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7// ATTEND THE SNMMI 2022 ANNUAL MEETING

The SNMMI 2022 Annual Meeting provides you with access to 130+ scientific and CE
sessions, more than 1,000 scientific posters, pre-meeting categorical seminars, industry-led
satellite symposia, and great networking events. Plus, you can learn about leading products and
innovations in the field from more than 150 exhibiting companies.

It's the can’t miss opportunity for you to elevate your skills and be the expert in your clinic on
the latest developments, research, and clinical applications advancing precision medicine and
therapy. View page 4 for the Schedule-at-a-Glance.

June 11-14

2022
ANNUALM

Vancouver, British Columbia Canada ®oe, °

Register Today

Virtual registration options are also available.



SATURDAY
JUNE 11, 2022

7:30 am-3:00 pm
Categorical Seminars

SUNDAY
JUNE 12, 2022

6:00-8:00 am
User Meetings

8:00 am—-4:45 pm
Nuclear Medicine Review
Course (NMRC) — Day 1

8:00 am—-4:00 pm
SNMMI-TS CE Courses

6:30-7:45am
Women in Nuclear
Medicine (WINM)
Breakfast

9:00 am—4:45 pm
Educators Forum | & Il

6:45-7:45 am
Satellite Symposia

1:30-4:45 pm
SNMMI CE Courses

8:00 am-5:30pm
Nuclear Medicine Review
Course (NMRC) — Day 2

3:15-4:45 pm
Scientific Sessions

5:00-6:00 pm
Opening Ceremony

8:00-9:30 am

Opening Plenary Session:

Henry N. Wagner Jr., MD,
Lectureship

6:00-8:00 pm
Welcome Reception:
Exhibit and Poster Hall
Opening

9:30 am-4:30 pm
Exhibit Hall Open

10:00 am-8:30 pm
Poster Hall Open

8:00 pm-End
User Meetings

A2022.|.%W
“ nnu%/\eetufg&

11:15 am-12:15 pm
Satellite Symposia

12:15-2:00 pm
Technologist Plenary
Session & Awards
Recognition

12:30-2:00 pm
Nuclear Medicine
Knowledge Bowl

12:30-6:15 pm
SNMMI CE Courses &
Scientific Abstract

MONDAY

JUNE 13, 2022

SNMMIANNUALMEETING
Schedule-at-a-Glance

TUESDAY
JUNE 14, 2022

6:00-8:00 am 6:00-8:00 am
User Meetings User Meetings
6:45-7:45 am 6:45-7:45 am
Satellite Symposia Satellite Symposia
8:00-9:30 am 8:00 am-11:30 am

SNMMI Special Plenary/
Cassen Lectureship

SNMMI-TS CE Courses

9:00 am-6:00 pm
Poster Hall Open

9:30 am-4:30 pm
Exhibit Hall Open

8:00 am—4:30 pm
SNMMI CE Courses &
Scientific Abstract
Presentations

10:00-11:30 am
Emerging Technologies
Session (CMIIT) #2
(Non-CE)

9:00 am-5:00 pm
Poster Hall Open

9:30 am-3:00 pm
Exhibit Hall Open

10:00 am-4:45 pm
SNMMI-TS CE Courses

11:45 am-12:45 pm
Satellite Symposia

10:00 am-5:30 pm
SNMMI CE Courses &
Scientific Abstract
Presentations

3:00-4:30 pm
Poster Hall - POPs
Session

11:45 am-12:45 pm
Satellite Symposia

4:45-6:30 pm
Henry N. Wagner, Jr., MD
Highlights Symposium

2:45 - 3:34 pm

Early Career Professionals
(ECP) Awards Ceremony

3:00-7:00 pm
Emerging Technologies
Session (CMIIT) #3

Presentations (Non-CE)

2:45-4:45 pm 4:00-5:30 pm
Educators Forum llI Instrumentation and Data
3:00-6:15 pm Analysis Basic Science

SNMMI-TS CE Courses &
Scientific Abstract
Presentations

4:45-6:15 pm
Radiopharmaceutical
Sciences Council (RPSC)/
CMIIT Basic Science
Summary Session

4:30-6:00 pm
Emerging Technologies
Session (CMIIT) #1
(Non-CE)

6:30-7:30 pm
Satellite Symposia

6:30-8:30 pm
Poster Mixer

6:30 pm-End
User Meetings

Summary Session

4:45-6:15 pm
SNMMI-TS Business
Meeting

5:45-7:00 pm
Meet the Author/Poster
Hall Reception

6:00 pm—-End
User Meetings

6:30 pm
Closing Celebration

Register Today

WWW.SNMMI.ORG/AMZ2022

Virtual registration options are also available.



JNM

The Journal of

NUCLEAR MEDICINE

Publications Committee

Topp E. PETERSON, PHD, FSNMMI
Chair

CAROLYN ANDERSON, PHD, FSMMMI

PAIGE B. BENNETT, MD

Joyita DuTTA, PHD

MicHAEL M. GRAHAM, PHD, MD, FSNMMI

HoSSEIN JADVAR, MD, PHD, FACNM,
FSNMMI

STEVEN M. LArsoN, MD, FACNM

HEINRICH R. SCHELBERT, MD, PHD, FSNMMI

HEIKO SCHODER, MD, MBA

DAvID M. SCHUSTER, MD

Jessica WiLLIAMS, CNMT, RT(N),
FSNMMI-TS

HARVEY A. ZIESSMAN, MD, FSNMMI

Ex officio
JOHANNES CZERNIN, MD
KatHY S. THOMAS, MHA, CNMT,
PET, FSNMMI-TS
HeNRrY F. VANBROCKLIN, PHD, FSNMMI
RicHARD L. WAHL, MD, FACNM

Associate Director of Communications
SUSAN ALEXANDER

Senior Copyeditor
SUSAN NATH

Senior Publications & Marketing Service
Manager
STEVEN KLEIN

Editorial Production Manager
PAULETTE MCGEE

Editorial Project Manager
MARK SUMIMOTO

Director of Communications
REBECCA MAXEY

CEO
VIRGINIA PAPPAS

The Official Publication of SNMMI

MISSION STATEMENT: The Journal of Nuclear Medicine advances the knowledge and
practice of molecular imaging and therapy and nuclear medicine to improve patient care
through publication of original basic science and clinical research.

JNM (ISSN 0161-5505 [print]; ISSN 2159-662X [online]) is published monthly by
SNMMLI, 1850 Samuel Morse Drive, Reston, VA 20190-5316. Periodicals postage is paid
at Herndon, VA, and additional mailing offices. Postmaster, send address changes to
The Journal of Nuclear Medicine, 1850 Samuel Morse Drive, Reston, VA 20190-5316.
The costs of publication of all nonsolicited articles in JNM were defrayed in part by
the payment of page charges. Therefore, and solely to indicate this fact, these articles are
hereby designated “advertisements” in accordance with 18 USC section 1734.

DISCLOSURE OF COMMERCIAL INTEREST: Johannes Czernin, MD, editor-in-
chief of The Journal of Nuclear Medicine, has indicated that he is a founder of Sofie
Biosciences and holds equity in the company and in intellectual property invented by him,
patented by the University of California, and licensed to Sofie Biosciences. He is also a
founder and board member of Trethera Therapeutics and holds equity in the company and
in intellectual property invented by him, patented by the University of California, and
licensed to Triangle. He also serves on the medical advisory board of Actinium Pharmaceuti-
cals and on the scientific advisory boards of POINT Biopharma, RayzeBio, and Jubilant
Pharma and is a consultant for Amgen. No other potential conflicts of interest were reported.
Manuscripts submitted to JNM with potential conflicts are handled by a guest editor.

EDITORIAL COMMUNICATIONS should be sent to: Editor-in-Chief, Johannes Czernin,
MD, JNM Office, SNMMI, 1850 Samuel Morse Drive, Reston, VA 20190-5316. Phone:
(703) 326-1185; Fax: (703) 708-9018. To submit a manuscript, go to https://submit-jnm.
snmjournals.org.

BUSINESS COMMUNICATIONS concerning permission requests should be sent to the
publisher, SNMMI, 1850 Samuel Morse Drive, Reston, VA 20190-5316; (703) 708-9000;
home page address: jnm.snmjournals.org. Subscription requests and address changes
should be sent to Membership Department, SNMMI at the address above. Notify the Soci-
ety of change of address and telephone number at least 30 days before date of issue by
sending both the old and new addresses. Claims for copies lost in the mail are allowed
within 90 days of the date of issue. Claims are not allowed for issues lost as a result of in-
sufficient notice of change of address. For information on advertising, contact Team
SNMMI (Kevin Dunn, Rich Devanna, and Charlie Meitner; (201) 767-4170; fax: (201)
767-8065; TeamSNMMI @ cunnasso.com). Advertisements are subject to editorial approval
and are restricted to products or services pertinent to nuclear medicine. Closing date is the
first of the month preceding the date of issue.

INDIVIDUAL SUBSCRIPTION RATES for the 2022 calendar year are $603 within the
United States and Canada; $648 elsewhere. Make checks payable to the SNMMI. CPC
IPM Sales Agreement No. 1415158. Sales of individual back copies from 1999 through the
current issue are available for $60 at http://www.snmmi.org/subscribe (subscriptions@
snmmi.org; fax: (703) 667-5134). Individual articles are available for sale online at http://jnm.
snmjournals.org.

COPYRIGHT © 2022 by the Society of Nuclear Medicine and Molecular Imaging. All
rights reserved. No part of this work may be reproduced or translated without permission from
the copyright owner. Individuals with inquiries regarding permission requests, please visit
http://jnm.snmjournals.org/site/misc/permission.xhtml. Because the copyright on articles
published in The Journal of Nuclear Medicine is held by the Society, each author of accepted
manuscripts must sign a statement transferring copyright (available for downloading at
http://jnm.snmjournals.org/site/misc/ifora.xhtml). See Information for Authors for further
explanation (available for downloading at http://www.snmjournals.org/site/misc/ifora.xhtml).

The ideas and opinions expressed in JNM do not necessarily reflect those of the SNMMI or
the Editors of JNM unless so stated. Publication of an advertisement or other product
mentioned in JNM should not be construed as an endorsement of the product or the
manufacturer’s claims. Readers are encouraged to contact the manufacturer with any
questions about the features or limitations of the products mentioned. The SNMMI does
not assume any responsibility for any injury or damage to persons or property arising from
or related to any use of the material contained in this journal. The reader is advised to
check the appropriate medical literature and the product information currently provided by
the manufacturer of each drug to be administered to verify the dosage, the method and
duration of administration, and contraindications.



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
Heiko Schoder, MD

Memorial Sloan Kettering Cancer Center

New York, New York

H. William Strauss, MD

Memorial Sloan Kettering Cancer Center

New York, New York

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

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

Lale Kostakoglu, MD, MPH

University of Virginia Health System
Charlottesville, Virginia

Jason S. Lewis, PhD

Memorial Sloan Kettering Cancer Center
New York, New York

David A. Mankoff, MD, PhD

University of Pennsylvania
Philadelphia, Pennsylvania

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

ASSOCIATE EDITORS (INTERNATIONAL)

Gerald Antoch, MD
Dusseldorf, Germany
Richard P. Baum, MD, PhD
Bad Berka, Germany
Ambros J. Beer, MD

Ulm, Germany

Francois Benard, MD
Vancouver, Canada
Thomas Beyer, PhD
Vienna, Austria

Andreas K. Buck, MD
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
Melbourne, Australia
Michael S. Hofman, MBBS
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, German

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
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 El Fakhri, PhD
Boston, Massachusetts
Peter J. Ell, MD

London, United Kingdom
Keigo Endo, MD

Nantan, Japan



Achieve the True Mark of

Excellence in s
Patient Care -

for Your Facility with IAC R DA TON
COMMISSION

Earning IAC accreditation indicates that your facility is:

Dedicated to Quality and Patient Safety

IAC's seal of approval verifies the quality your patients deserve. By earning IAC accreditation,
you are showing referring physicians, patients and insurers that your facility has undergone a
rigorous evaluation, has been found to be in compliance with industry standards and is
committed to continuous quality improvement.

Engaged in Continuous Improvement

The IAC accreditation process is more than an update every three years. Accredited facilities receive a
detailed Application Review Findings document as a tool for improving the overall quality of their
facility. Special topic webinars, a CE finder and the IAC Quality Improvement (Ql) Self-Assessment
Tool are offered complimentary. Facilities use the QI Tool to assess case studies and final reports and
receive a quantitative report targeting opportunities for continuous process improvement.

Complying with Reimbursement and Regulatory Mandates

IAC notifies CMS and third-party payers of the status of accredited facilities to help ensure
compliance with related mandates. Physicians may also utilize IAC accreditation to satisfy a
component of the Centers for Medicare & Medicaid Services (CMS) MIPS Improvement Activity as
part of the MACRA Quality Payment Program. The IAC QI Tool is an independent option that may
also be utilized to satisfy the MIPS Improvement Activity and MOC.

Diagnostic Imaging Vascular and Cardiac
Accreditation Intervention Accreditation
Vascular Testing . Echocardiography Carotid Stenting . Cardiac Electrophysiology

Nuclear/PET . MRI . CT / Dental CT Vein Center . Cardiovascular Catheterization

Improving health care through accreditation® | intersocietal.org | 800.838.2110

Coming Soon! Deep Venous Intervention . Hemodialysis Access Intervention . Peripheral Arterial Intervention

Perioperative Transesophageal Echocardiography . Adult Congenital Transthoracic Echocardiography




EDITORIAL BOARD, continued
Einat Even-Sapir, MD, PhD
Tel Aviv, Israel

Frederic H. Fahey, DSc
Boston, Massachusetts
Melpomeni Fani, PhD, MSc
Basel, Switzerland
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
Disseldorf, 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
Towa 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
Hossein Jadvar, MD, PhD, MPH, MBA
Los Angeles, California
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
Egesta Lopci, MD, PhD
Milan, Italy

Katharina Lickerath, PhD
Los Angeles, California
Susanne Lutje, MD, PhD
Bonn, German

Umar Mahmood, 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 Mittra, 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
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
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

Ida Sonni, MD

Los Angeles, California
Michael G. Stahin, 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, Iowa

Suleman Surti, PhD
Philadelphia, Pennsylvania
Julie Sutcliffe, PhD
Sacramento, California
Laura H. Tang, MD, PhD
New York, New York
Ukihide Tateishi, MD, PhD
Tokyo, Japan

James T. Thackeray, PhD
Hannover, Germany
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 I. Ziegler, PhD

Munich, Germany

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



Be Recognized as an SNMMI
Designated Radiopharmaceutical
Therapy Center of Excellence

SNMMI designated Centers of Excellence in Radiopharmaceutical Therapy are:
* Well-integrated into a patient’s care pathway

* Led by physicians appropriately trained in nuclear medicine

« Staffed by highly qualified therapy teams

* Designed to meet strict regulatory, training, qualification, experience, and
performance criteria

Learn more about how your site can become an SNMMI
Designated Radiopharmaceutical Therapy Center of Excellence.

