over the left adrenal gland was used for adrenal uptake measurement.
The right adrenal gland was not directly measured to avoid partial-vol-
ume effect from the liver. All counts measured from the left adrenal
gland were doubled to account for this.

For each patient, measured uptake data were expressed as a percent-
age injected dose in each organ. Time—activity curves were generated,
and the resulting fractions and half-times or results of manual integra-
tions were input into the OLINDA/EXM 2.0 software (29,30). Radiation
dose to each organ or tissue was then calculated using either the ICRP
Adult Male or the ICRP Adult Female models. All patients’ results were
then averaged and a 95% CI for each organ was generated.

The segmentation used for radiation dosimetry was also used to
report SUV versus time data. Results were reported as mean for the
region of interest with a 95% confidence range.

RESULTS

Synthesis of FNP-59 Reference Standard and '®F-FNP-59

We have developed and demonstrated the synthesis of '8F-FNP-
59 starting from cholesterol. Final products and intermediates have
been confirmed via nuclear magnetic resonance spectroscopy anal-
ysis and mass spectrometry. Precursor and reference standard purity
(>90%) were additionally confirmed via reversed-phase high-per-
formance liquid chromatograph using ultraviolet detection at 212
nm; the supplemental data provides detailed data for the synthesis
and characterization for standard, precursor, and intermediates. The
radiosynthesis used only class 3 solvents and was conducted accord-
ing to current GMPs, with the resulting dose formulated at a specific
higher activity than those achieved for NP-59 (317,32).

Rodent Dosimetry. Biodistribution data in rats demonstrated
increasing '®F-FNP-59 adrenal and ovary uptake over time (Supple-
mental Fig. 2A), as has been demonstrated to occur with '*'[-NP-59
(2), and are consistent with the expected trafficking of cholesterol.
Importantly, the adrenal-to-liver ratio is greater than 5 to 1. This
result overcomes one of the main limitations

(Supplemental Fig. 3). The results demonstrate expected '8F-FNP-
59 accumulation in the liver and the gallbladder. Gallbladder uptake
was not seen in rats, as they lack a gallbladder anatomically. How-
ever, gallbladder uptake was seen in the historic NP-59 patients.
More importantly, the rabbits demonstrated adrenal gland uptake in
a temporal relationship similar to that in rat experiments but to a
lesser degree; adrenal-to-liver ratio was approximately 2:1.

Human Imaging Results

Four humans (2 men/2 women) were imaged with '8F-FNP-59.
Supplemental Figure 4 and Figure 2 show examples of a 20-y-old
woman and a 21-y-old woman imaged without and after an injection
of cosyntropin (250 mcg), respectively. Both women had no known
history of medical or endocrine disease and both were imaged at 3 h
after injection of 222 MBq (6 mCi) of '8F-FNP-59. In all subjects,
there was intense tracer uptake in the liver and gallbladder, similar
to that in the rabbit experiments (Fig. 3). This uptake in the liver
decreased with time as bile production occurred. Adrenal gland
uptake was also seen, but was less than expected compared with the
rat experiments. The adrenal to liver ratio was approximately 0.25:1
at 1 h, approximately 0.5:1 at 3 h, and about 1:1 at 6 h for an unsti-
mulated subject (Fig. 3C), compared with animal data that suggested
a 5:1 ratio at 6 h (Supplemental Fig. 2). However, this adrenal-to-
liver ratio did increase over time, following kinetics similar to those
in the rat experiments. Similarly, gonadal uptake (not shown) was
less than the animal data had suggested it would have been.

Three subjects were pretreated with cosyntropin before '¥F-FNP-59
administration to stimulate adrenal gland cholesterol uptake
through increased hormone synthesis (Fig. 2). This pretreatment
resulted in more than doubling of '®F-FNP-59 uptake at 1 and
3 h (Figs. 3B and 3C) along with increased uptake during dynamic
phase imaging.

Overall, after injection of 40 + 4 pg of '®F-FNP-59, no adverse
events were observed after injection or within the following days.

DISCUSSION

NP-59 has had a long and useful clinical history of identifying cho-
lesterol use, accumulating in pathology where excessive production

of 1311-NP-59 imaging, the requirement of a
multiday imaging protocol to allow back-
ground uptake to dissipate to resolve the
image. Additionally, the data demonstrated
that imaging is possible within the decay
time of '®F (Supplemental Fig. 2C).
Radiation dosimetry estimates were cal-
culated with OLINDA/EXM 2.0 software,
using both rodent and human biodistribu-
tion data (Table 1). The results demon-
strate a significantly decreased radiation
dose in target organs (gonads/liver/adrenal/
thyroid), compared with '3'I-NP-59 his-
toric data as well as an overall effective
dose that is nearly 2 orders of magnitude

A

less than 3'I-NP-59 (29).

In Vivo Imaging Results

A pilot study in New Zealand rabbits was
performed with PET images obtained at
1 and 4 h. Subsequent PET/CT images
were taken immediately after euthanasia

1952

FIGURE 2. PET/CT images of '®F-FNP-59 in a 21-y-old woman without adrenal pathology and
pretreated with cosyntropin given before 222 MBq (6 mCi) of '8F-FNP-59. (A and B) Axial PET
images obtained at 3 h after injection of in upper abdomen, with adrenal glands (black arrows) identi-
fied on right (A) and left (B). Scale bars are 0-7 SUV. Adrenal-to-liver ratio at approximately 1.3:1 on
right and 1:1.1 on left at 3 h. (C-E) Fused PET/CT images of adrenal glands are also shown (D and E)
along with maximume-intensity-pixel image (C) that demonstrates expected gallbladder/biliary/bowel
uptake given bile secretion.
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FIGURE 3. (A) SUV '®F-FNP-59 uptake in selected organ versus time in
nonstimulated patients (n = 4; 2 men/2 women, at 180 min; n = 2 at 60
and 360 min). Over time, after first pass, liver uptake slowly clears as
T8F_FNP-59 is excreted into bile and sent back out into enterohepatic cir-
culation. (B) Uptake comparison in liver and adrenal gland of 3 patients
stimulated with cosyntropin showing significant increased uptake in adre-
nal gland. Overtime, left adrenal uptake slowly increases. (C) Adrenal-to-
liver (A/L) ratio is also shown, demonstrating increasing ratio over time
after first pass vascular uptake (time < 30 min) is cleared. Additionally, A/L
ratio of 3 female patients (5-7) given cosyntropin is shown. This cosyntro-
pin stimulation resulted in significant increased uptake ratio compared
with unstimulated patients. Error bars are SEM. n = 4 for dynamic imaging
and at 180 min; n = 2 at 60 and 360 min for patients 1-4.

of hormones that use cholesterol as its backbone are produced.
The most common use is for characterizing primary aldosteronism.
Although its clinical utility has been established for approximately the

DEVELOPMENT OF FLUORINATED NP-59

past 40 y, limitations of the '3!I label, for example, adverse dosimetry
due to '3'1, allow it to be used only in select clinical cases rather than
in broader screening applications. It had been suggested that the tracer
could be improved by replacing '3!T with '8F (!8F-FNP-59), but the
prior chemistry techniques attempted and described in the literature
were unsuccessful (23,24).

We have demonstrated an improved concise route to synthesize
the FNP-59 reference standard and radiolabeling precursor. A
GMP-compliant process has been developed for the production of
8F_FNP-59 using only class 3 solvents in accordance with green
radiochemistry principles (33,34). In addition, radiation dosimetry
calculations and single acute toxicity dosing studies have been
conducted and showed the agent was safe and appropriate for the
filing of an IND application with the FDA. The preliminary
evaluation demonstrated that '3F-FNP-59 behaved in a manner
nearly identical to historic '3'I-NP-59 data, with a greatly improved
safety profile given the 2 orders of magnitude reduction in radio-
active dose to target organs, and that the required target-to-back-
ground ratios can be achieved within the physical half-life
limitations of '8F.

In vivo imaging was performed in New Zealand rabbits. This
animal model demonstrated '8F-FNP-59 uptake in expected tissues
(adrenal glands and liver). Notably, uptake was also seen in the
gallbladder of New Zealand rabbits, which was expected, and not
seen in rats given their anatomic absence of a gallbladder.

First-in-humans imaging for radiation dosimetry measurements
was performed in 4 individuals. There were no serious adverse
events or uptake in target organs observed, and the calculated radi-
ation dose was nearly 2 orders of magnitude less than the historic
I3I.NP-59 radiation dose. Most important, uptake was observed
in the adrenal glands, via functional imaging of cholesterol uptake.
However, the adrenal-to-liver ratio was less than the animal bio-
distribution data would have suggested, at approximately 1:1 (Fig.
3C) rather than 5:1 (Supplemental Fig. 2A) at 6 h. Given the ani-
mal data, this ratio would likely continue to improve at later time
points past 6 h. However, the physical half-life of 'F (109.8 min)
and the sensitivity of our current equipment coupled to partial-
volume effects that occur when imaging the small anatomy of a
normal adrenal gland limit the ability of measuring the uptake
past 6 h.

At later time points, >6 h, there would be more time available
for the '8F-FNP-59 (acting as free cholesterol) to be incorporated
into lipoproteins (primarily high-density lipoprotein) (35-37) and
then accumulate in the adrenal glands through scavenger receptors
while the liver and gallbladder are cleared via excretion (38). This
process of cholesterol incorporation into lipoproteins and subse-
quent redistribution occurs much more quickly in rodents than in
humans (39) and is the result of an improved adrenal-to-liver ratio
seen in preclinical animal studies (Fig. 3A). This difference
between rodent and humans’ redistribution was the reason that the
original '3'I-NP-59 agent was imaged 3 d after administration,
which was possible given !3!T half-life.

Although '8F-FNP-59 uptake in human adrenal glands was less
than that observed in rodents, the data here suggest that there may
be enough activity to allow imaging at time points later than the
6h that was demonstrated. One of the proposed advantages of
total-body PET/CT scanners coming online is that they offer
greater sensitivity as more disintegrations are observed compared
with standard equipment (40,47). However, these advantages have
yet to demonstrated—a future goal we are working toward.