< — =

www.snmmi.org/RPTCoE

o | *
» LSl S

M| ||

Vqlu.e.%{/ 7
Initiative

SOCIETY OF NUCLEAR MEDICINE & MOLECULAR IMAGING




THIS MONTH

JNM

Discussions with leaders: David Mankoff, associ-
ate editor for JNM, talked with Chi Van Dang and
Elizabeth Jaffee about their leadership in guiding
national priorities for translational cancer research
and perspectives on the roles of molecular imaging
and theranostics. . ................. Page 637

Clinical fluorescence imaging guideline: Hee-
man and colleagues discuss the elements of a uni-
form fluorescence imaging protocol to match
emerging clinical needs and ensure consistent
study designs and reliable data collection in clinical
trials. . ... Page 640

Total-body PET and the future: Pantel and col-
leagues summarize the current state of the art in
total-body PET imaging and explore probable
long-term impacts in the clinical and research set-
HOES. oottt Page 646

Radiotracers in cardiovascular imaging: Sten-
dahl and colleagues provide the first in a 2-part
series, here examining technical considerations in
cardiovascular radiotracer development and em-
erging radiotracers for perfusion and neuronal
IMagIng. . .....ovveeiii Page 649

Signaling that drives "*F-FDG PET: Salas and
Clark review recent studies identifying new pro-
teins and signaling pathways that drive glucose
consumption in cancer and discuss current limita-
tions to understanding of the associated mecha-
MESIMS. v vttt eiee e e Page 659

"C-Methionine PET in pediatric glioma: Bag
and colleagues assess whether ''C-methionine
PET detection of functionally active tumors is use-
ful for further evaluating MRI changes related to
tumor recurrence during routine surveillance of
pediatric high-grade gliomas. . ....... Page 664

Fluorescence assessment of lymph nodes: Vonk
and colleagues investigate the postoperative use of
epidermal growth factor receptor—targeted fluores-
cence molecular imaging to discriminate between
tumor-positive and -negative lymph nodes in
patients with oral cancer. ........... Page 672

**Y radioembolization in NETs: Schaarschmidt
and colleagues analyze the use of *°Y radioembo-
lization in neuroendocrine tumor patients with
hepatic metastases and look at potential applica-
tions in a multimodal treatment approach.

............................. Page 679

$Zr-Durvalumab PET in NSCLC: Smit and
colleagues detail the safety and efficacy of PET/
CT with this %Zr-labeled anti—programmed death
ligand 1 monoclonal antibody in advanced-stage
non—small cell lung cancer and explore correlations

10A Tuis MonTH IN JNM

between PD-L1 immunohistochemistry and treat-
MENt FESPONSE. . .. v v v vveeeeeenn Page 686

'8E_FES biodistribution in ER+ breast cancer:
Igbal and colleagues describe the biodistribution
of '8F-FES and altered tracer kinetics in patients
with metastatic estrogen receptor—positive breast
cancer undergoing treatment with rintodestrant, a
novel selective ER degrader. ......... Page 694

Utility of ER imaging: Okazawa offers perspec-
tive on the usefulness and challenges of '*F-FES
imaging assessment of estrogen receptor expres-
sion and previews an article in this issue of JNM
on the promise of '*F-4FMFES, a new homolog.

.............................. Page 700

'SP 4FMFES and 'SF-FDG PET: Paquette
and colleagues report on the preliminary results
of a phase II clinical trial investigating the use
of the estrogen receptor—targeting PET tracer
'SF-4FMFES and '*F-FDG PET in endometrial
CANCETS. . v v v vvveeeeeeeeeeeeaaenn. Page 702

"E_FLT in early soft-tissue sarcoma: Crompton
and colleagues evaluate '*F-FLT PET/CT as an
early prognostic imaging biomarker of long-term
overall and disease-specific survival in soft-tissue
sarcoma patients treated with neoadjuvant therapy
and surgical resection.. . .............. Page 708

Second cancers on '*F-fluciclovine PET: Parihar
and colleagues document the detection rate of
"8F-fluciclovine PET/CT for incidental second pri-
mary neoplasms in patients with prostate cancer.
............................... Page 713

CD8 PET with %°Zr-Df-IAB22M2C: Farwell
and colleagues report on a study optimizing condi-
tions for performing CD8 PET imaging with *Zr-
Df-IAB22M2C and assess the safety and efficacy
of this method for visualizing whole-body CD8+
leukocyte biodistribution. . .......... Page 720

90Y-FAPI therapy for advanced cancer: Ferdi-
nandus and colleagues discuss initial experience
with the feasibility and safety of this fibroblast-
activation protein—targeted radioligand therapy in
extensively pretreated patients with solid tumors.
............................... Page 727

F_DCFPyL, "*F-FDG, and '®F-NaF in meta-
static PCa: Fourquet and colleagues compare the
performance of these 'SF-labeled PET/CT agents
in lesion detection, agreement, and associations
with diagnostic factors in a prospective cohort of
men with metastatic prostate cancer. . . . . Page 735

Specific activity and '*F-rhPSMA-7.3 uptake:
Langbein and colleagues investigate whether the
time between synthesis and injection of this

PSMA ligand and resulting decrease in specific
activity affect normal organ and tumor uptake in
patients with prostate cancer. . ....... Page 742

8Ga-PSMA total MTV repeatability: Seifert
and colleagues explore the repeatability of a semi-
automatic approach to derive total molecular
tumor volume and related metrics from **Ga-
PSMA-HBED-CC PET in men with prostate
CANCET.. ..\ttt e e Page 746

Pentixather biokinetics and dosimetry: Han-
scheid and colleagues analyze the biokinetics
and dosimetry of '”’Lu-pentixather and **Y-pen-
tixather targeting the chemokine receptor 4 in
radiopeptide therapy for hematologic neoplasms.
............................... Page 754

Modeling DSBs for PRRT: Tamborino and col-
leagues build a simulation framework to evaluate
the number of early DNA double-strand breaks
induced by in vitro targeted peptide-receptor
radionuclide therapy with '7’Lu-DOTATATE.

............................ Page 761

Ketosis and myocardial glucose uptake: Sel-
varaj and colleagues compare the performance of
exogenous ketone administration with a ketogenic
diet regimen to achieve myocardial glucose sup-
pression and look at predictors of such suppres-
SIOML . e vttt Page 770

Brain stem hypermetabolism in ALS/FTD:
Zanovello and colleagues use 'SF-FDG PET/MR
imaging to investigate spatial patterns of metabolic
changes in the brain stem and cervical spinal
cord in patients within the amyotrophic lateral
sclerosis/frontotemporal dementia continuum.

............................. Page 777

BF_.FCH versus ''C-MET PET in pHPT:
Mathey and colleagues compare the performances
of "8F-fluorocholine and ''C-methionine for PET/
CT localization of hyperfunctioning parathyroid
tissue in patients with primary hyperparathyroidism
and negative or inconclusive **™Tc-sestamibi fin-
dings. ... Page 785

GLP-1 receptor imaging: Lee and States provide
commentary on an article in this issue of JNM dem-
onstrating a stepwise approach to glucagonlike pep-
tide-1 receptor—targeting radiotracer development
from the laboratory to the clinic. . . . ... Page 792

GLPI1R imaging in type 2 diabetes: Eriksson and
colleagues present an optimized and simplified
8Ga-exendin4 PET/CT protocol to enable repro-
ducible imaging of glucagonlike peptide-1 receptor
inthepancreas, with potential forlong-termdiabetes
monitoring and future therapies. ....... Page 794



2022 NMTCB

RADIATION SAFETY+ Setety

Exam Dates

Review and Essentials s

Let the SNMMI-TS Help You Prepare for the NMTCB’s Radiation Safety Exam Begin Your

ion!
Get the tools you need to successfully prepare for the exam with the Preparation!

Radiation Safety + Review and Essentials program. This 5 module/7.75 .
y prog Order this

VOICE credit course provides a comprehensive review of all aspects of
popular

radiation safety including:

program
« Radiation physics and instrumentation « Disposal today!
« Dosimetry « Emergency procedures
« Mathematics « Regulations
« Security and control - Radiation protection and ALARA

- Shipping and receiving - Radionuclide therapy best practices

You'll review content on CT. X-ray, fluoroscopy, and MRI, as well as optimizing radiation
exposure, including appropriateness criteria, Image Wisely/Image Gently, and special
populations. Plus, test what you’ve learned with a 150 question “Mock Exam,” to ensure
you're fully prepared for the exam.

Member: $99 | Non-Member: $249

Get started today!
www.snmmi.org/RadiationPlus

it T m g -
T ‘ + -!-

Technologist,

SOCIETY OF NUCLEAR MEDICINE & MOLECULAR IMAGING




Explore SNMMI’s
Online Career Center!

Explore the benefits of the SNMMI Career Center by logging
in or creating a new account today.

& @ cargercenter.snmimiong

m S e Employers Job Seekers Post a Job

MUCLEAR MEDICINE
m“ AND MOLECULAR IMAGING

I T

_'\1
u A\

’.‘5\ Kayword or Job Tille
- r 4

Featured Jobs

MNUCLEAR MEDICINE SPECIALIST
The Permanente Medical Group, ins [TRMG)
Walnut Greek, GA

Muclear Medicine Physician/Nuclear Radiologist RESUME RE\.‘[EW
The Ohio State University Wexner Medical Canter
i Improve your resume with a free

review
(‘hle MNuclear Medicine (Northwestern University/
pitare anndicd

Abdominal Radiologist - Faculty

careercenter.snmmi.org

*Note: Single sign-on has been enabled for this platform and you can use your ... Vqlue%J
member login credentials to access the Career Center. If you are unsure of your Inlthtl e
password, to go to the SNMMI password reset link to create a new password.

SOCIETY OF NUCLEAR MEDICINE & MOLECULAR IMAGING




FDA Approves Pluvicto/Locametz for Metastatic
Castration-Resistant Prostate Cancer

n March 23, the U.S. Food and Drug Administra-
O tion (FDA) announced the approval of Pluvicto

(""Lu-vipivotide tetraxetan, referred to previously
and in the nuclear medicine literature as !7’’Lu—prostate-
specific membrane antigen-617 [!7’Lu-PSMA-617]) for
treatment of adult patients with PSMA-positive metastatic
castration-resistant prostate cancer (mCRPC) who have been
treated with androgen-receptor pathway inhibition and taxane-
based chemotherapy. On the same day, the FDA approved
Locametz (kit for preparation of %8Ga-gozetotide injection), a
PET agent for PSMA-positive lesions, including selection of
patients with metastatic prostate cancer for whom !”’Lu-
vipivotide tetraxetan PSMA-directed therapy is indicated.
Locametz is the first radioactive diagnostic agent approved in
the United States for patient selection in the use of a radioli-
gand therapeutic agent. Pluvicto is the first FDA-approved tar-
geted radioligand therapy for eligible patients with mCRPC
that combines a targeting compound (ligand) with a therapeu-
tic radioisotope. Novartis (Basel, Switzerland) announced on
the same day that its radiopharmaceutical company, Advanced
Accelerator Applications USA, Inc. (Millburn, NJ), expected
to have both Pluvicto and Locametz available to physicians
and patients within weeks of the approval.

The FDA granted Priority Review for !7’Lu-PSMA-617
in September 2021 based on positive data from the multicen-
ter phase III VISION study (NCT 03511664), which pro-
vided the efficacy data on which the current approval was
based. The study was a randomized (2:1), multicenter, open-
label trial that evaluated !”’Lu-PSMA-617 plus best standard
of care or best standard of care alone (control arm) in 831
men with progressive, PSMA-positive mCRPC. All patients
received a gonadotropin-releasing hormone analog or had
prior bilateral orchiectomy. Patients were required to have
received at least 1 androgen-receptor pathway inhibitor, and
1 or 2 prior taxane-based chemotherapy regimens. Patients
in the treatment arm (n = 551) received 7.4 GBq (200 mCi)
Pluvicto every 6 weeks for a total of up to 6 doses plus best
standard of care. The remaining 280 patients in the control
arm received best standard of care alone. The trial demon-
strated a statistically significant improvement in the primary
endpoints of overall survival and radiographic progression-
free survival. The hazard ratio for overall survival was
0.62 (95% CI: 0.52, 0.74) for comparison of the treatment
arm versus the best-standard-of-care-alone arm. Median over-
all survival was 15.3 months in the treatment arm and

11.3 months in the control arm. Interpretation of the magni-
tude of the radiographic progression-free survival effect was
limited because of the number of early dropouts in the control
arm. About a third (30%) of patients with evaluable disease
at baseline demonstrated an overall response (per RECIST
1.1) with Pluvicto plus standard of care, compared to only
2% in the control arm. The most common adverse events (all
grades) reported in the Pluvicto arm of the study were fatigue
(43%), dry mouth (39%), nausea (35%), anemia (32%),
decreased appetite (21%), and constipation (20%).

The FDA advised that patients with previously treated
mCRPC should be selected for treatment with Pluvicto using
Locametz or another approved PSMA-11 imaging agent based
on PSMA expression in tumors. PSMA-positive mCRPC was
defined as having at least 1 tumor lesion with *¥Ga-gozetotide
uptake greater than normal liver uptake.

“We are delighted by the FDA approval of this transforma-
tional, innovative therapy for men with advanced metastatic
castrate-resistant prostate cancer,” said SNMMI President
Richard L. Wahl, MD, in an SNMMI press release praising the
approval. “We are proud of the society members who contrib-
uted substantially to this new theranostic paradigm, as well as
all of the authors who published articles on this therapy in The
Journal of Nuclear Medicine.”

This work builds on the success of prior radiopharmaceuti-
cal therapies such as '”’Lu-DOTATATE, which has provided
significant clinical benefit to patients with neuroendocrine
tumors. SNMMI indicated that it plans to provide guidance
and support to physicians and patients as the newly approved
agents become more widely available. The society has up-
dated its appropriate use criteria for PSMA PET imaging to
include an indication of “Evaluation of eligibility for patients
being considered for PSMA-targeted radioligand therapy”
(see story, this issue). In addition, resources will be developed
to educate patients with mCRPC about the new therapy.

“The FDA approval of '"’Lu-PSMA-617 is a testament to
what nuclear medicine innovators, working closely with clinical
colleagues in the prostate cancer care domains, can accomplish
with their unique combination of expertise in basic biology,
radiochemistry, physics, and instrumentation,” said Wahl. “The
development of radiopharmaceutical therapies is advancing rap-
idly, and we fully expect there will be more to come as they
can be so effective and beneficial for patients fighting cancer.”

U.S. Food and Drug Administration
SNMMI
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Updates to Appropriate Use Criteria for PSMA PET

Thomas A. Hope, MD, University of California, San Francisco, CA; and Hossein Jadvar, MD, PhD, MPH, MBA,

University of Southern California, Los Angeles, CA

s an indication of how quickly the field of nuclear
Amedicine is advancing, the Appropriate Use Criteria

(AUC) for Prostate-Specific Membrane Antigen
(PSMA) PET document has been updated (/). This is
due to the recent U.S. Food and Drug Administration
(FDA) approval of '"7Lu-PSMA-617 (Pluvicto, !”’Lu-vipi-
votide tetraxetan; Novartis [Basel, Switzerland]/Advanced
Accelerator Applications USA, Inc. [Millburn, NJ]) radio-
pharmaceutical therapy (RPT). Previously the AUC had
scored the indication for a posttreatment prostate-specific
antigen (PSA) rise in the metastatic castration-resistant pros-
tate cancer (mCRPC) setting as “may be appropriate.” This
was because no available PSMA-targeted therapies would
benefit from imaging using PSMA PET. With the approval of
PSMA RPT, the PSMA PET AUC Working Group has split
this indication into 2 distinct indications (see supplemental
materials, available at http://ow.ly/ABfv30sh3uO). The first is
“Posttreatment PSA rise in the mCRPC setting in a patient not
being considered for PSMA-targeted radiopharmaceutical
therapy,” which was again scored as “may be appropriate,”
because the clinical value of improved tumor localization in
grossly metastatic disease is not clear in patients who are
not being considered as candidates for PSMA RPT. The
second indication is “Evaluation of eligibility for patients
being considered for PSMA-targeted radiopharmaceutical
therapy,” which was scored as “appropriate” given the avail-
ability of a PSMA-targeted therapy.

An important point is that the AUC Working Group agreed
that both '8F-DCFPyL (Pylarify, '8F-piflufolastat; Lantheus
[Billerica, MA]) and ®®*Ga-PSMA-11 (Illuccix and Locametz,
%8Ga-gozetotide; Telix Pharmaceuticals Ltd. [Melbourne, Aus-
tralia], and Novartis/AAA, respectively) should be considered
equivalent for selection of patients for treatment with !7’Lu-
PSMA-617. In the prescribing information for !”’Lu-PSMA-
617, the FDA recommended selection of “patients for treatment
using Locametz or an approved PSMA-11 imaging agent
based on PSMA expression in tumors.” However, given the
near equivalency of °3Ga-PSMA-11 and '3F-DCFPyL, either
of these radiotracers can be used for patient selection.

Another consideration for patient selection is what cutoff
should make a patient eligible. Two randomized trials have
evaluated '”’Lu-PSMA-617 therapy: the VISION and TheraP

trials. Optimal PSMA PET criteria for patient selection are not
yet well established. In the VISION trial, eligibility required
uptake in disease greater than that in the liver, and no measur-
able disease with uptake less than that in the liver (2). Eligibil-
ity in the TheraP study required an SUV =20 at 1 site of
disease, an SUV =10 at measurable soft tissue sites, and
no 'F-FDG-positive PSMA-negative sites of disease (3). It
should be noted that, in general, the higher the uptake on
PSMA PET, the better patients respond to treatment (4,5).
PSMA PET is not only a prognostic biomarker but was shown
to be predictive in the TheraP trial, with patients who had an
SUVinean =10 having a higher likelihood of PSA response
compared to chemotherapy (cabazitaxel) (6). Although the deci-
sion in the VISION trial was binary, uptake may be used to
help weigh various treatment options. The debate as to whether
18F.FDG PET/CT should also be used to screen patients
prior to PSMA RPT is outside of the scope of the PSMA
PET AUC, although '3F-FDG PET may provide additional
value in identifying '8F-FDG-positive/PSMA-negative sites
of disease (3).

PSMA PET plays a significant role in the appropriate
selection of patients for PSMA RPT. With the approval and
availability of 2 PSMA PET agents, this imaging study
should be widely available. Overall, these 2 imaging agents
are considered equivalent for patient selection.
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ASNC/SNMMI Radionuclide Authorized User

Training Course

he joint American Society of Nuclear Cardiology
(ASNC) and SNMMI “80 Hour Radionuclide Autho-

rized User Training Course” was launched on April
12 as a 1-of-a-kind online educational resource for a broad
community of radionuclide users. The collaborative project is
the result of significant investment of time and energy from
subject-matter experts and staff from both professional socie-
ties. “This was a more than 2-year cooperative effort directly
addressing a genuine need in both the nuclear medicine and
nuclear cardiology communities,” said Vasken Dilsizian, MD,
who, as the 2019-2020 SNMMI president, initiated planning
for the course and, with James A. Case, PhD, oversaw its
development. “As someone who is closely involved with
education of radiology, nuclear medicine, and nuclear cardi-
ology trainees, I’ve long believed that we’re missing a key
element in preparing our workforce on some of the basics in
radionuclide knowledge and technique,” said Dr. Dilsizian.
“A partnership between 2 of our leading professional socie-
ties, leveraging the expertise of their members and the orga-
nizational skills of their experienced staffs, has provided an
extraordinarily productive environment for creation of this
rich and rigorous new resource.”

The course is targeted at nuclear medicine physicians and
cardiologists who wish to complete the 80 hours of classroom
training required by the U.S. Nuclear Regulatory Commission
(NRC) to meet 10 CFR 35.290 training and Agreement State
equivalents in basic radionuclide handling techniques for medi-
cal use of unsealed byproduct material for imaging and locali-
zation studies in order to become Authorized Users (U.S. NRC
10 CFR 35.200). Individuals who complete the course will still
need hands-on training in simultaneous clinical work experi-
ence in their local nuclear laboratories in the required speci-
fied areas as attested to by their Authorized User preceptors.
“I am particularly pleased that this course will be available
to residents in nuclear medicine and fellows in nuclear cardi-
ology,” said Dr. Dilsizian. “As diagnostic, therapeutic, and
theranostic applications of radionuclides grow in number
and complexity and as the range of approved radiopharma-
ceuticals expands, we will need more Authorized Users with
a solid understanding of the requisite knowledge and the
adaptability to build on that knowledge along with changing
technologies and novel discoveries.” In the future, the course
may also be useful for nuclear medicine technologists, espe-
cially those who intend to take the Nuclear Cardiology Tech-
nologist specialty examination. In addition, the course may be
useful for other allied health care professionals, such as radia-
tion safety officers and health physicist specialists.

The online course includes 93 modules of video and slide
presentations in 5 sections (see Table 1 for content overview).
Each module is divided into 2 or 3 chapters, with quiz questions

to assess comprehension on chapter content. Participants may
go back to review presentation content and reanswer incorrect
questions to meet the required passing score. Those who suc-
cessfully complete the 80 hours of classroom training will
receive a certificate of completion from ASNC/SNMMI, which
will be recognized by the NRC and Agreement States as part of
their Authorized User training requirements.

TABLE 1
ASNC/SNMMI Radionuclide Authorized User Training
Course: Content Overview

Section 1: Radiation Protection and Safe Radioisotope
Handling

Regulatory Requirements
Forms of Radiation
Radiation Units
Radiation Protection
Section 2: Physics and Instrumentation
SPECT and Planar Nuclear Imaging: Gamma Cameras
SPECT and Planar Nuclear Imaging: Data Corrections

SPECT and Planar Nuclear Imaging: Tomographic
Imaging

SPECT and Planar Nuclear Imaging: Quality Control
PET Imaging: PET Cameras

Dedicated PET and PET/CT Imaging: Tomographic
Imaging

PET Imaging: Quality Control

Image Post Processing

Tracer Kinetics

Clinical Optimization of Radiopharmaceutical Dosing
Application of Technology for Radiation Reduction

Other Clinical Applications of Planar, SPECT and PET
Imaging: Image Acquisition and Processing

Section 3: Radiochemistry and Radiopharmaceuticals
Managing a Hot Lab
Radionuclide Production and Radiopharmaceuticals
Quality Control of Radiopharmaceutical Production Kits
Section 4: Radiation Biology
Radiation Biology Overview
Radiation Injury, Cell, and Organ Responses

Risk Models, Exposure Limits, Deterministic and
Stochastic Effects

Section 5: Nuclear Medicine Mathematics and
Statistics

Measuring Radioactive Decay
Shielding Calculations
Mathematics of Imaging
Mathematics of Radioactivity

(Continued on page 17N )
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SNMMI LEADERSHIP UPDATE

SNMMVI’s Role in the Nuclear Medicine Renaissance

Richard L. Wahl, MD, SNMM!I President

denced by the steady introduction and approval of

new radiopharmaceuticals, theranostics, and instru-
mentation. In the past year alone, we have celebrated the U.S.
Food and Drug Administration (FDA) approval of new
PSMA-targeted prostate imaging and therapy agents, break-
through research for FAPI PET/CT, new generic SPECT
agents, and great advances in artificial intelligence. SNMMI
has been there every step of the way to support the field of
nuclear medicine and molecular imaging, promoting quality
of practice, research and discovery, outreach, and advocacy,
all while helping ensure an adequate workforce pipeline for
the future.

SNMMI strives to enhance the practice of nuclear medi-
cine by providing professionals with the resources needed to
deliver high-quality care. In light of recent advances in the
field, SNMMI released appropriate use criteria for PSMA
PET imaging and musculoskeletal infection imaging, as well
as new procedure standards to assist in obtaining high-quality
examinations while simultaneously controlling costs. In Feb-
ruary, SNMMI launched its Radiopharmaceutical Therapy
Center of Excellence program, which offers options for site
designation, and later this year will begin its pilot program for
the Radiopharmaceutical Therapy Registry (RaPTR), which
supports ongoing data collection and quality improvement in
theranostics. SNMMI’s Therapeutics Conference, held in
March, was well attended and provided education to practi-
tioners wishing to expand their practices to include radiophar-
maceutical therapies, such as '”’Lu-PSMA-617.

A key SNMMI focus over the past year has been to
encourage research. A new initiative, the “Mars Shot” for
molecular imaging, focuses on advancing the research and
development of diagnostic and therapeutic nuclear medicine.
A dosimetry supplement in The Journal of Nuclear Medicine
addresses both the rapid progress and challenges in applying
patient-specific radiation dosimetry to guide radiopharma-
ceutical therapies, providing a useful starting point for sites
considering implementing dosimetry in their clinical practi-
ces or research operations. A therapy toolkit has been devel-
oped to assist new sites as they begin research projects.
An Artificial Intelligence (AI) Summit was held in
March to help drive development of Al tools for nuclear
medicine. In addition, the society created and awarded 2
Radiopharmaceutical Therapy Research Fellowships to
grow the number of trained investigators in our field.

The society has also been successful in advancing its
issues and becoming a valued partner among public policy
stakeholders. SNMMI is working hard to encourage legisla-
tors and regulators to support and pass the bipartisan

N uclear medicine is undergoing a renaissance, as evi-

Facilitating Innovative Nuclear Diag-
nostics (FIND) Act, a bill to ensure
patient access to nuclear medicine
scans (www.snmmmi.org/FindAct). A
summit was held in March to edu-
cate regulatory representatives about
health disparities and barriers to pa-
tient access to nuclear medicine proce-
dures. The society has also actively
worked to maintain and increase re-
imbursement for the nuclear medicine
community, successfully expanding
Centers for Medicare & Medicaid Services coverage for
nononcologic PET and '8F-FDG PET for infection and
inflammation.

With so much work being done to advance the field,
SNMMI realizes the importance of developing a robust
pipeline of professionals qualified to practice in all areas of
nuclear medicine and molecular imaging, both now and in the
future. In the past year, 3 working groups (focused on physi-
cians, scientists, and technologists) were formed to develop
content and curricula on radiopharmaceutical therapies and
diagnostic procedures for residents. A dedicated resident,
medical student, and program director website was also cre-
ated with tailored content for each group. The society intro-
duced a new education initiative—the Quality Systems
Personnel Training Program—to educate individuals with
a pharmacy or chemistry background in the production and
release of clinical radiopharmaceuticals. SNMMI also
launched a new online Career Center which, as of January
2022, has posted more than 2,500 jobs.

Another component of SNMMI’s work is outreach. The
society reaches referring physicians through presentations at
specialty events, such as the Pediatric Endocrine Society meet-
ing and the San Antonio Breast Cancer Symposium. To connect
with patients, SNMMI hosted its annual Patient Education Day,
which was attended by 223 participants and has received more
than 1,000 on-demand views to date. In-person patient road-
shows are scheduled to return in 2022. Two new organizations
joined SNMMI’s Patient Advisory Board in 2021, bringing the
total number of participants to 15. Internationally, SNMMI’s
Department of Energy Grant Taskforce continues to work
closely with the Korle Bu Teaching Hospital in Accra, Ghana,
to assist in building its nuclear medicine program.

As always, SNMMI supports nuclear medicine and molec-
ular imaging through its meetings and journals. Held virtually
last year, the 2021 Annual Meeting welcomed more than 6,000
participants from more than 60 countries, with an expanded
scientific program including 80 continuing education and

Richard L. Wahl, MD
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scientific sessions, 189 scientific oral presentations, 14 satellite
symposia, 1,000 scientific posters, and 115 exhibitors. 7he
Journal of Nuclear Medicine continues to promote innovative
research and dramatically increased its impact factor last year,
now ranking third among all medical imaging journals.

In the fall of 2021 SNMMI kicked off a new consumer-
focused public relations initiative to raise awareness about
what nuclear medicine is and what it can accomplish. By
focusing on consumer broadcast media—print and digital

news publications, radio, and TV—SNMMI has been able
to reach a broad audience, including patients, referring
physicians, legislators, regulators, payers, and other media.
After only 6 months, the program has provided content to a
potential 1 billion consumers.

SNMMI is stable, financially secure, and ready to lead
in a new era of nuclear medicine and molecular imaging. As
the nuclear medicine renaissance continues, the society is
committed to our members and the patients we serve.

(Continued from page 15N)

“This would not have been possible without the generous
volunteer efforts of the more than 40 course leads and sec-
tion faculty who participated in multiple planning meetings
and devoted substantial time in developing and preparing
highly specialized material for this unique effort,” said Dr.
Dilsizian. “Kathleen Flood, ASNC CEO, and Virginia Pap-
pas, CAE, SNMMI CEO, deserve special credit for their
willingness to bring together their members and staffs to
coordinate these efforts. Dawn Edgerton, MA, ASNC Direc-
tor of Strategic Projects, was an exceptional organizational
leader on the project from start to completion.”

The leads for Section 1, Radiation Protection and Safe
Radioisotope Handling, are R. Glenn Wells, PhD, and
David Wolinsky, MD, with section faculty including Dr.
Wells and Brian Abbott, MD; Adam Alessio, PhD; Mouaz
Al-Mallah, MD, MSc; Jon Aro, BSc; Stephen A. Bloom,
MD; Tyler Bradshaw, MD; James A. Case, PhD; Rami
Doukky, MD, MSc, MBA; Dawn Edgerton, MA; Michael
King, PhD; Ran Klein, PhD, Elec Eng; Yi-Hwa Liu, MD;
April Mann, MBA, CNMT, NCT, RT(N); Frederic J. Mis,
PhD, CHP; and William Van Decker, MD.

The second section, on Physics and Instrumentation, is
led by Keisha McCall, PhD, and Krishna Patel, MD, MSc,
with section faculty including Dr. McCall and Mouaz Al-
Mallah, MD, MSc; lan Armstrong, PhD; James A. Case,
PhD; Frederic H. Fahey, DSc; James R. Galt, PhD; Ernest
V. Garcia, PhD; Saurabh Malhotra, MD; A. Iain McGhie,

MD; Zhihua Qi, PhD; Piotr Slomka, PhD; Brett Sperry,
MD; and Stephanie Thorn, PhD.

The third section, on Radiochemistry and Radiopharma-
ceuticals, is led by Saurabh Malhotra, MD, and Sally
Schwarz, RPh, MS, with faculty including Dr. Schwarz and
William Crisp, PharmD; Reiko Oyama, RPh, MS; Stephen
Moerlein, PharmD; Peggy Squires, BS, CNMT; and William
Van Decker, MD.

Section 4, on Radiation Biology, is led by Frederic J. Mis,
PhD, CHP, and Ronald G. Schwartz, MD, MS, who serve as
section faculty along with Andrew Einstein, MD, PhD.

The fifth section, on Nuclear Medicine Mathematics and
Statistics, is led by James A. Case, PhD, and Frederic J.
Mis, PhD, CHP, who serve as section faculty along with
Maria L. Mackin, CNMT, and Ronald G. Schwartz, MD,
MS.

Special recognition is also due to Tina Buehner, PhD,
CNMT, for her service on the task force and her contributions
to the content of this course. The cost of the course for
SNMMI and ASNC members is $400 for cardiology fellows
and nuclear medicine residents and $550 for physicians. For
nonmembers the cost is $700. To learn more about the course
and to enroll, see: https:/sites.snmmi.org/SNMMIMAIN/
80_Hour_Course/80_Hour_Radionuclide_Authorize_User_
Training_Course.aspx or https:/www.ASNC.org/80Hour.