Brooks et al. 1953



Although delayed imaging may demonstrate improved adrenal
uptake given the rates of biologic redistribution of cholesterol, the
need for delayed imaging may not be necessary when evaluating
patients with pathology. Gross et al. showed that approximately 50%
of normal '*'I-NP-59 uptake in dogs (which are more similar to
humans than rats in terms of how they handle cholesterol) was based
on cosyntropin-stimulated cortisol production, and 10%—-15% was
aldosterone production (42). In a situation in which native/normal
cortisol production is suppressed with dexamethasone, and a patient
has pathologic primary aldosteronism, '8F-FNP-59 uptake may be
high enough to determine laterality of abnormal production. This
manipulation maneuver—dexamethasone suppression of normal cor-
tisol production—is needed with '*!'I-NP-59 imaging to suppress nor-
mal cortisol production. When this process is performed, very
minimal adrenal uptake of '3!I-NP-59 is seen in a normal gland. A
recent examination of '3!I-NP-59 uptake in primary adrenal aldoste-
ronism from adenoma by Lu et al. describes the adrenal-to-liver ratio
of 1311-NP-59 as 2-2.8 after dexamethasone suppression depending
on the genetic profile (43). Similarly, there was a 40%-75%
increased uptake of '*'I-NP-59 in the pathologic adrenal gland ver-
sus the normal gland. Consequently, when the data on uptake ratios
and rearrangement from Lu et al. are used, the average adrenal-to-
liver ratio in a normal adrenal gland for '3'I-NP-59 would range
from 1.1 to 1.6.

Stimulation with cosyntropin of 3 normal subjects demonstrated
an adrenal-to-liver ratio of at least 1.2:1 at 3 h, >2 times the uptake
in unstimulated subjects. If the uptake kinetics hold, the adrenal-to-
liver ratio at 6 h would have been approximately 1.5-2:1. This
degree of uptake is in the range of Lu et al. However, these data
need to be replicated with other normal subjects stimulated with
cosyntropin and imaged at later time points. More important, testing
in patients who have pathology with and without dexamethasone
suppression needs to be performed.

Consequently, we are currently planning to image more patients
at later time points, optimizing the imaging protocol along with
imaging patients with and without dexamethasone and cosyntropin
stimulation. This will give us the normal expected dynamic range
of uptake that can be seen with this agent. Finally, we plan to
study patients who have been diagnosed with primary aldoste-
ronism and will receive adrenal vein sampling to determine
whether imaging by PET/CT using '®F-FNP-59 can lateralize
disease.

CONCLUSION

Overall this work demonstrates the initial feasibility of '®F-
FNP-59 to image cholesterol trafficking and specifically uptake in
human cortical adrenal tissue. Future studies will explore whether
I8F_FNP-59 can serve as a noninvasive method to image lateral
versus bilateral cause of primary aldosteronism.
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KEY POINTS

QUESTION: Can a fluorinated NP-59 be made and successfully
accumulate in the adrenal glands?

PERTINENT FINDINGS: Fluorinated NP-59 was made,
demonstrated improved radiation dosimetry, and accumulated in
the adrenal glands. This accumulation appears dependent on a
adrenal gland hormone synthesis similar to that of the prior iodine
agent for which overproduction/stimulation resulted in increased
accumulation.

IMPLICATIONS FOR PATIENT CARE: With the development of
FNP-59, we were able to explore whether this agent could identify
the cause of primary aldosteronism (adenoma vs. bilateral
hyperplasia), potentially limiting the need for adrenal vein sampling
before definitive therapy.
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Staging Liver Fibrosis by Fibroblast Activation Protein
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Current methods of staging liver fibrosis have notable limitations. We
investigated the utility of PET in staging liver fibrosis by correlating liver
uptake of ®Ga-labeled fibroblast activation protein inhibitor (FAPI) with
histology in a human-sized swine model. Methods: Five pigs under-
went baseline ®®Ga-FAPI-46 (®®Ga-FAPIl) PET/MRI and liver biopsy,
followed by liver parenchymal embolization, 8 wk of oral alcohol intake,
endpoint %Ga-FAPI PET/MRI, and necropsy. Regions of interest were
drawn on baseline and endpoint PET images, and SUVean Was
recorded. At the endpoint, liver sections corresponding to regions of
interest were identified and cut out. Fibrosis was histologically evalu-
ated using a modified METAVIR score for swine liver and quantitatively
using collagen proportionate area (CPA). Box-and-whisker plots and
linear regression were used to correlate SUV,ean, with METAVIR score
and CPA, respectively. Results: Liver ®Ga-FAPI uptake strongly corre-
lated with CPA (r = 0.89, P < 0.001). ®Ga-FAPI uptake was signifi-
cantly and progressively higher across F2 and F3/F4 fibrosis stages,
with a respective median SUV eqan Of 2.9 (interquartile range [IQR],
2.7-3.8) and 7.6 (IQR, 6.7-10.2) (P < 0.001). There was no significant
difference between ®8Ga-FAPI uptake of baseline liver and endpoint
liver sections staged as FO/F1, with a respective median SUVeqn of 1.7
(IQR, 1.3-2.0) and 1.7 (IQR, 1.5-1.8) (P = 0.338). Conclusion: The
strong correlation between liver ®Ga-FAPI uptake and the histologic
stage of liver fibrosis suggests that ®Ga-FAPI PET can play an impact-
ful role in noninvasive staging of liver fibrosis, pending validation in
patients.
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Liver fibrosis is the consequence of chronic liver injury of any
etiology that affects 1.5 billion people worldwide (/,2). End-stage
liver fibrosis (i.e., cirrhosis) is the global leading cause of liver-
disease—related deaths and the most important risk factor for devel-
oping liver cancer (/). Fibrosis is the only histologic feature that
predicts long-term outcomes, and serial assessments of fibrosis are
of key prognostic importance in patient outcomes and assessing
treatment response (3). Although liver transplant remains the only
available cure for decompensated end-stage liver fibrosis, earlier
stages of liver injury and fibrosis are treatable and reversible (4,5).