American Society of Nuclear Cardiology
SNMMI
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Petten HFR Restarts Production

NRG (Petten and Amhem, The Neth-
erlands) announced on March 17 that its
High Flux Reactor (HFR) in Petten had
been restarted that moming and reached a
power output of 45 MW. “Within 2 wk,
the first medical isotopes for nuclear medi-
cine will be delivered to hospitals,” said
Vinod Ramnandanlal, commercial direc-
tor for NRG and its project partner PAL-
LAS. “We are pleased that NRG can
once again meet the global demand for
medical isotopes.”

The HFR did not start a scheduled
production run on 20 January because of
a leak in a test facility water system out-
side of the reactor core. NRG initiated
inspections and preparations to restore the
system. This required modifications to the
facility and submission of an application
for regulatory review and approval. This
permit was granted on March 9. Directors
and staff at reactors in Europe and the
United States changed production sched-
ules and methods during the Petten outage
to meet radioisotope supply demands.

“This is extremely good news. Med-
ical isotopes are of enormous importance
for many patients,” said Andor Glaude-
mans, MD, PhD, president of the Dutch
Association for Nuclear Medicine.

The HFR was commissioned in 1961
to develop nuclear technology for energy
generation. Beginning in the 1980s, the
reactor was increasingly used for produc-
tion of medical isotopes, particularly for
diagnostic applications. Today >30,000
patients/d are treated with medical iso-
topes from the HFR.

NRG

FDA Guidances Target Cancer
Clinical Trials

On March 1, the U.S. Food and
Drug Administration (FDA) issued 3
final guidances for industry related to
cancer clinical trials. In a press release,
the FDA noted that these guidances
“parallel the goals of President Biden’s
recently announced effort to renew
and build upon his 2016 Cancer Moon-
shot initiative to facilitate continued

advancement in cancer prevention, de-
tection, research, and patient care.” The
goals for this renewed initiative are: to
reduce death rates from cancer by at
least 50% over the next 25 years, to im-
prove the experience of people and their
families living with and surviving can-
cer, and “to end cancer as we know it
today.”

“With today’s actions the FDA is
recommending important principles
that involve addressing inequities, tar-
geting the right treatments to the right
patients, speeding progress against the
most deadly and rare cancers, and learn-
ing from the experience of all patients,”
said Richard Pazdur, MD, director for
the FDA’s Oncology Center for Excel-
lence. “All of these are tenets of Cancer
Moonshot’s mission.”

The first new finalized guidance,
“Inclusion of Older Adults in Cancer
Clinical Trials,” provides recommenda-
tions to sponsors and institutional re-
view boards for including older patients
(=65 y) in clinical trials of drugs for
cancer treatment. Enrollment of older
adults in early-phase cancer clinical tri-
als is recommended, as appropriate, to
better inform later-phase studies. Also
included are recommendations for trial
design, recruitment strategies, informa-
tion collection, and developing and re-
porting on more precisely defined older
age groups to encourage trial enroll-
ment of this historically excluded popu-
lation. This guidance is available at:
https://public-inspection.federalregister.
gov/2022-04399.pdf.

The second new guidance for indus-
try is “Expansion Cohorts: Use in First-
in-Human Clinical Trials to Expedite
Development of Oncology Drugs and
Biologics.” Advice is provided on desig-
ning and conducting trials with multiple
expansion cohorts that allow for con-
current accrual of patients into different
cohorts to assess safety, pharmacoki-
netics, and antitumor activity of first-
in-human cancer drugs. Pharmaceutical
companies and researchers can use trials
with expansion cohort designs to assess
different aspects of a drug in a single
clinical trial to expedite efficient clinical
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development of the drug. This guidance
is available at: https://public-inspection.
federalregister.gov/2022-04397 pdf.

The new guidance on “Master Pro-
tocols: Efficient Clinical Trial Design
Strategies to Expedite Development of
Oncology Drugs and Biologics” ad-
dresses master protocol design, including
information on what sponsors should
submit to the FDA as part of these trial
approaches. It also directs sponsors on
interactions with the FDA to facilitate
efficient review and mitigate risks to
patients. These clinical trials can expe-
dite clinical development of a drug by
allowing more than 1 investigational
drug or biologic, more than 1 disease
type, or more than 1 patient population
to be evaluated under a single clinical
trial structure. This guidance is available
at: https://public-inspection.federalregister.
20v/2022-04398.pdf.

All FDA Oncology Center of Excel-
lence documents are available through
the portal at: https://www.fda.gov/about-
fda/oncology-center-excellence/oncology-
center-excellence-guidance-documents.

U.S. Food and Drug Administration

NCI and Molecular
Characterization of
Childhood Cancers

The National Cancer Institute (NCI)
announced on March 21 the launch of the
Molecular Characterization Initiative for
pediatric tumors. The program, hosted by
NCI’s Childhood Cancer Data Initiative,
offers tumor molecular characterization
(biomarker testing) to children, adoles-
cents, and young adults with newly diag-
nosed central nervous system tumors who
are being treated at hospitals affiliated with
the Children’s Oncology Group (COG).
This NCl-supported clinical trials group
includes more than 200 hospitals and insti-
tutions treating children diagnosed with
cancer in the United States.

Participants with central nervous
system cancers will be eligible to re-
ceive molecular characterization of their
tumors free of charge through this vol-
untary program. DNA and RNA from tu-
mor and blood samples will be analyzed,



and, later in 2022, the program will be
expanded to include soft tissue sarco-
mas and other rare tumors.

“The ultimate dream has really been
for every child with cancer to have a
state-of-the-art diagnosis and the safest
and most effective therapy,” said Bri-
gitte C. Widemann, MD, special advisor
to the NCI director for childhood cancer.
“The Molecular Characterization Initia-
tive is a transformative collaboration
that will entail participation of the entire
community.”

Comprehensive tumor molecular
characterization has previously been
available to children enrolling in some
clinical trials or being treated at larger
institutions with internal resources that
offer such state-of-the-art diagnostics.
Data on tumor biomarkers have been
stored exclusively at the hospital or insti-
tution at which a child was treated, with
limited data sharing among institutions.
The new program will make tumor
molecular characterization broadly avail-
able, with data collected in a central
location accessible to researchers.

“We can help make molecular charac-
terization available throughout the country
so that it will be a standard of care that
every child can get,” said Maryam Fou-
ladi, MD, leader of the COG central ner-
vous system tumor disease committee.
“An accurate molecular diagnosis can
inform optimal treatment for every child.”

In addition to providing detailed in-
formation to use in making an accurate
diagnosis, the data can also be used to
determine whether a child is eligible for
a clinical trial. Enrollment in the Molecu-
lar Characterization Initiative is initially
offered through participation in Project
Every Child (http://www.projecteverychild.
org/), a childhood cancer registry ma-
intained by COG. Initial participants
will include newly diagnosed children,
adolescents, and young adults =25 y
old at the time of diagnoses. Young
adults >25 y old who are being screened

for eligibility into a COG clinical trial
may also be included. Additional in-
formation on the initiative is available
at: https://www.cancer.gov/research/areas/
childhood/childhood-cancer-data-initiative/
molecular-characterization.

National Cancer Institute

NIH All of Us Research
Program Releases 100,000
Whole-Genome Sequences

The National Institutes of Health
(NIH) announced on March 17 the re-
lease of nearly 100,000 diverse whole-
genome sequences through its All of Us
Research Program. About 50% of the
data is from individuals who identify
with racial or ethnic groups that have
historically been underrepresented in re-
search. These data will enable research-
ers to address new questions about
health, disease, and disparities.

“Until now, over 90% of partici-
pants from large genomics studies have
been of European descent. The lack of
diversity in research has hindered scien-
tific discovery,” said Josh Denny, MD,
chief executive officer of the All of Us
Research Program. “All of Us partici-
pants are leading the way toward more
equitable representation in medical rese-
arch through their involvement. And
this is just the beginning. Over time, as
we expand our data and add new tools,
this dataset will become an indispens-
able resource for health research.”

The genomic data are available via a
cloud-based workbench platform (https://
www.researchallofus.org/) and also incl-
ude genotyping arrays from 165,000
participants. Whole-genome sequencing
provides information about almost all of
an individual’s genetic makeup, whereas
genotyping arrays, the more commonly
used genetic testing approach, capture a
specific subset of the genome.

In addition to the genomic data, the
All of Us workbench contains information

from many of the participants’ electronic
health records, Fitbit devices, and survey
responses. The platform also links to
data from the Census Bureau’s Ameri-
can Community Survey to provide more
details about the communities in which
participants live. This combination of
data will allow researchers to better un-
derstand how genes can cause or influ-
ence diseases in the context of other
health determinants. The ultimate goal is
to enable more precise approaches to
health care for all populations. To pro-
tect participants’ privacy, the program
has removed all direct identifiers from
the data and upholds strict requirements
for researchers seeking access.

In a press release, NIH noted that
these data are made available for re-
search through the contributions of All
of Us participants, who have the oppor-
tunity to receive personal DNA results
at no cost. The program has offered
genetic ancestry and trait results to
more than 100,000 participants so far,
with plans underway to begin to share
health-related DNA results on heredi-
tary disease risk and medication—gene
interactions later this year. All of Us
works with a consortium of partners
across the United States to engage par-
ticipants and collect data and samples.
The Researcher Workbench is man-
aged by Vanderbilt University Medical
Center, in collaboration with the Broad
Institute of MIT and Harvard and Ver-
ily. The program’s genome centers gen-
erate the genomic data and process about
5,000 participant samples each week.
These centers include Baylor College of
Medicine, Johns Hopkins University, the
Broad Institute, the Northwest Genomics
Center at the University of Washington,
and partners. Color, a health technology
company, works with the program to
return personalized results to participants
on genetic ancestry and traits and the
forthcoming health-related genetic results.

National Institutes of Health
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FROM THE LITERATURE

Each month the editor of Newsline
selects articles on diagnostic, therapeutic,
research, and practice issues from a
range of international publications. Most
selections come from outside the stan-
dard canon of nuclear medicine and
radiology journals. These briefs are
offered 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
adjuncts to therapy and/or as active
agents in therapeutic regimens, and these
shifting lines are reflected in the briefs
presented here. We have also added a
small section on noteworthy reviews of
the literature.

Radiation Dose to NM Techs
from PET/MR and PET/CT

Soret et al. from the Hopital Univer-
sitaire Pitié Salpétriere (Paris, France)
reported on March 16 ahead of print in
the Journal of Radiological Protection
on a study comparing nuclear medicine
technologists’ radiation doses when per-
forming routine PET/MR and PET/CT
acquisitions in the same department.
Over 13 mo, daily radiation doses re-
ceived by technologists were collected
with electronic personal dosimeters. Fac-
tors included in the retrospective ana-
lyses were the total numbers of PET/MR
and PET/CT acquisitions, type of study
(brain or whole-body PET), '8F-FDG
injected activity per day and per patient,
and time spent with patients after injec-
tion. The researchers found that technol-
ogists’ whole-body exposure for PET/
MR averaged 10.3 + 3.5 nSv per MBq
injected '8F-labeled tracer, compared to
only 4.7 = 1.2 nSv per MBq injected for
PET/CT. The additional exposure with
PET/MR was attributed to additional
time spent in patient positioning and MR
coil placement, particularly in whole-
body studies. They concluded that “for
an equal injected activity, PET tech-
nologist radiation exposure for PET/
MR was 2-fold that of PET/CT. To
minimize radiation dose to staff,

efforts should be made to optimize

patient positioning, even in departments

with extensive PET/CT experience.”
Journal of Radiological Protection

Monoclonal Antibodies in
Alzheimer Disease

In a study published on March 5
ahead of print in the Journal of Alz-
heimer’s Disease, Lacorte et al. from
the Italian National Institute of Health
(Rome), Sapienza University (Rome),
Fondazione IRCCS Ca’ Granda Ospe-
dale Maggiore Policlinico (Milan), and
the Casa Cura Policlinico (Milan, all in
Italy) provided a systematic review and
metaanalysis of published and unpub-
lished clinical trials on the safety and
efficacy of monoclonal-based antibody
therapies in Alzheimer disease (AD).
After a systematized search of clinical
trial and literature databases, 101 studies
were identified, using a total of 27 mo-
noclonal antibodies. Trial results were
available on 50 of these investigations
(18 with data from published and unpub-
lished sources, 21 with data from pub-
lished sources only, and 11 with only
unpublished data) using a total of 12
monoclonal antibodies. Assessment of
reported amyloid-related imaging abnor-
malities (ARIAs) in these studies
showed overall risk ratios of 10.65 for
ARIA-E (MR signal alterations thought
to represent vasogenic edema and related
extravasated fluid phenomena) and 1.75
for ARIA-H (MR signal alterations
attributable to microhemorrhages and
hemosiderosis). Metaanalyses of PET
SUV ratios indicated an overall signifi-
cant effect of monoclonal antibodies in
reducing amyloid burden. Although data
from administration of Clinical Demen-
tia Rating Scale—Sorting Box evaluations
showed statistically significant lower
rates of worsening in treated patients,
these were “clinically nonrelevant.” The
authors concluded that these results sug-
gested that the risks/benefits of monoclo-
nal antibodies remain unclear. They
advised that “research should focus on
clarifying the effect of amyloid on cogni-
tive decline, providing data on treatment
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response rate, and accounting for mini-
mal clinically important differences.”
In addition, research should investigate
the possible long-term impact of ARIA
events, including potential predictors of
onset.

Journal of Alzheimer’s Disease

CTA vs SPECT/CT V/Q in
Pulmonary Embolism

Martins et al. from the University of
Campinas (Brazil) reported on February
27 ahead of print in Perfusion on a
direct comparison of multidetector CT
angiography (CTA) and ventilation/
perfusion (V/Q) SPECT/CT in detection
of acute pulmonary emboli (PE) in rou-
tine practice. The study included 28 pa-
tients (15 men, 13 women; median age,
51.5 y) with suspected acute PE who
underwent both imaging procedures.
The median duration of symptoms from
onset to imaging was 4 d (range, 1-14 d),
with a median Wells score of 3.5 (range,
1.5-6). Final diagnoses were determined
by clinician consensus (general radiolog-
ists and/or nuclear medicine physicians)
and supporting clinical, laboratory, and
follow-up data. The sensitivity, specific-
ity, positive and negative predictive val-
ues, and accuracy for SPECT/CT V/Q in
identifying PEs were 84.6%, 80.0%,
78.6%, 85.7%, and 82.1%, respectively.
For CTA, the corresponding percentages
were 46.1%, 100%, 100%, 68.2%, and
75.0%, with overall agreement between
the methods at 57.1%. Ten of the 22
patients with negative CTA findings
were positive on SPECT/CT V/Q, and 7
of these were determined to be true-posi-
tives. The authors concluded that these
results suggested that SPECT/CT V/Q
“is more sensitive and accurate than
CTA when interpreted by general radiol-
ogists and nuclear medicine physicians.”

Perfusion

Thyroidectomy Without 131]
in DTC

In an article published on March 10
in the New England Journal of Medicine
(2022;386[10]:923-932) Leboulleux and



a consortium of nuclear medicine, endo-
crinology, and thyroid cancer experts
from throughout France reported on a
study using results from a prospective
phase 3 trial to compare radioiodine ther-
apy (1.1 GBq "'T after injections of
recombinant human thyrotropin) with no
radioiodine therapy in patients with low-
risk differentiated thyroid cancer after
thyroidectomy. The primary objective
was to determine whether, in the 2 ran-
domly assigned groups of patients, no
radioiodine therapy was “noninferior” to
radioiodine therapy, taking into account
functional, structural, and biologic abnor-
malities at 3 y. Noninferiority was de-
fined as between-group differences of
<5 percentage points in the presence
of abnormal foci of !3'I uptake on
whole-body imaging that required sub-
sequent treatment (in the radioiodine
group only), abnormal findings on
neck ultrasound, or elevated levels of
thyroglobulin or thyroglobulin anti-
bodies. The researchers also looked at
molecular characterization and prog-
nostic factors. The trial included 730
patients (mean age, 52 y; 606 women,
124 men; 367 in the no-radioiodine
group and 363 in the radioiodine
group) with tumors =2 cm in diame-
ter. At 3-y follow-up, the percentages
of patients in the no-radioiodine group
without an event was 95.6%. The cor-
responding percentage in the group
that received radioiodine therapy was
95.9%. Documented events in both
groups included structural or func-
tional abnormalities in 8 patients and
biologic abnormalities in 23 patients.
Events were found to be more frequent
in patients with postoperative serum
thyroglobulin levels >1 ng/mL during
thyroid hormone treatment. No differ-
ences in molecular alterations were
noted in the 2 groups, and no treat-
ment-related adverse events were re-
ported. The authors concluded that “in
patients with low-risk thyroid cancer
undergoing thyroidectomy, a follow-
up strategy that did not involve the use
of radioiodine was noninferior to an
ablation strategy with radioiodine re-
garding the occurrence of functional,
structural, and biologic events at 3
years.” The article received wide

coverage in the public media and pro-
fessional literature. In a commentary
accompanying the article (N Engl J
Med. 2022;386[10]:990-991), David S.
Cooper, MD (Johns Hopkins University
School of Medicine, Baltimore, MD)
praised the study’s focus and noted that
other trial results may soon provide
additional data on this subject, adding
“it is noteworthy that although radioio-
dine therapy for differentiated thyroid
cancer was introduced in the 1940s and
1950s, we will finally have definitive
evidence to enable clinicians to maxi-
mize its benefits and minimize its risks.”

New England Journal of Medicine

Dynamic SLN Biopsy Technique
in Penile Cancer

O’Brien et al. from the Peter Mac-
Callum Cancer Centre, the Royal Mel-
bourne Hospital, the Young Urology
Researchers Organisation, MURAC
Health, and the EJ Whitten Prostate
Cancer Research Centre at Epworth
Healthcare (all in Melbourne, Austra-
lia) presented on March 11 ahead of
print in Urology a narrated video of an
operative standard for dynamic senti-
nel lymph node biopsy (DSLNB) in
penile cancer and a retrospective clini-
cal analysis and discussion of the
accuracy of this approach. The study
included 64 patients (127 groins) who
underwent DSLNB for inguinal lymph
node staging of histologically proven
penile squamous cell carcinoma. Data
analyzed included primary tumor his-
tology, DSLNB pathology, progres-
sion to radical inguinal lymph node
dissection (RILND), and recurrence
patterns. Of the total 64 patients, 53
(82.8%) underwent penile-sparing sur-
gery. Tumor histology in 56 (88%)
patients showed pT1-pT2 disease. Of
the total 127 groins explored with
DSLNB, 19 were positive for malig-
nancy and 108 were negative. Over a
mean follow-up of 29 mo, 36 groins
progressed to RILND. Only 2 previ-
ously negative DSLNB findings were
positive on RILND (1 in the groin, 1
in the pelvis). DSLNB was found to
have a false-negative rate of 1.9% and
a sensitivity of 90.5%, allowing 71.7%

of groins to proceed for surveillance
instead of prophylactic RILND. The
authors concluded that “DSLNB is a
safe and accurate method for assessing
inguinal lymphadenopathy in men with
intermediate- to high-risk penile squa-
mous cell carcinoma and impalpable
groins.” Their video study was intended
to establish an operative standard in this
setting consistent with international
guidelines and expectations. They added
that “standardized use of DSLNB by an
experienced team will reduce morbidity
while maintaining oncological safety for
men with intermediate- to high-risk
penile cancer and cNO disease.”
Urology

In-Transit Metastases in Distal
Extremity Rhabdomyosarcoma

In an article published on March 12
ahead of print in the European Journal
of Surgical Oncology, Terwisscha van
Scheltinga et al. from the Princess
Maxima Center for Pediatric Oncology
(Utrecht, The Netherlands), the Univer-
sity Paris-Saclay/Hopitaux de Paris
(France), University Hospitals Bristol
and Weston NHS Foundation Trust
(UK), Royal Manchester Children’s
Hospital (UK), Hospital Universitari
Infantil Vall d’Hebron (Barcelona,
Spain), University of Bari (Italy), Uni-
versity Hospital of Padua (Italy), Great
Ormond Street Hospital (London, UK),
Amsterdam UMC/University Amsterdam
(The Netherlands), the Royal Marsden
Hospital (Sutton, UK), Institut Gustave
Roussy (Villejuif, France), University
Hospital of Wales (Cardiff, UK), and the
University Medical Center Utrecht (The
Netherlands) reported on a study evaluat-
ing the frequency, staging, and survival
of pediatric patients with in-transit metas-
tases in distal extremity rhabdomyosar-
coma. In-transit metastases are defined as
metastatic lymph nodes or deposits
occurring between the primary tumor
and proximal draining lymph node basin.
The study included 109 patients (median
age, 6.2 y; range, 0-21 y) with extremity
rhabdomyosarcoma distal to the elbow or
knee and enrolled in the European Paedi-
atric Soft Tissue Sarcoma Group RMS
2005 trial between 2005 and 2016.
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Thirty-seven patients (34%) had lymph
node metastases at diagnosis, and 19 of
these had in-transit metastases, most in
the lower extremities. In 51 patients
who underwent '8F-FDG PET/CT, sus-
picious lymph nodes were detected in
24 (47%), with 14 of these having in-
transit metastases (solitary or in combi-
nation with proximal nodes). In the 58
patients not undergoing PET/CT, suspi-
cious lymph nodes were detected in 13
(22%), with in-transit metastases in 5.
At a median follow-up of 6.3 y (range,
2-12.5 y), 60 (55%) patients were in
first complete remission and 9 (8%)
were in remission after relapse. One
patient was alive with disease, and 37
(34%) had died (2 patients lost to fol-
low-up). The 5-y event-free survival
rates for patients with in-transit metas-
tases, proximal lymph nodes, or combi-
ned proximal/in-transit metastases were
88.9%, 21.4%, and 20%, respectively.
Corresponding 5-y overall survival
rates were 100%, 25.2%, and 15%. The
authors summarized their findings that
in-transit metastases constituted more
than 50% of all lymph node metastases
in this group of patients with distal
extremity rhabdomyosarcoma and that
I8E_.FDG PET/CT improved nodal sta-
ging by detecting more regional and in-
transit metastases. In addition, patients
with proximal (axillary or inguinal)
lymph node involvement appeared to
have worse prognoses. The authors ad-
vised that “popliteal and epitrochlear
nodes should be considered as true (dis-
tal) regional nodes, instead of in-transit
metastases,” recommending biopsy of
these nodes especially in distal extrem-
ity rhabdomyosarcoma of the lower

limb.
European Journal of Surgical
Oncology

Assessing 131l Capsule Activity
and Reducing Staff Exposure

Zuhayra et al. from the University
Hospital of Schleswig—Holstein (Germany)
reported on March 17 in Physica Med-
ica (2022;96:157-165) on a method
for estimating 13!1 capsule activity by
measuring the dose rate at contact of
the delivered lead-closed container

carrying the capsules and thereby esti-
mating radiation exposure. This method
was compared to that of conventional
131T capsule measurement using a dose
calibrator. The dose rate on the surface
of the closed lead container was mea-
sured at 2 locations and correlated
linearly with '3'T capsule activity mea-
sured in a dose calibrator to create
calibrating curves. The hand and whole-
body (effective) doses were determined
with official dose meters during valida-
tion of the proposed method in clinical
practice. The determination coefficie-
nts of linear calibration curves were
>0.9974. The total relative uncertainty
for estimating '3!'I capsule activity with
the proposed method was less than
+7.5%. The reduction of the hand dose
with the proposed method was 97% of
the conventional measurements of the
31T capsules by dose calibrators. The
authors summarized their findings that
“measuring dose rate on the surface of
the closed lead containers enables the
I31T capsule activity to be estimated sim-
ply, reliably, and with sufficient accu-
racy” to result in significant reduction of
radiation exposure for medical staff.
Physica Medica

68Ga-PSMA-11 PET/CT and
ADT Monitoring

In an article published on March 4
in Cancers (Basel) (2022;14[5]:1329),
Tseng et al. from the New Taipei Muni-
cipal TuCheng Hospital, Chang Gung
University School of Medicine (Tao-
yuan), and Linkou Chang Gung Mem-
orial Hospital (Taoyuan, all in Taiwan)
reported on a pilot study evaluating
68Ga—prostate-specific =~ membrane
antigen—11 (°®Ga-PSMA-11) PET/CT
findings in patients with advanced or
metastatic hormone-naive prostate can-
cer after 3 mo of androgen-deprivation
therapy. The prospective study in-
cluded 30 men with untreated stage 111
or IV disease scheduled to receive ther-
apy for at least 6 mo. Participants under-
went %Ga-PSMA-11 PET/CT imaging
before the start of therapy and at 10-14
wk. Response was assessed using a num-
ber of factors, including the modified
PET Response Criteria in Solid Tumors
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1.0, with a subgroup analyzed by Inter-
national Society of Urological Pathology
(ISUP) grade. After 3 mo of treatment,
all PET/CT variables indicated signifi-
cant reductions in disease, showing par-
tial response in 24 patients, complete
response in 2, stable disease in 2, and
disease progression in 2. In 16 patients
with ISUP grade 5, SUV . reduction
was less marked, and none reached com-
plete response. The authors concluded
that these pilot results indicated that
“68Ga-PSMA-11 PET/CT imaging holds
promise to monitor treatment response
after the first 3 mo of androgen-
deprivation therapy.”

Cancers (Basel)

PSMA-Guided Mets-Directed
Therapy in Oligometastatic PCa

Mazzola et al. from the IRCCS
Sacro Cuore Don Calabria Hospital
(Verona), the Azienda Ospedaliera Uni-
versitaria Careggi (Firenzi), University
of Florence, University and Spedali
Civili Hospital (Brescia), University of
Perugia, Humanitas University (Milan),
IRCCS Humanitas Research Hospital
(Milan), and the University of Brescia
(all in Italy) reported on March 9 ahead
of print in Clinical and Experimental
Metastasis on a multiinstitutional study
of prostate-specific membrane antigen
(PSMA)—guided metastases-directed ra-
diation therapy in patients with bone oli-
gometastatic prostate cancer. The study
included 40 men with 56 bone oligome-
tastases detected by PSMA-based PET
and with no concurrent androgen-
deprivation therapy. Oligometastatic
disease presented as a single lesion in
28 patients, 2 lesions in 9 patients, 3
lesions in 2, and 4 lesions in 1 patient
(30.3% spine metastases, 69.7% non-
spine metastases). All patients under-
went stereotactic body radiation
therapy (SBRT) with a median dose of
30 Gy (range, 24-40 Gy) in 3-5 frac-
tions. Over a median follow-up of 22
mo (range, 2-48 mo), 1- and 2-y local
control rates were 96.3% and 93.9%,
respectively, with corresponding dis-
tant progression-free survival rates of
45.3% and 27%. Additional analyses
showed that the lower prostate-specific



antigen values after radiation were sig-
nificantly related to distant progres-
sion-free survival. Seven patients were
directed to a second radiation course
with concurrent androgen-deprivation
therapy, and 11 patients with polymeta-
static spread received androgen depriva-
tion alone. A lower number of treated
oligometastases was correlated with hi-
gher androgen-deprivation—free survival
rates. The authors concluded that PSMA
PET—guided SBRT “resulted in excel-
lent results in terms of clinical outcomes,
representing a helpful tool with the aim
to delay the start of androgen-deprivation
therapy.”

Clinical and Experimental Metastasis

Bone Marrow Activation,
Metabolic Syndrome, and Early
Atherosclerosis

In an article published on March 11
ahead of print in the European Heart
Journal, Devesa and a consortium of
investigators from Madrid (Spain) and
New York (NY) reported on a study of
the associations between cardiovascular
risk factors, bone marrow activation, and
subclinical atherosclerosis. The study
included 745 apparently healthy individ-
uals (624 men, 121 women; median age,
50.5 y, range, 46.8-53.6 y) from the
Progression of Early Subclinical Athero-
sclerosis study. Participants underwent
whole-body vascular '®F-FDG PET/MR
imaging. Bone marrow activation (tracer
uptake above the median SUV,,,,) was
assessed in the lumbar vertebrae (L3—
L4), and systemic inflammation was
evaluated from circulating biomarkers.
Early atherosclerosis was assessed by
18F-FDG uptake in 5 vascular territories,
and late atherosclerosis was assessed by
fully formed plaques on MR imaging.
Men were more likely than women to
have bone marrow activation (87.6%
and 80.0%, respectively) and to have
metabolic syndrome (22.2% and 6.7%,
respectively). Bone marrow activation
was significantly associated with all
metabolic syndrome characteristics, with
increased hematopoiesis, and with mar-
kers of systemic inflammation, including
high-sensitivity C-reactive protein, ferri-
tin, fibrinogen, P-selectin, and vascular

cell adhesion molecule-1. In a subgroup
of participants with no systemic inflam-
mation, bone marrow activation remained
correlated with metabolic syndrome and
increased erythropoiesis. The coexis-
tence of bone marrow activation and
arterial '8F-FDG uptake on PET was
associated with more advanced plaque
presence on MR imaging. The authors
summarized their findings that in “ap-
parently healthy individuals, bone mar-
row '8F-FDG uptake is associated with
metabolic syndrome and its compo-
nents, even in the absence of systemic
inflammation, and with elevated counts
of circulating leucocytes.” In addition,
bone marrow activation was associated
with early atherosclerosis, characterized
by high arterial metabolic activity on
PET, and appeared to be an early phe-
nomenon in atherosclerosis development.

European Heart Journal

Pediatric Multisystem
Inflammatory Syndrome After
COVID-19

Astley et al. from the University of
Sao Paulo/University of Sao Paulo
School of Medicine (Brazil) reported
in the March issue of Physiological
Reports (2022;10[5]:e15201) on a case
series of 5 pediatric survivors of multi-
system inflammatory syndrome after
COVID-19 infection (3 girls, 2 boys;
median age, 9; range, 7-18 y). The
researchers evaluated the children at a
mean follow-up of 1.9 mo (range,
1.3-6.2 mo) with '*N-ammonia PET/CT
assessment of myocardial blood flow,
standard echocardiography, brachial
flow—mediated dilation using Doppler
ultrasound, a maximal cardiopulmo-
nary exercise test, and blood markers
(C-reactive protein, D-dimer, fibrino-
gen, and troponin-T). At follow-up, 2
patients showed severe perfusion de-
fects in the left ventricular cavity, sug-
gesting extensive myocardial ischemia
(myocardial blood flow <2.0), and 1
showed persistent mild pericardial
effusion. Another 2 patients showed
endothelial dysfunction. None of the
patients had chronic conditions predat-
ing their COVID hospitalizations. All
patients had findings that indicated

impairment in cardiorespiratory and
oxidative metabolism during physical
exercise with consistently lower than
predicted values. The authors summa-
rized their findings that this small-
group study suggested that previously
healthy pediatric patients had impaired
myocardial blood flow, endothelial dys-
function, and lower cardiopulmonary
capacity at follow-up after multisystem
inflammatory syndrome associated
with COVID-19. They added that addi-
tional exploration of their assessment
techniques might aid in clinical deci-
sion making for these patients.
Physiological Reports

PET/CT and Sarcopenia in
Elderly Mantle Cell Lymphoma

In an article in the February 23
issue of the Journal of Clinical Medi-
cine (2022;11(5):1210), Albano et al.
from the ASST Civil Brescia, the Uni-
versity of Brescia, and the ASST Val-
camonica Esine (all in Italy) reported
on a comparative study of the prognostic
roles of '8F-FDG PET/CT and CT-esti-
mated sarcopenia in elderly individuals
with mantle cell lymphoma. Fifty-three
patients (39 men, 14 women; average
age, 72.7 y) were included. All partici-
pants underwent PET/CT before and at
the end of their institutions’ standard
chemotherapy regimens. Metabolic res-
ponse was assessed at end-of-treatment
PET/CT using Deauville scores. Sarco-
penia was assessed as skeletal muscle
index derived from low-dose PET/CT
images at the L3 level, with specified
cutoffs. Thirty-two (60%) patients were
defined as sarcopenic. The 3- and 5-y
progression-free survival rates were 29%
and 23%, respectively. The correspond-
ing overall survival rates were 43% and
33%. At a median follow-up of 50 mo,
disease progression or relapse was docu-
mented in 37 patients (70%, average
time of 17.2 mo; range, 2—62 mo); 26
of those patients had died. Metabolic re-
sponse, total metabolic tumor volume,
total lesion glycolysis, and sarcopenia
were all found to be independent prog-
nostic factors for progression-free sur-
vival, although no variable was correlated
with overall survival. The authors
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concluded that baseline evaluation of
CT and PET may help to define sarco-
penia in elderly patients with mantle
cell lymphoma.