Current methods of assessing liver fibrosis have notable limita-
tions. Laboratory markers are unreliable (6,7), and liver biopsy (the
current gold standard) carries morbidity and mortality risks and is
prone to undersampling and variability in sampling and interpreta-
tion (8—13). MR elastography is the best validated noninvasive tool
and estimates liver stiffness as a surrogate for the histologic fibrosis
stage (/4-18). MR elastography has lower sensitivity for detection
of lower stages of fibrosis, can be nondiagnostic because of liver
iron overload or operator error, and cannot differentiate fibrosis from
concurrent liver inflammation, as both processes increase liver stiff-
ness (/8-20). Hence, there remains a clear unmet need for a nonin-
vasive, quantitative, and accurate tool for staging liver fibrosis.

Fibroblast activation protein (FAP) is a cell surface peptidase
expressed in disease processes with matrix remodeling, such as by
the fibrogenic liver stellate cells (27,22). Radiolabeled FAP inhibi-
tors (FAPIs) have been used with PET to target FAP in vivo as an
imaging tool (23,24). Advantages of PET include quantitative
evaluation of radiotracer uptake by SUV and relatively operator-
independent, simple whole-liver imaging. Hence, the goal of this
study was to prospectively investigate the correlation between
liver ®®Ga-FAPI-46 (°®Ga-FAPI) uptake on PET and the gold stan-
dard histologic stage of liver fibrosis in a human-sized swine
model of alcohol-induced liver fibrosis.

MATERIALS AND METHODS

This study was conducted under protocols approved by the local
Institutional Animal Care and Use Committee in accordance with
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adequate assessment across the uptake spec-
trum, 2 of the ROIs were placed on the most
avid areas and 2 on relatively less avid areas.
Second, ROIs were placed in areas that could
be localized on harvested livers using ana-
tomic landmarks (e.g., gallbladder fossa and
major vessels). This approach yielded 20 data
points at the endpoint (4 per animal).

FIGURE 1.

published guidelines of the National Institutes of Health and U.S.
Department of Agriculture. Figure 1 summarizes the study design. The
swine model used in this study has been demonstrated to successfully
achieve liver fibrosis (25,26) and is detailed in the supplemental materi-
als (available at http:/jnm.snmjournals.org). Five human-sized, age-
matched male Wisconsin Miniature Swine™ underwent same-day
PET/MRI and core-needle liver biopsy to establish baseline histologic
and imaging characteristics of the liver. Increasing volumes of ethanol
were then added to their daily diets over a 7-d period, followed by
transarterial liver embolization with an emulsion of ethanol and ethio-
dized oil. The animals continued oral alcohol intake for 8 more weeks,
after which they underwent endpoint PET/MRI and necropsy.

Imaging

Images were acquired under general anesthesia in the supine position
on a whole-body PET/MRI scanner (Signa PET/MR; GE Healthcare).
Continuous dynamic PET data of the liver were acquired for 92 min;
%8Ga-FAPI was administered intravenously 1 min after the initiation of
data acquisitions. The average dose was 4.3 MBq (range, 3.5-4.6 MBq)
per kilogram of body weight. Attenuation-corrected dynamic PET images
were reconstructed with 15 s/frame for the first 5 min and 3 min/frame
for the rest of the acquisition. An additional static image was generated at
60 min after radiotracer injection (using PET data at 60—69 min). Images
were reviewed and analyzed by a dual board-certified nuclear medicine
physician/radiologist with fellowship training in abdominal imaging and
nuclear medicine, using MIM Encore (R), version 7.1.2 (MIM Soft-
ware Inc.). Image analysis was performed before histologic tissue assess-
ment to minimize bias.

Study overview: after baseline PET/MRI, animals underwent period of gradual increase
in oral alcohol intake, followed by liver parenchymal transarterial embolization. After 8 wk of oral alco-
hol intake, they underwent endpoint imaging followed by necropsy and tissue analysis.

Tissue Procurement and Histology

Baseline core samples were obtained from
each liver lobe. Livers were harvested at the
endpoint, and lobar surfaces were marked with
ink to preserve the landmarks needed for imag-
ing—histology colocalization. Livers were sectioned using a bread-loafing
technique in the axial plane to resemble the slices on PET/MRI, and all
slices were fixed in formalin. Using anatomic landmarks, liver areas cor-
responding to the ROIs on endpoint images were identified, and wedge
sections from these regions were cut out.