Journal of Clinical Medicine

Apatinib in 131I-Refractory DTC

In an article in the February 23 issue
of Frontiers in Endocrinology (Lausa-
nne), Du et al. from Affiliated Cancer
Hospital of Zhengzhou University/Henan
Cancer Hospital (Zhengzhou, China) and
People’s Hospital of Changshou District
(Chongqing, China) described their expe-
rience using apatinib in a group of
patients with radioiodine-refractory dif-
ferentiated thyroid carcinoma (DTC).
The study included 47 patients (19 men,
28 women; mean age, 55.8 y; range,
48-68 y) who received 500 mg of apati-
nib daily for a 4-wk cycle. Participants
underwent CT or MR imaging at 4 and
8 wk after initiation of treatment and
every 8 wk thereafter. Although no pa-
tients achieved complete response, 36
(76.6%) achieved partial response and
8 (17.0%) saw stable disease, respecti-
vely. The objective response and dis-
ease control rates were 76.6% and
93.6%, respectively. The median pro-
gression-free and overall-survival rates
were 18 and 59 mo, respectively. Of
the 91 adverse events documented, 21

were grade 3 or higher. The authors con-
cluded that apatinib has distinct efficacy
in radioiodine-refractory DTC in terms
of objective response rates and progres-
sion-free and overall survival, with a
favorable safety profile.
Frontiers in Endocrinology
(Lausanne)

Reviews

Review articles provide an impor-
tant way to stay up to date on the latest
topics and approaches through valuable
summaries of pertinent literature. The
Newsline editor recommends several
general reviews accessioned into the
PubMed database in February and
March. Roussel et al. from University
Hospitals Leuven (Belgium), the San
Raffaele Scientific Institute (Milan,
Italy), Fox Chase Cancer Center/Temple
University Health System (Philadelphia,
PA), Radboud University Medical Cen-
ter (Nijmegen, The Netherlands), Uni-
versity of Texas Southwestern Medical
Center (Dallas, TX), the Johns Hopkins
University School of Medicine (Balti-
more, MD), and the University of
Pittsburgh School of Medicine (PA)
published “Novel imaging methods
for renal mass characterization: A
collaborative review” on February 22
ahead of print in European Urology.
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Karapanou et al. from the General
Military Hospital of Athens, Evangel-
ismos Athens General Hospital, and Alex-
andra Hospital Athens University School
of Medicine (all in Greece) provided an
overview of “Advanced RAl-refractory
thyroid cancer: An update on treatment
perspectives” on March 1 ahead of print
in Endocrine-Related Cancer. In an article
in the February 25 issue of Frontiers in
Endocrinology (Lausanne), Mortis et al.
from the National Institutes of Health
Clinical Center (Bethesda, MD) reviewed
“Parathyroid imaging: Past, present, and
future.” Alzghoof et al. from Amsterdam
UMC/Vrije Universiteit (The Netherlands)
and the University of Turku (Finland)
summarized “o-Synuclein radiotracer de-
velopment and in vivo imaging: Recent
advancements and new perspectives”
on March 15 ahead of print in Move-
ment Disorders. Giovanella et al. from
the Imaging Institute of Southern
Switzerland/Ente  Ospedaliero Canto-
nale (Bellinzona, Switzerland), the Uni-
versity of Turin (Italy), University
Hospital of the European University
(Limassol, Cyprus), the University of
Messina (Italy), and the University Hos-
pital Center Sestre Milosrdnice (Zagreb,
Croatia) reported in the March 1 issue
of Cancers (Basel) (2022;14[5]:1272)
on “Molecular imaging and theragnos-
tics of thyroid cancers.”
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Translational Cancer Research Priorities and the Role of

Molecular Imaging

A Conversation Between Chi Van Dang, Elizabeth Jaffee, and David Mankoff

Chi Van Dangl, Elizabeth Jaffee®, and David Mankoff’

! Johns Hopkins, Baltimore, Maryland; ’National Institutes of Health, Bethesda, Maryland,; and j’University of Pennsylvania,

Philadelphia, Pennsylvania

David Mankoff, associate editor for The Journal of Nuclear
Medicine, talked with Chi Van Dang and Elizabeth Jaffee about
their leadership in guiding national priorities for translational can-
cer research and their perspectives on the role of molecular imag-
ing and theranostics.

Dr. Dang is the scientific director of the Ludwig Institute for
Cancer Research (New York, NY), where he oversees the execu-
tion of Ludwig’s scientific strategy to advance the prevention,
diagnosis, and treatment of cancer. He is also a professor of
Molecular and Cellular Oncogenesis at the Wistar Institute Molec-
ular and Cellular Oncogenesis Program (Philadelphia, PA). His
work focuses on cancer cell metabolism, and his laboratory estab-
lished the first mechanistic link between the MYC cancer gene
and cellular energy metabolism. Dr. Dang is a national leader in
cancer research, including roles as former director of the Univer-
sity of Pennsylvania’s Abramson Cancer Center, former National
Cancer Institute (NCI) Board of Scientific Advisors chair, and
member of the Blue Ribbon Panel for the Biden Cancer Moonshot
Initiative. He is the current editor-in-chief of Cancer Research and
cochair of the NCI Clinical Trials and Translational Research
Advisory Committee (CTAC) Translational Research Strategy
Subcommittee.

Dr. Jaffee runs a National Institutes of Health—funded laboratory
dedicated to developing novel therapies for pancreatic cancer and
has more than 200 peer-reviewed publications. She serves as the
deputy director of the Sidney Kimmel Comprehensive Cancer
Center at Johns Hopkins (Baltimore, MD), where she is a profes-
sor of oncology. She is also the inaugural director of the new
Johns Hopkins Cancer Convergence Institute, which aims to marry
emerging technologies with computational biology and to cross-
train scientists in biology and data science. She has served on
numerous national committees, including as chair of the National
Cancer Advisory Board, cochair of the Blue Ribbon Panel of the
Cancer Moonshot Initiative, and as president of the American
Association for Cancer Research (AACR). She was elected to the
National Academy of Medicine and is a fellow of the American
College of Physicians, the AACR, and the Society for Immuno-
therapy of Cancer Academy of Immuno-Oncology.

Dr. Mankoff: What are the major accomplishments of the Can-
cer Moonshot Program thus far? What areas still have work to be
done?

COPYRIGHT © 2022 by the Society of Nuclear Medicine and Molecular Imaging.
DOI: 10.2967/jnumed.122.264086

Dr. Jaffee: There were 10 original re-
commendations for prioritizing research
funds. These spanned basic discovery to
implementation science and included
new technology and data science plat-
forms, with emphasis on health disparities
throughout all priorities. In the relatively
short time since this program was funded
(5 y), there has been implementation of
NCl-supported and -guided multicenter
consortiums and programs in most areas,
including discovery science in previously
underfunded cancers such as glioblas-
toma, pancreatic cancer, and pediatric
cancers; investment in translational and
clinical studies; new and enhanced imple-
mentation studies (colorectal cancer as
one example); and increased funding op-
portunities in health disparities through
RO1s, Specialized Programs of Research
Excellence, etc. We are already seeing
measurable outcomes, such as Human
Tumor Atlas data uncovering new path-
ways in different tumor types, new multi-
center clinical trials, etc.

Dr. Dang: There are already some clearly tangible results from
the Moonshot Program. I think one important result that the NCI
has been able to accomplish is to create networks of investigators
who can come together to work on specific issues. For example,
the Moonshot has created immunology and immune oncology net-
works. These networks have worked to standardize immunooncol-
ogy reagents and assays for translational and clinical research and
will play a large role in translational research and advancements in
immune oncology research and clinical practice. Another area that
has advanced well is the Human Tumor Atlas via the network that
was created. This network is now generating several very nice
papers on mapping human tumors at the single-cell level, includ-
ing single-cell imaging and sequencing. That’s another tangible
accomplishment of the Moonshot Program.

Dr. Mankoff: I noted your February 2021 Cancer Moonshot 2.0
commentary in Lancet Oncology (2021;22:164—165), which called
for a new Cancer Moonshot Commission to follow up the prior
Commission report published in 2017. What are the priorities for
that new commission? Are there specific areas of cancer science
and technology you anticipate prioritizing?

Chi Van Dang, MD, PhD

Elizabeth Jaffee, MD
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Dr. Jaffee: Data science—all aspects—require critical invest-
ments. Multiomic, single-cell, and imaging technologies are rap-
idly expanding and generating unprecedented quantities of data
that will require new approaches for safe storage that can handle
large quantities of data, processing, and analyzing. In addition, we
emphasized development and implementation of new forms of
health-care technologies to improve health-care access and real-
time assessment in changes in disease states.

Dr. Dang: I agree. We have a ton of clinical data, and research-
ers and research organizations such as NCI should help support
work to leverage these data. People are really starting to use
machine learning and artificial intelligence to discern features in
clinical data that will inform both cancer research and oncologic
clinical practice. Imaging should be a priority here. Whether it’s
digital pathology or radiology, imaging is obviously a natural fit
for data science methods.

Dr. Mankoff: I was delighted that the 2017 Lancet Oncology
Commission report included a section on nuclear medicine and
molecular imaging. In that section, there are several priorities
put forth on using imaging to guide therapy, combining in vitro
and in vivo diagnostics, using big data and image analytics to
inform cancer decision making, advancing theranostic treatments,
creating clinical decision models to guide the use-effective and
cost-effective imaging in cancer care, and streamlining regula-
tory, payment, and clinical integration for molecular imaging and
theranostics. Which of these areas have seen progress, and which
need more work?

Dr. Jaffee: Imaging should continue to be a high priority. We
need to do better with molecular imaging to help guide molecular-
based diagnosis and treatment response and resistance. I am very

imaging playing a role in helping us identify and measure factors
mediating tumor plasticity and related therapeutic resistance.

Dr. Mankoff: Theranostics, a term used to describe radionuclide
therapy and paired companion imaging diagnostics, has gotten
considerable notice recently, with notable advances in neuroendo-
crine tumors and prostate cancer, for example. From your view-
points, how does theranostics fit into the future of cancer research
and cancer care?

Dr. Dang: [ would say that this is a great field. There are still a rela-
tively small number of agents in the clinic, but it would be good to
bring theranostics to greater public attention and say: “Look, these
agents make a difference in the clinic.” I think you may be doing this
already through the SNNMI, but more public awareness of the suc-
cess of radioisotope therapy across a range of venues will help. 1
would love to see more Food and Drug Administration—approved
agents, but at the same time you need to increase the pipeline. This
means you need more funding to work on this area for new targets
and to provide proof of concept for these targets. There is some new
cancer science that may help this process. For example, can you probe
proteomics to identify targets with sufficient differences in surface
proteomes between tumors and normal tissue, so that you can hit the
target and deliver a therapeutic radioisotope payload? This is a pro-
cess that can be informed by advances in proteomic methods along
with advances in science and technology in pairing diagnostic and
therapeutic radiopharmaceuticals. This type of approach could yield
new targets and agents. I’d love to see more theranostics approved.

Dr. Mankoff: Liz, another area of emphasis in molecular imag-
ing has been in immune-specific imaging. As a cancer immuno-
therapy leader, what are the priorities for diagnostics in the field,
and how can molecular imaging help?

“Imaging should continue to be a high priority. We need to do better with molecular imaging to help guide
molecular-based diagnosis and treatment response and resistance.”

excited to be working with my nuclear medicine colleagues on
developing immune-targeted imaging approaches. Imaging can
also help us understand cancer development and progression. Inva-
sive biopsies are not easy to obtain, and serial analysis is difficult.
Nuclear medicine can provide new ways to do “noninvasive”
molecular analyses over time to study cancer development and
evolution. Finally, moving to interception, we need new ways to
uncover early premalignant changes to intervene early with sur-
gery, immunotherapy, targeted therapies, etc.

Dr. Dang: We need to prioritize funding for people to do more
research on image analysis and new imaging technology. For exam-
ple, we have come to understand—more and more every day—the
importance of the tumor microenvironment: how the immune sys-
tem impacts tumor behavior and response to treatment. Can we
image and quantify regional tumor microenvironmental properties?
For example, tumor-associated macrophages are increasingly rec-
ognized as a factor in tumor initiation and progression, and it would
be helpful to be able to not only identify them, as has been done in
early studies, but to characterize their phenotypes and behavior in
response to treatment. It would be lovely to develop more tools for
imaging these phenomena in vivo and for guiding immune oncol-
ogy practice. Another area of need is in the issue of tumor plasticity
and the role of metabolism and epigenetics in mediating changes in
tumor behavior, including things such as dormancy. These are still
areas we don’t completely understand. As we learn more, I can see

638

Dr. Jaffee: As per my answer on imaging priorities, I think the
ability to identify immunotherapy targets and assess immune acti-
vation will be important components of the ongoing development
and refinement of immune-directed cancer therapies and could play
an important role in guiding cancer immunotherapy in the clinic.

Dr. Mankoff: Chi, in addition to your role in the Cancer Moon-
shot, you've helped lead efforts on translational research on major
NCI advisory panels, including serving as coleader on the CTAC
Translational Research Strategy Subcommittee. From this view-
point, what are some areas of translational research priority
where nuclear medicine can play an important role?

Dr. Dang: One priority to address is imaging across the scale
from microscopic images to images that encompass the whole
body. In the future, could we see coregistration of histologic
section/tissue assay data with the type of macroscopic imaging
data that come from medical imaging? Can advances in imaging
technology, at all scales and together with machine learning and
data science, help us here? For example, in the immune microenvi-
ronment, can we relate measures of immune cells, such as M1 and
M2 macrophages and different classes of T cells, to features on a
PET or CT scan at the site of tissue sampling and use that
approach to enrich what can be learned from both microscopic and
macroscopic imaging to help guide immune-targeted therapy?

Related to this question, is it possible to get more than one
parameter at a time out of molecular and functional imaging?
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Cancer tissue samples undergo increasing numbers of assays for a
range of molecular processes relevant to diagnosis and treatment.
Advancing technologies for tissue analysis are making multi-
plexed assays easier and more efficient. Can imaging do the same
thing? 1 know, Dave, that you are working on multiple tracer
injections to measure cancer metabolism as part of your Cancer
Moonshot-funded effort, as are others in the field. I don’t know
what factors limit your ability to image multiple processes, but
can you push molecular imaging to yield information on a greater
number of molecular features at the same time?