All tissue samples were processed with Masson trichrome stain,
picrosirius red stain, and anti-FAP immunohistochemistry. Histologic
review and analysis were performed by a board-certified fellowship-
trained hepatobiliary pathologist, unaware of the imaging results and
the time points of tissue procurement. Two histologic standards were
used as references: METAVIR fibrosis score (27,28) and collagen pro-
portionate area (CPA) (29-35). The METAVIR score is an ordinal
5-point scale (FO-F4); in humans, FO0 is absence of fibrosis and F4 is
end-stage fibrosis/cirrhosis. Given that normal swine liver has thin,
organized bands of fibrosis, for the purposes of this study FO and F1
were grouped into 1 category (FO/F1) and assigned to normal swine
liver (Fig. 2). CPA is the proportion of collagen deposition area rela-
tive to the total tissue area (reported in %) on picrosirius red-stained
slides. CPA analysis was performed only for endpoint wedge sections
and not for baseline tissues, because of the relatively small amount of
tissue procured through core needle biopsy at baseline.

Statistical Analysis

Liver FAPI uptake time—activity curves were generated by plotting
the pooled ROI SUV,;ca, against time for different stages of fibrosis.
Box-and-whisker plots were generated to compare liver **Ga-FAPI
uptake and CPA across different histologic stages of liver fibrosis,

Baseline Image Analysis

Circul . £ int ¢ (ROI Human Liver: Swine Liver:
freutar reglons Ol 1nteres ( S) Wére METAVIR flbrosis score maodified METAVIR fibrosis score
placed on the liver parenchyma on MRI, avoid-

FO; No fibrosis

ing major vessels: 1 in the right lobe and 1 in

F1: Portal fibrosis without septa

FO/F1: Expected thin bands of fibrosis seen in normal swine liver

the left lobe, with a minimum diameter of
1.5cm. Each ROI was propagated across 1
slice cranially and 1 slice caudally, yielding

a cylindric ROI with a minimum volume of F4: Cirthosis

F2: Portal fibrosis with rare septa

F3: Numerous septa without cirrhosis

F2: Thickened bands of fibrosis and/for rare septa
F3: Thickened bands of fibrosis with numerous septa without cirrhosis

F4: Cirrhosis

4 cm>. To minimize bias, ROIs were propa-
gated directly by the software into both dy-
namic and static PET images. The SUV can
for each ROI was recorded, yielding 10 data
points at baseline (2 per animal).

Endpoint Image Analysis
Because of the heterogeneous nature of the

0fF1 (nc:l:ma! ine Iivr)

F2 F3 F4

fibrosis achieved by this model (dictated by

preferential liver arterial flow carrying differ-
ent volumes of embolic emulsion to different
liver regions), 4 ROIs for each animal were
placed on the static PET images. To achieve

FIGURE 2. Modified METAVIR score to stage swine liver fibrosis: because of presence of thin
bands of fibrosis in normal swine liver and absence of this finding in normal human liver, METAVIR
score used for staging human liver fibrosis was modified, such that a new stage (FO/F1) corresponds
to normal swine liver with expected thin bands of fibrosis. Representative Masson trichrome-stained
histologic slides of swine liver demonstrate extent of fibrosis at each stage.
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FIGURE 3. Pooled-data time—activity curves demonstrate similar pattern
of ®8Ga-FAPI uptake by both normal liver at baseline and FO/F1 sections
at endpoint. Conversely, there is incremental increase in delayed ®®Ga-
FAPI uptake by liver sections histologically staged as F2 and as F3/F4
(P < 0.001).

using the Kruskal-Wallis rank sum test. Linear regression was used
to correlate liver ®*Ga-FAPI uptake with CPA, applying the Pearson
correlation coefficient. To account for the correlation among repeated
measurements and their nonmonotone change over time, a linear mixed-
effects model was used with pig- and ROI-specific random effects and a
piecewise linear time trend. Time—activity curves were compared using
an F test on longitudinal measurements assuming normally distributed
errors. P values of less than 0.05 were considered statistically significant.
A post hoc power analysis for testing F2 versus FO/F1, and F3/F4 versus
FO/F1, under the current sample size was performed.

RESULTS

All animals completed the study procedures. Baseline PET imag-
ing of animal 2 was terminated at 69 min after injection, when the
animal had to be removed from the scanner to reestablish the airway
and ensure animal safety. For animal 3, PET
data at 37-42 min were discarded because

F3, it was grouped with the F4 specimens (i.e., group F3/F4) to
provide for a meaningful quantitative analysis.

There was a strong linear correlation between liver °®Ga-FAPI
uptake and histologic CPA (r = 0.89, P < 0.001, Fig. 5A). There
was no significant difference between the uptake of baseline liver
and endpoint liver sections staged as FO/F1, with a respective
median SUV ., of 1.7 (interquartile range [IQR], 1.3-2.0) and
1.7 (IQR, 1.5-1.8) (P = 0.338). Conversely, **Ga-FAPI uptake
was significantly higher across the F2 and F3/F4 stages and
directly correlated with the histologic fibrosis stage, with a respective
median SUV .., 0of 2.9 (IQR, 2.7-3.8) and 7.6 (IQR, 6.7-10.2) (P <
0.001, Fig. 5B). There was also a significant increase in CPA across
fibrosis stages, with a median CPA of 14% (IQR, 13%—-16%) for
FO/F1, 33% (IQR, 31%-36%) for F2, and 49% (IQR, 47%—61%) for
F3/F4 (all P < 0.001, Fig. 5C). The post hoc power of testing F2 ver-
sus FO/F1, and F3/F4 versus FO/F1, under the current sample size
was calculated as, respectively, 44% and 99.99%.

DISCUSSION

We demonstrated that liver *®Ga-FAPI uptake strongly correlates
with 2 accepted histologic metrics of liver fibrosis across the
observed fibrosis stages in a human-sized swine model. Other molec-
ular imaging agents have also been investigated for this purpose.
Increased liver uptake of !®F-alfatide in more advanced stages of
fibrosis in a mouse model has been reported (36). However, normal
liver uptake of '®F-alfatide appears to be substantial enough to render
this agent suboptimal for discerning lower stages of fibrosis (36,37).
A study of ''C-aminoglycerol PET in a rat model demonstrated an
inverse correlation between liver radiotracer uptake and fibrosis stage.
Key limitations of this approach include a very short radiotracer half-
life and overlap of uptake intensity between fibrosis stages (38). Last,
8E_FDG PET plays only a limited role in evaluation of liver fibrosis,
mainly due to altered liver glucose metabolism in the setting of
chronic liver disease (39).

%8Ga-FAPI PET can offer several key potential advantages for
evaluation of liver fibrosis. In our human-sized swine model,
%8Ga-FAPI differentiated between various stages of disease.

of a shift in the animal’s position inside MRI

PET Fused PET/MRI

the scanner during that period, but imag-
ing was completed successfully. Time—
activity curves demonstrated incrementally
higher delayed ®*Ga-FAPI uptake in stage
F2 and F3/F4 sections (P < 0.001, Fig. 3).

Baseline

Plerosirius red FAP IHC

S/(\ LA

oD Amm—|

Uptake was stabilized at 60 min, the time

point at which the static images were gen-
erated for purposes of quantitative analy-
sis and imaging-histology correlation.
Figure 4 is an example of imaging—
histology correlation in the same animal at

Endpoint

baseline and at the endpoint; the embolized

A
DLl | \ Do s

region of the liver demonstrated fibrosis
with avid ®Ga-FAPI uptake. Table 1 sum-
marizes the ®*Ga-FAPI uptake and the cor-
responding METAVIR score and CPA for
all liver sections. All baseline liver samples
were normal (stage FO/F1). At the endpoint,
of the total 20 liver sections, 9 were staged
as FO/F1, 3 as F2, 1 as F3, and 7 as F4.
Given that only 1 specimen was staged as

FIGURE 4.

1958

Imaging-histology correlation at baseline and endpoint. (A) Baseline axial PET/MR
images of animal 5 demonstrate homogeneous liver parenchyma and mild ®8Ga-FAPI uptake. (B
and C) Core biopsy of left liver lobe (at X100 magnification) demonstrates expected thin bands of
fibrosis (B, arrow), with very faint staining on FAP immunohistochemistry (C, arrow). (D) At endpoint,
geographic region in right lobe demonstrates hypoenhancement on MRI and increased 58Ga-FAPI
uptake (arrows). (E-H) Liver sections obtained from avid (abnormal) and nonavid (normal/spared)
regions (at x40 magnification) demonstrate expected thin bands of fibrosis in normal/spared region
(E, arrow), with minimal staining on FAP immunohistochemistry (F, arrow), and, conversely, thick-
ened bridging bands of fibrosis in abnormal region (G, arrow), with positive staining on FAP immuno-
histochemistry (H, arrow). IHC = immunohistochemistry.
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TABLE 1
Summary of Liver 88Ga-FAPI Uptake on PET and Histologic Analysis of Liver Tissue Core Biopsy and Wedge
Sections in All Subjects at Baseline and at Endpoint

Animal no. Liver tissue %8Ga-FAPI SUVmean METAVIR score CPA* (%)
1 Baseline core (left lobe) 1.8 FO/F1 -
Baseline core (right lobe) 1.6 FO/F1 —
Endpoint section 1 7.0 F4 50
Endpoint section 2 15 FO/F1 15
Endpoint section 3 5.8 F4 49
Endpoint section 4 1.5 FO/F1 14
2 Baseline core (left lobe) 2.4 FO/F1 -
Baseline core (right lobe) 2.0 FO/F1 -
Endpoint section 1 25 F2 39
Endpoint section 2 2.9 F2 33
Endpoint section 3 1.7 FO/F1 9
Endpoint section 4 15 FO/F1 12
3 Baseline core (left lobe) 2.2 FO/F1 -
Baseline core (right lobe) 1.9 FO/F1 —
Endpoint section 1 6.9 F4 40
Endpoint section 2 21 FO/F1 22
Endpoint section 3 1.8 FO/F1 13
Endpoint section 4 4.9 F3 49
4 Baseline core (left lobe) 0.8 FO/F1 —
Baseline core (right lobe) 1.2 FO/F1 -
Endpoint section 1 4.7 F2 29
Endpoint section 2 10.6 F4 77
Endpoint section 3 4.5 FO/F1 16
Endpoint section 4 12.6 F4 67
5) Baseline core (left lobe) 1.3 FO/F1 =
Baseline core (right lobe) 1.3 FO/F1 —
Endpoint section 1 8.3 F4 59
Endpoint section 2 10.1 F4 44
Endpoint section 3 1.6 FO/F1 13
Endpoint section 4 1.7 FO/F1 18

*CPA was not calculated at baseline because only core biopsies were obtained.