Dr. Mankoff: You have both emphasized integration and collab-
oration in cancer research. How can nuclear medicine play a role
in this effort? Through technology integration efforts? Through
specific areas of collaboration with cancer biology, oncology, or
radiation oncology research efforts?

Dr. Jaffee: Nuclear medicine is central to multiinvestigator
translational science. A major limitation in understanding disease
development, progression, and response to new therapies is the lack
of noninvasive techniques that can be used safely and repeatedly to
get data. Molecular targets for nuclear medicine need to be identi-
fied, as well as new ways to assess functional changes in tumors
that are specific to pathway changes. These need to be prioritized.

Dr. Dang: I have also been impressed that nuclear medicine
can be foundational in translational research. This is an area in
which more formal inclusion of nuclear medicine in guiding can-
cer translational research would be helpful. You’ve done some of
this, Dave, as a member of the NCI CTAC Translational Research
Subcommittee that I colead, and I know others in nuclear medicine
have had similar roles in other NCI research groups. I think
nuclear medicine and cancer leaders should look for even more

changers. We are able to quickly uncover and assess changing can-
cer signals with the tumor microenvironment to understand cancer
development and progression, cancer heterogeneity, and cancer
sensitivity and resistance to different therapies. This is already
allowing us to improve patient-specific treatments, develop more
effective and less toxic drugs, and consider interventions at earlier
cancer stages and even at the precursor stage.

Dr. Dang: | have a related answer. I suspect I’'m going to be
wrong about this, but I think that over the last several decades, the
major hubs of cancer biology have been identified. We know what
the hubs are; now we need to better understand how they connect.
We know that epigenetic modifiers play a big role. But now what
we are confronting is a complex network with major hubs that
have modifiers tugging on them. What matters in the clinic is
whether a system of cancer biology hubs is going to collapse
under the weight of a specific therapeutic approach or is robust
enough to resist treatment. We are starting to confront this com-
plexity, in that we realize that we need to really understand the
complexity of the tumor, its microenvironment, and the related
systems biology of the host. But we need more tools for this task.
I think this is the most important remaining challenge in cancer
research: to be able to understand in vivo cancer biology across
the scale from fundamental molecular processes to integration of
biologic systems across the whole body. I think nuclear medicine
can help here.

Dr. Mankoff: Do you have any other advice or suggestions for
nuclear medicine scientists and physicians working in cancer
research?

Dr. Dang: My big push right now is team science, especially in
my role as scientific director of the Ludwig Institute. I realize that

“We need to prioritize funding for people to do more research on image analysis and new imaging technology.”

opportunities to bring nuclear medicine expertise to the organiza-
tion that guide translational cancer research.

Dr. Mankoff: The Cancer Moonshot Blue Ribbon Panel and
Lancet Oncology Commission reports both emphasized a need for
improved training in cancer research. For highly specialized and
technical fields such as ours, how might this be best accom-
plished? Any advice on how we can best train the next generation
of imaging/nuclear cancer research leaders?

Dr. Jaffee: We need to cross-train the next generation on tech-
nologies, biology systems, and data science. Organizations such as
AACR can be helpful in providing national education platforms.
Collaborations between different national and international socie-
ties would be a great first step.

Dr. Dang: Imaging will be one area in which we want to train
both basic and clinical scientists who really are interested in mak-
ing a difference in the clinic. This should continue to be empha-
sized in both clinical and research training in nuclear medicine,
across all relevant areas of expertise in the field.

Dr. Mankoff: What are the next game changers in cancer
research? How can we best support advances in these areas?

Dr. Jaffee: Single-cell and spatial technologies and their associ-
ated analytic platforms including artificial intelligence are game

individual investigators have their own labs and are a force for
innovative, completely new ideas. We want to continue to encour-
age this innovation. However, I think translating lab discoveries to
the clinic for the benefit of patients requires team science. We
need to create more incentive for people to collaborate. As an
interesting example of a novel approach, one idea that I posed jok-
ingly in a talk I gave was the idea of a “circular” author list for
scientific papers—no beginning and no end to the author list. Kind
of a crazy idea, but library science might be able to handle this.

As another example, | mentioned artificial intelligence and data
science earlier, an area that most cancer biologists know very
well. How can we bring together these 2 distinct areas of biology
and technology? Nuclear medicine has always lived at the inter-
section of technology and clinical biology and can perhaps help
lead this charge.

Dr. Mankoff: Liz and Chi, thanks so much for taking the time
to have this conversation. I know that, as leaders in cancer
research and major cancer research organizations, you are both
extraordinarily busy. I and the readers of The Journal of Nuclear
Medicine greatly appreciate your thoughts about priorities for
translational cancer research and the role of nuclear medicine
and molecular imaging. Thank you both!
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Fluorescence imaging is an emerging imaging technique that has
shown many benefits for clinical care. Currently, the field is in rapid
clinical translation, and an unprecedented number of clinical trials are
performed. Clinicians are inundated with numerous opportunities and
combinations of different imaging modalities. To streamline this pro-
cess, a multidisciplinary approach is needed with drug discovery, soft-
ware and systems engineering, and translational medicine. Here, we
discuss the main constituents of a uniform fluorescence imaging pro-
tocol to match the clinical need and ensure consistent study designs
and reliable data collection in clinical trials. In an era in which the
potential of fluorescence imaging has become evident, consistent
conduct of studies, data analysis, and data interpretation is essential
for implementation into the standard of care.

Key Words: optical; research methods; clinical translation; fluores-
cence imaging; molecular imaging; optical imaging
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Wide—ﬁeld fluorescence imaging (FI) is a rapidly evolving
imaging technique. By probing optical contrast, FI visualizes biochem-
ical, physiologic, or pathophysiologic processes that human vision
cannot detect (/). In medicine, and specifically in surgery, the poten-
tial of FI has been shown for nontargeted indications such as assess-
ment of tissue perfusion, retinal vasculature, and sentinel lymph node
mapping (2-5). Efforts to improve the specificity of the signal have
led to the development of targeted FI for the detection of malignant
or premalignant lesions and locoregional metastases (e.g., lymph node
or peritoneal metastases), delineation of tumor margins, evaluation or
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prediction of treatment response, and, more recently, visualization of
critical anatomic structures, such as nerves (6—10). Although the field
has grown exponentially in FI camera system performance and fluo-
rescent tracers, broad implementation into the standard of care has not
yet been established (17-13).

Currently, the first phase II and III trials are being reported—
overviews of currently ongoing clinical trials have been presented
recently (/2,14), and the first Food and Drug Administration break-
through therapy designation has been assigned for use in breast
cancer surgery (/5). As such, the number of clinicians having
access to FI camera systems (e.g., surgical robot—assisted sys-
tems with incorporated FI) is also rapidly increasing. Choosing
the appropriate imaging approach for a clinical problem is based
on the strengths and weaknesses of the available FI imaging sys-
tems and fluorescent tracers. This requires a basic understanding
of the underlying physics of FI and the chemistry of the fluores-
cent tracers used.

Swift implementation of FI into the standard of care requires a
multidisciplinary approach, which is especially important when
conducting a clinical study with FI. We strongly advise clinicians
to partner with FI experts (e.g., engineers, physicists, and chemists)
in early phases of trial design. The fluorescent tracer and FI camera
system must be chosen carefully. Perhaps most importantly, it
requires the users to be cognizant of both the drug and device limi-
tations for clinical use. The protocol should result from multiple
constituents, such as clinical indication, applied FI camera system,
target moiety, signaling compound, standardized imaging acquisi-
tion, data processing, and, finally, image interpretation. An inade-
quate imaging approach leads to a flawed clinical trial or individual
imaging procedure but, more importantly, comes with unnecessary
patient risk and societal burden. These risks include elongated
anesthesia and operation time, unnecessary health-care costs, and
exposure to novel compounds without a fully elucidated pharmaco-
logic profile.

Clinical FI studies should be based on a scientifically substanti-
ated imaging approach that relies on the cornerstones of science,
standardization, and reproducibility. This paper aims to provide a
guideline for clinicians who want to perform wide-field FI trials
that lead to clinical implementation or for translational research
and development.
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DEFINING THE CLINICAL INDICATION AND IDENTIFYING THE
APPROPRIATE TARGET

The driving motivator for a new trial is a clinician with a clinical
challenge and the desire to test a new optical imaging approach,
potentially leading to the birth of a new relevant application. In
contrast to radiographic imaging techniques, FI can be seamlessly
integrated into the standard of care. It relates directly to the sur-
geon’s vision and uses portable and relatively low-cost instrumen-
tation, nonionizing radiation, and real-time feedback (/6). Yet, the
clinician needs to think of the clinical value and practical issues.
For example, an urgent surgical procedure requires fluorescent trac-
ers that accumulate rapidly at the target site.

When such practical issues have been addressed, a more refined
imaging approach can be developed (Fig. 1). FI imaging in the visi-
ble spectrum (e.g., fluorescein or methylene blue) is often not suffi-
cient because of its low penetration depth resulting from strong
photon absorption in this spectrum. Most clinical indications
require assessment of subsurface structures (i.e., >1 mm), with the
absorption and scattering of light being the main limiters of pene-
tration depth. The user should be aware of the tissue of interest’s
optical properties (i.e., scattering and absorption) and its impact on
light propagation (/7). Tissue types exhibit specific optical proper-
ties; for example, more absorption occurs in a highly vascularized
liver than in muscle tissue. Penetration depth can be improved by
imaging in the near-infrared window (i.e., 750-1,700 nm). This
spectral region benefits from reduced scattering and lowest absorp-
tion by tissue chromophores (e.g., hemoglobin and water). A criti-
cal note here is that the signal is heavily surface-weighted because
of light attenuation in tissue (i.e., absorption and scattering) and
that the spatial resolution decreases with depth because of scatter-
ing (Fig. 2) (18).

When the user is aware of the tissue of interest’s optical proper-
ties, the biochemical phenomenon or the physiologic or patho-
physiologic process should be concretized. All possible targets,
including biomarkers and phenomena or processes, should be
examined to determine which is most suitable for localization or
evaluation of the target tissue. For example, one can image breast

NOTEWORTHY

B An Fl protocol results from multiple constituents, such as
clinical indication; applied FI camera system; target moiety;
signaling compound; and standardized image acquisition,
data processing, and image interpretation.

B Benchmarking of camera systems is required for intercompar-
able data since results are greatly affected by characteristics
such as camera detection sensitivity, depth sensitivity, field
illumination homogeneity, exposure time, resolution, and
dynamic range.

B Imaging procedures must be standardized regarding tracer
administration, working distance, incident angle, and ambient
light.

B Clinical acceptance of Fl requires standardized and reproduc-
ible clinical data based on an imaging approach that relies on
the cornerstones of science: standardization and
reproducibility.

B The discriminatory power of a tracer for a certain indication should
be reported using the CNR ratio, and images should be presented
using perceptually uniform science-derived color maps.
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Define clinical aim
Multidisciplinary team: clinician, chemist, engineer, physicist

Determine target Tracer Device
Depth of tissue of
interest
Microscopic
distribution
Presence in tissue
of interest

Modality
open/laparoscopic
Wavelength
specificity
Sensitivity
Dynamic range
Resolution

Targetad/Non-
targeted
Emission peak
Tissue optical
properties
Route of
administration

Obtain phantom measurement
Repeat before every Imaging procedure

Camera settings

Camera setup

Working distance
Angle of
lliumination

3. Ambient light

Exposure time 1.
Light intensity 2.
Binning

Gain

Record raw data

Data analysis and reporting
Calculate contrast-to-noise ratio and use perceptually uniform colour map

FIGURE 1. Checklist for performing in vivo FI studies. Step-by-step
approach is used to ensure standardized and reproducible FI clinical trial,
including trial design, imaging acquisition, data analysis, and reporting
results. First, clinician involved should define clear and specific clinical aim
in close cooperation with chemist, engineer, and physicist. Team then
defines biologic target with microscopic distribution and required penetra-
tion depth in mind. Tracer must match target and should be selected on
basis of targeted or nontargeted approach, tracer’s emission peak, tissue
optical properties, and administration route. Simultaneously, device emis-
sion and excitation filters must match tracer’s wavelength. Also, form fac-
tor should be determined, along with desired resolution, sensitivity to light,
and dynamic range. Before every imaging procedure, phantom measure-
ments should be obtained to evaluate performance characteristics over
time. User should set camera settings such as exposure time, binning,
gain, and emission light intensity, and data should be recorded without
any preprocessing. Moreover, camera setup should be identical in every
procedure, with respect to working distance, angle of illumination, and
ambient light levels, to compare results across patients. After data analy-
sis, performance of fluorescent tracer and imaging device combination
should be reviewed on basis of CNR ratio. Images should be processed
using perceptually uniform color maps.

cancer through visualizing nonspecific intratumoral phenomena
(e.g., enhanced permeability and retention effect), a specific cell
membrane—bound receptor, or a pathophysiologic phenomenon in the
tumor microenvironment. Methods for target selection have been
reported previously (19,20). Briefly, the potential target should prevail
in the target tissue compared with directly adjacent tissue, benefiting
high binding sensitivity and specificity as well as improving the con-
trast. Target expression is commonly determined by immunohisto-
chemistry. However, it is increasingly questioned whether the target
is representative of the complete tumor because of tumor heterogene-
ity and variations in target expression over time. Data-driven methods
based on genomic alterations are studied to identify and prioritize rel-
evant targets for clinical trials (27). In addition, many targets (e.g.,
cell membrane receptors) are present in a microscopically heteroge-
neous pattern. For solid tumors that require wide local excision, the
latter does not per se impede guiding the surgeon in tumor resection
since the margin is of primary interest (22—-24). In contrast, in
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FIGURE 2. Basic principles of fluorescence and tissue optical properties.
Fluorescent contrast generation starts with illuminating tissue at appropri-
ate wavelength for excitation of fluorophore (i.e., endogenous or exoge-
nous contrast). Fluorophore is excited from ground state to excited state
by short-lived light absorption. Immediately after excitation, fluorophore
relaxes to lower energy state and emits light of lower energy and longer
wavelength than excitation light. Emitted light propagates out of tissue and
is detected by fluorescence detector, which converts recorded light into
image demonstrating number of photons detected. Light propagation and
imaging depth are limited by tissue optical properties. Absorption causes
light energy to be transferred to tissue, decreasing light intensity. Scatter-
ing is process of short-lived absorption of photon (typically) without energy
loss but with change of initial direction. Also, scattering decreases ability to
distinguish details. If there is no correction for tissue optical properties, sig-
nal registered is rather qualitative than quantitative.

debulking surgery procedures (e.g., glioblastoma surgery), homoge-
neous contrast is of clinical importance since microscopic residues
should be identified in order to excise all tumor tissue (25,26).

a certain concentration of a specific contrast (i.e., fluorescent dye
and corresponding emission wavelength). This determination should
be made for every combination of an FI camera system and a fluo-
rescent tracer since the system’s foremost influential characteristic is
the sensitivity to the fluorescent tracer’s emission peak. Commer-
cially available FI camera systems are equipped with specific nar-
row-band optical filters. A mismatch between the optical filters and
the fluorescent tracer results in a low fluorescence intensity and
could lead to an erroneous conclusion that a fluorescent tracer dose
or microdose does not accumulate in the region of interest since the
contrast-to-noise ratio (CNR) is low (Fig. 3B).