Furthermore, considering minimal uptake in normal human liver
(40,41), *3Ga-FAPI may detect early changes of fibrosis, which
would be advantageous over elastography. Additional advantages
of %8Ga-FAPI PET over elastography would be whole-liver evalua-
tion, minimal opportunity for operator error, and robustness against
factors that contribute to or confound liver stiffness measurement,
most notably concurrent liver inflammation (/6). Although a more
novel 3-dimensional MR elastography technique has demonstrated
potential to address this limitation (42), this concept has not been val-
idated in clinical practice. However, considering the ability of MRI to
accurately assess several key aspects of diffuse liver disease, such as
fat, iron, and stiffness (43,44), it is likely that combined ®Ga-FAPI
PET and MRI/MR elastography may provide complementary infor-
mation to paint a more complete picture of the state of liver disease.
Potential disadvantages of ®®Ga-FAPI PET include radiation exposure

%8Ga-FAPI PET FOR STAGING LIVER FIBROSIS *

and radiotracer availability. However, human dosimetry of %*Ga-
FAPI has demonstrated a whole-body exposure that is similar to that
of "®F-FDG (41,45). There remain challenges and unknowns that
should be addressed as part of further validation of the utility of
%8Ga-FAPI PET in assessment of liver fibrosis. Although ®Ga-FAPI
uptake directly correlated with the stage of fibrosis in the presented
model, this correlation was observed in the setting of active fibrosis
in which the animals continued alcohol intake daily. Whether this
observation is reproducible in other chronic disease processes, such
as in viral hepatitis and nonalcoholic steatohepatitis, is of significant
scientific and clinical relevance and requires further validation.

This study had some limitations. Although the sample size was
small, a post hoc power analysis demonstrated its adequacy, which
was also on a par with a previous report (46). Furthermore, this
model generated patchy or geographic areas of fibrotic and normal

Pirasteh et al. 1959
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FIGURE 5. (A) Linear regression demonstrates strong correlation between liver ®Ga-FAPI uptake
and histologic CPA (r = 0.89). (B) Box-and-whisker plot of liver °Ga-FAPI uptake for METAVIR fibro-
sis stage groups demonstrates no significant difference between baseline liver uptake and endpoint
uptake in liver sections staged as FO/F1 (P = 0.338); however, there is significant and incrementally
higher %8Ga-FAPI uptake across F2 and F3/F4 stages, with minimal overlap between different stages
(P < 0.001). (C) Box-and-whisker plot of histologic CPA for each METAVIR fibrosis stage group at
endpoint, demonstrating significant and incrementally increased CPA with increasing fibrosis stage
(P < 0.001). CPA was not performed for baseline tissues because relatively small amount of tissue
was procured through core needle biopsy at baseline. *Statistical significance.

liver, a pattern that is different from the pattern of disease in humans.
However, this feature allowed for an internal negative control.
Another limitation of a swine model is the presence of thin fibrotic
bands in normal liver, explaining **Ga-FAPI uptake by normal liver.
Hence, the potential of ®*Ga-FAPI PET to differentiate between FO
and F1 stages of disease would have to be investigated in human sub-
jects. Our data yielded only 1 specimen with F3 liver fibrosis; hence,
we were unable to evaluate the ability of ®*Ga-FAPI PET to discern
between F3 and F4 stages. Although worth investigating, the signifi-
cance of this limitation is unknown, as often in clinical practice or in
the research setting, FO and F1 stages as well as F3 and F4 stages are
grouped for treatment or prognostic purposes. Last, despite the careful
approach to achieve accurate and unbiased imaging—histology correla-
tion through masking and using only anatomic landmarks to obtain
tissue samples that correspond to ROIs, sampling error or variability
cannot be completely eliminated. This variability and limitation are
not unique to this study and are also present in current clinical prac-
tice, as well as in nearly all studies that have evaluated liver fibrosis.
We anticipate that once *®Ga-FAPI PET for assessment of liver fibro-
sis is further investigated and potentially validated in humans, it will
largely overcome the aforementioned limitations of the current techni-
ques and enhance our ability to understand disease progression and
evolution among those with chronic liver disease.

CONCLUSION

The strong correlation between liver ®®Ga-FAPI uptake and the his-
tologic stage of liver fibrosis suggests that *Ga-FAPI PET can play
an impactful role in noninvasive staging of liver fibrosis, pending vali-
dation in patients. This technique can be used not only in the clinical
setting but also for clinical trials (e.g., drug development) or for valida-
tion of other novel techniques for assessment of diffuse liver disease.
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KEY POINTS

QUESTION: Is there potential for ®Ga-FAPI PET in staging liver
fibrosis?

PERTINENT FINDINGS: This animal study demonstrated a direct
correlation between quantitative liver ®Ga-FAPI uptake on PET
and both histologic measures of liver fibrosis, that is, the ordinal
METAVIR score and the quantitative CPA.

IMPLICATIONS FOR PATIENT CARE: Pending further validation
in patients, ®Ga-FAPI PET is a promising tool for noninvasive liver
fibrosis staging.
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ILLUSTRATED POST

A Long Axial Field of View Enables PET/CT in Toddler

Without Sedation

Michala Reichkendler', Flemming L. Andersen', Lise Borgwardt', Ulrikka Nygaard®, Elisabeth Albrecht-Beste',
Kim F. Andersenl, Anna Ljunggrenl, Nynne Abrahamsenl, Annika Loﬂl, Liselotte Hoj gaardl’3 , and Barbara M. Fischer'-

"Department of Clinical Physiology and Nuclear Medicine, Rigshospitalet, Copenhagen, Denmark; *Department of Pediatrics and
Adolescent Medicine, Rigshospitalet, Copenhagen, Denmark; and >Department of Clinical Medicine, University of Copenhagen,

Copenhagen, Denmark

Total-body PET and long-axial-field-of-
view (LAFOV) PET are game-changing innova-
tions at the threshold of clinical implementation.
Early experience has demonstrated high sensitiv-
ity (84 cps/kBq), a time-of-flight resolution of 214
ps, and improved image quality enabling ultra-
fast or low-dose scanning (/). An LAFOV PET/
CT scanner (Siemens Biograph Vision Quadra)
was installed at Rigshospitalet in September
2021. This post illustrates how this 10-fold
increase in sensitivity can enable avoidance
of general anesthesia by fast and flexible PET
acquisition. The departmental review board
approved this study, and the parents gave
written informed consent.

An LAFOV "F-FDG PET/CT scan was per-
formed on a 17-mo-old girl suspected of having
incomplete Kawasaki disease after 12 d of fever
despite broad-spectrum antibiotics. Previously,
she had undergone left heminephrectomy due to
a duplex kidney and repeated urinary tract infec-
tions. She had high C-reactive protein, anemia,
hypoalbuminemia, and thrombocytosis, as well
as relapse of fever despite immunoglobulin ther- - 1
apy and high-dose acetylsalicylic acid. PET/CT
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was performed to rule out malignancy or focal FIGURE 1.

Sagittal (top) and axial (bottom) CT (A), PET (B), and PET/CT (C) images and maximum-

infection.
The patient was positioned in a vacuum fix
pillow supplemented with light fixation across

intensity-projection reconstruction (D) after 120-s PET acquisition. No pathologic uptake is seen, but
there is reactive accumulation in distal part of esophagus (yellow arrow), physiologic thymic uptake
(blue arrow), and accumulated urinary activity in diaper (white arrow).

the body using a hook-and-loop belt with arms

free. The mother was present during the scan, keeping the toddler calm by
singing. The scan was acquired 74 min after injection of 35 MBq of '*F-
FDG (3 MBg/kg); low-dose CT was followed by a 5-min PET acquisition
in list mode while the patient was observed for movement. An image frame
of 120's with minimal movement was reconstructed using a standard proto-
col of 4 iterations and 5 subsets, 1.65 X 1.65 mm voxels, and a gaussian
postprocessing filter of 2.0 mm in full width at half maximum. The
reconstruction method was ordinary Poisson using point-spread model-
ing and time of flight with a maximum ring distance of 85. The images
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were of good quality for interpretation despite slight misalignment
over the extremities.

PET/CT demonstrated no signs of infection or malignancy (Fig. 1). Thus,
the patient was discharged. All parameters had normalized at follow-
up a week later. This case illustrates how LAFOV PET enables whole-
body PET imaging in children without the risks and logistical challenges
associated with sedation.
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MIRD Primer 2022
A Complete Guide to Radiopharmaceutical Dosimetry

Richly illustrated and thoroughly referenced, the MIRD Primer 2022 is a comprehensive, state-of-the-art
guide to radiopharmaceutical dosimetry that reflects the dramatic evolution of the field of nuclear
medicine, including molecular imaging and, increasingly, radiopharmaceutical therapy.

The MIRD Primer 2022 serves as

- afoundation for nuclear medicine and other medical professionals who require a working
knowledge of internal radionuclide dosimetry and its radiobiological implications—without
having to delve too deeply into the underlying mathematics.

- an authoritative reference on the latest, complete mathematical formulation of the MIRD
schema for those seeking a more rigorous understanding of internal dosimetry.

. an invaluable teaching tool, with a large number and wide variety of clinically relevant
calculational examples.

Order your copy today! Valﬁ'\ie{%ﬁ&’{ s
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The Search Is Underway!

SNMMI is now accepting nominations for our 2023 Ones to Watch selections. As the field
continues to expand, a new wave of talent is at the forefront of this cutting-edge specialty.
We hope yoU'll help us identify those early career professionals working to shape the future
of nuclear medicine and molecular imaging.

Members can nominate someone they know—currently in training or who have completed their
training within the last 5 years—whose actions, work, or studies have set them apart as a future
thought leader in the field.

Nominations Must Include:

O Name and credentials
O Years in nuclear medicine/molecular imaging/radiology profession
O Occupation and employer *Substitute program name if still in training*

O 250 (maximum) words about their achievements or demonstrated
potential in the fi eld of nuclear medicine or molecular imaging

O A headshot of the nominee

Submit your Ones to Watch nomination by December 31, 2022 for consideration.

... Valuery,.,.
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Submit an abstract or session proposal for the Alzheimer’s Association International Conference®
2023 (AAIC®), the world’s largest and most influential dementia research conference.
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