Depth sensitivity is the ability to measure fluorescent signal at a cer-
tain depth. This is largely dependent on the type of light (i.e., coherent
or noncoherent) and the wavelength-specific penetration depth of the
excitation light. Ideally, devices should evolve to account for this auto-
matically, yet the user should be aware for each clinical application of
interest (27). For margin assessment, the imaging depth may vary
among different tumors, since the definition of an adequate margin is
different. Head and neck cancer requires a tumor-free margin of at
least 5 mm, whereas for breast cancer this is at least 1 mm. Although
the penetration depth of light increases with longer wavelengths (i.e.,
near-infrared versus visible spectrum), this does automatically translate
to increased measurement depth. When deeper tissues are imaged
because of increased scattering, the discrimination between target and
surrounding tissue is impaired because of a decreasing CNR with
imaging depth (i.e., low depth sensitivity) (Fig. 2).

Field homogeneity describes how uniformly the region of inter-
est is illuminated. Inhomogeneous field illumination can lead to
over- or underestimation of the fluorescent signal throughout the
field of view. Perfect field homogeneity is rarely achieved in prac-
tice, and only a few FI camera systems have implemented algo-
rithms to improve field homogeneity. Most systems, especially
endoscopic ones, have highly inhomogeneous light fields that lead
to steep intensity fall-off toward the edge of the field. The user should
validate the field homogeneity before every imaging procedure using

SELECTION OF THE APPROPRIATE
IMAGING MODALITY

High dynarma range

When selecting FI camera systems for a
clinical trial, the system’s form factor must
fit in the expected clinical setting. For
instance, in oral cancer, tumors can be
visualized using an open system, but perfu-
sion assessment during minimally invasive 8
surgery requires a laparoscopic system.
Next, the user should be aware of the sys-
tem’s performance characteristics to obtain
the desired imaging data, as these parameters
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should focus on those that directly influence :

imaging data, such as the camera detection
sensitivity to the desired tracer, depth sensi-
tivity, field illumination homogeneity, spa-
tial and temporal resolution, and dynamic
range. These minimum requirements for
these parameters should be fine-tuned for a
specific imaging study, preferably in coop-
eration with an engineer and a physicist.
The camera detection sensitivity describes
the ability of an FI camera system to detect
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FIGURE 3. Potential pitfalls in FI studies. (A) CNR ratio is strongly dependent on dynamic range of
FI camera system concerning fluorescent tracer. When imaging tissue using fluorescent tracer with
high quantum yield, system with high dynamic range would result in higher CNR ratio than would
system with low dynamic range. (B) Fluorescence intensity detected by Fl camera system is depen-
dent on match between system’s optical filter and emission peak of fluorescent tracer used. Mis-
match between emission peak and optical filter will result in suboptimal fluorescence intensity
detected (wavelength A) compared with most optimal (wavelength B). (C) Fluorescence intensity
exponentially decreases with increased working distance because of diverging nature of light.
(D) When detector is not placed perpendicular to tissue of interest, effective detection surface that
can detect emitted photons is smaller. As such, fluorescence intensity is falsely reduced, possibly
leading to erroneous conclusions. EDS = effective detection surface.
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a calibration phantom. An inhomogeneous field illumination is not an
insurmountable problem, as long as the user is aware and knows how
to interpret and correct for it (28).

The resolution of an FI camera system is characterized by spatial
and temporal resolution. The spatial resolution dictates the modality’s
ability to differentiate between the smallest fluorescent sources. The
spatial resolution should at least be half the size of the smallest fea-
ture that has to be detected, as described by the Nyquist theorem. The
temporal resolution dictates the modality’s ability to detect changes
in signal over time. This ability is of importance when a dynamic
phenomenon is of interest, such as organ perfusion (e.g., semiquanti-
tative indocyanine green) (29).

The dynamic range greatly influences the ability to measure fluores-
cent signal. The dynamic range (i.e., the detector’s quantum efficacy)
is the measure for the highest and lowest amount of measurable light
for a set exposure time. A camera system with a low dynamic range
can measure either very high or very low signals, depending on expo-
sure time. However, the camera cannot do so both at the same time.
Hence, a camera with a high dynamic range can measure both very
bright (i.e., high quantum yield) and very dim (ie., low quantum
yield) fluorescent signals (Fig. 3A).

BENCHMARKING OF FLUORESCENCE IMAGING
CAMERA SYSTEMS

To compare different FI camera systems, universal standards are
required for benchmarking their performance, as is common in the
other medical imaging modalities (30). As such, solid-tissue-mimicking
phantoms have been developed to characterize the different FI imaging
systems quantitatively. Wells filled with different concentrations of
nanoparticles (i.e., quantum dots) are used to measure camera detection
sensitivity versus optical properties, depth sensitivity, dynamic range,
field homogeneity, and spatial resolution (28). We advise that users
acquire an FI camera system with high camera detection sensitivity in
combination with a high dynamic range. Also, the camera wavelength
specificity and emission light sources should match the excitation and
emission spectra of the fluorescent tracer (Fig. 3B) (27,31,32).

Performing phantom measurements before each imaging procedure
informs on system stability over time and provides users better insight
into the performance capabilities. A standardized image of an FI
phantom should be taken under strict imaging acquisition parameters
(i.e., camera distance, incidence angle, and ambient light) and proc-
essed according to a strict protocol (28,31,32). Automated log files
should be constructed according to a standardized format and recorded
for review purposes, safeguarding a quality management system for
FI in clinical use. Ideally, these log files are archived with the patient
data and imaging results, allowing for calibration in later analysis of
batch data, similar to the metadata archived in DICOM images taken
with radiologic imaging systems. We propose a quality management
system to enable comparative multicenter clinical trials and imple-
mentation in general practice, enabling uniformity.

Additionally, FI camera systems should have the option to export
raw data without interference from undesired image postprocessing
to obtain quantitative or semiquantitative data rather than qualitative
images. However, some commercial intraoperative imaging devices
often opt for an underlay for the surgeon’s orientation purposes,
which impedes the possibility of quantification (/7).

FLUORESCENCE CONTRAST

Fluorescence contrast can be either endogenous (i.e., autofluores-
cence of intrinsic tissue compounds) or exogenous (i.e., administered
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fluorescent tracer) (33). Although the use of endogenous contrast
has some advantages, such as inherent nontoxicity and absence of
regulatory issues, we focus on the use of exogenous contrast as this
has been shown to increase specificity and detection sensitivity
(34). The main criteria for selecting a fluorescent tracer include
efficient fluorescent light output (i.e., quantum yield), biodistribu-
tion and pharmacokinetic characteristics, signal enhancement strat-
egies (i.e., “always-on” versus “activatable” or “smart”), and
regulatory approval (/2). Lastly, the clinician must be aware of
regulatory issues that can result in tremendous costs when design-
ing and using new fluorescent tracers, such as intellectual property,
animal toxicology studies, availability of compounds in a good-
manufacturing-practice facility. and regulatory approval (35,36).

Generally, exogenous fluorescent tracers can be divided into tar-
geted and nontargeted tracers. Nontargeted tracers do not bind to
biomarkers for disease specificity but accumulate passively into the
tissue through metabolism or nonspecific uptake (e.g., enhanced per-
meability and retention effect in tumors). A well-known nontargeted
fluorescent tracer is indocyanine green, which has Food and Drug
Administration approval for tissue perfusion assessment, sentinel
lymph node mapping, and biliary duct visualization. As fluorescent
dyes themselves are not tumor-specific, efforts to improve specificity
have led to the development of targeted fluorescent tracers that bind
to receptors or biomarkers (37). Particularly in interventional oncol-
ogy (e.g., surgery or gastroenterology), phase I studies have shown
the potential of these tracers for margin assessment and characteriza-
tion of lesions. Recently, breakthrough therapy designations have
been assigned by the Food and Drug Administration (i.e., Peglopras-
tide [Avelas Biosciences], a ratiometric fluorescent probe for breast-
conserving surgery) (15).

The clinical indication should be leading when one is deciding
between a targeted and nontargeted approach. The targeted approach
is generally more complex and thus not always preferred. A nontar-
geted tracer could suffice for sentinel lymph node mapping as such a
tracer generates contrast between the lymph nodes and the adjacent
tissue. Contrarily, tumor delineation requires a targeted tracer with
higher tumor specificity. Even though targeted tracers are used, one
should realize that the signal is not proportional to the concentration
of the target but is confounded by nonspecific sources of contrast.
This nonspecific accumulation of fluorescent tracer is intrinsically
determined by its receptor affinity but is also affected by physiologic
phenomena, such as vascularity, vascular permeability, interstitial
pressure, and lymphatic drainage (38). Paired imaging methods are
currently being studied to correct for the nonspecific tracer accumu-
lation by coadministering an untargeted control agent with similar
pharmacokinetics (39,40). A wide range of fluorescent tracers is cur-
rently being studied in clinical trials, including small molecules, pep-
tides, proteins, and nanoparticles, as described elsewhere (37).

Current developments to improve fluorescent contrast include the
use of activatable or smart fluorescent tracers that fluoresce only after
interaction with or binding to the target (4/,42). Rather than visualiz-
ing one fluorescent tracer in a single lesion, multispectral imaging
(i.e., imaging fluorescent probes at different or multiple wavelengths)
could simultaneously visualize multiple fluorescent tracers that report
on different targets within the same patient. The advantages include
the delivery of a more homogeneous signal, increased sensitivity, and
the ability to obtain anatomic—molecular information (43). For exam-
ple, one might strive to both perform molecular imaging of the tumor
and identify critical structures (e.g., nerves), both contributing to an
optimal surgical outcome and both requiring a specific tracer with dif-
ferent fluorescent excitation and emission wavelengths. Technical
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challenges include accurately separating signals and correcting for dif-
ferences in fluorescent dyes (i.e., efficiency of fluorescent signal gener-
ation and wavelength-dependent tissue optical properties), as described
elsewhere (44). The clinical introduction, safety, and applicability
of multispectral FI remain to be investigated in clinical trials.

IMAGE ACQUISITION: REPRODUCIBILITY AND
STANDARDIZATION

Reproducibility and standardization should be central within the 2
primary components of an FI study protocol: tracer administration
and image acquisition. Similarly to PET, the tracer administration
must be dosed and timed consistently throughout the entire study
population (45). The exact dose is commonly determined using dose-
escalation schemes, with pharmacokinetics, biodistribution, and toxi-
cology studies in animals, healthy volunteers, or subjects belonging
to the target population. Whether timing between tracer administra-
tion and image acquisition is crucial depends on the biodistribution
and pharmacokinetic profile of the tracer. When studying a dynamic
perfusion assessment (i.e., semiquantitative use of indocyanine green),
the timing comes down to seconds. In such a setting, the administra-
tion can be standardized by using a syringe pump with a preprog-
rammed infusion rate. On the other hand, many targeted fluorescent
tracers need substantial time (i.e., days) to bind to the target moiety
and ensure clearance of unbound tracer from the blood.

The detected fluorescence is dependent on different specifications
of the FI camera system (e.g., exposure time and gain) in combina-
tion with the contrast, as well as variable imaging parameters of the
experiment itself (e.g., working distance, incident angle, and ambi-
ent light). Imaging with varying working distances substantially
impacts the data consistency since the intensity measured is
distance-dependent (Fig. 3C). Consequently, higher fluorescence
intensity is detected when the distance from the tissue of interest to
the detector decreases, even when the fluorescent light emitted is the
same. The camera should be perpendicular to the tissue to maximize
the effective surface area of the detector (Fig. 3D). When all variable
imaging parameters are standardized in every FI measurement, the
imaging data allow for reproduction and represent the tracer distribu-
tion more realistically (27). Ideally, all imaging parameters should
also be registered to allow for post hoc correction.

Although the impact of ambient light in FI has never been
underestimated (46), it is rarely standardized or corrected for. The
most common solution is to keep the ambient light to a constant
minimum, as relatively few systems can deal with high ambient-
light intensity. The choice of lighting in the operating room can be
optimized, typically by minimizing near-infrared light. This is spe-
cifically emitted from commonly used tungsten bulbs, which could
simply be replaced by light-emitting diodes. Needless to say, this
solution reduces the problem only for near-infrared-based emis-
sion probes such as indocyanine green.

REPORTING ON FI DATA

Apart from a standardized imaging protocol, standardized data
processing, representation, and reporting are necessary for the
implementation of FI in the standard of care. Contrary to some
other imaging techniques (e.g., CT), wide-field FI does not provide
quantitative data. Even when imaging parameters are standardized,
variations in tissue optical properties affect the fluorescent signal.
Additionally, the signal is heavily surface-weighted, meaning that
anything closer to the surface will generate more fluorescent sig-
nal. These factors need to be taken into account when analyzing FI
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data. The most used semiquantitative unit is mean fluorescence
intensity, defined as the average pixel intensity within a region of
interest. Yet, reporting the mean fluorescence intensity as an abso-
Iute and quantitative measure without a thoroughly standardized
protocol can lead to incorrect conclusions.

Since FI is a detection or discrimination method, relative measures
(i.e., ratios) are more appropriate for FI as these demonstrate the
ratio between the target and the background. Commonly used ratios
in clinical FI include tumor-to-background ratio, signal-to-back-
ground ratio, and CNR (47). We advocate the use of CNR, defined
as the target’s mean fluorescence intensity subtracted by the back-
ground’s mean fluorescence intensity, divided by the SD of the back-
ground. Using a CNR is favorable since this is more informative on
the detectability of the contrast (i.e., target) of interest (48). A high
CNR indicates good discrimination between the target and back-
ground tissue. Still, the CNR is influenced by the FI camera system’s
dynamic range and quantum efficiency. For example, using a fluo-
rescent tracer with a relatively high quantum yield together with 2
different FI camera systems with a low and high dynamic range may
result in 2 very different CNRs. In other words, an FI camera system
with a low dynamic range may underestimate the CNR because the
signal of the tumor is limited (Fig. 3A). Also, despite the seemingly
straightforward definition, these quantities are prone to bias due to
the strong dependency on the definition of the surrounding tissue.
Ideally, the target and the background are based on the gold standard
(i.e., histopathology). The appropriate background must be adjacent
tissue, as it mimics the clinical scenario.

Clinical use of FI relies on the interpretation of data that are typi-
cally shown as an image or video, even though the ratios are most
important in clinical trials. Fluorescence images should be uniformly
reported across the field to avoid difference in image interpretation.
This reporting includes the choice of color map, functions for the
lookup table, and image compression. Perceptually uniform science-
derived color maps represent actual data variations, reduce complex-
ity, and are accessible for color-deficient people (49). Yet, even
when data are uniformly reported, the interpretation of FI signal
without correction for tissue optical properties may lead to inaccurate
conclusions. Lack of correction may, for example, lead to erroneous
tumor delineation (due to scattering) in margin assessment when
interpreted by different clinicians, Lastly, the used FI camera system
settings must be described in detail. Reporting these settings is essen-
tial for the reproducibility of study results, as the FI camera system
settings severely influence the obtained FI data.

CONCLUSION

The rapidly increasing interest in FI has led to serious improve-
ments in the FI camera systems and fluorescent tracers available.
Although FI has shown enormous potential for a variety of indica-
tions, the field has not yet established clinical implementation. Here,
we have provided a guideline for clinicians to perform FI clinical tri-
als (Fig. 1). The same conceptual thinking applies to other optical
imaging modalities, such as laser speckle contrast imaging or spec-
troscopy-based techniques. Similar to the classic medical imaging
field, the FI field should focus on training clinicians and supportive
staff in a multidisciplinary way to better understand the underlying
physics and chemistry. Still, we advise clinicians to collaborate with
researchers who have experience with FI camera systems and fluo-
rescent tracers in order to correctly acquire, analyze, and interpret
the imaging data in an accurate and reproducible manner. To estab-
lish the clinical implementation of FI, phase II and III trials need to
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commence using a consistent study design, imaging protocol, and
data analysis. By emphasizing standardization and reproducibility,
we can realize the full potential of FI and prove its clinical value.
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HOT TOPICS

Total-Body PET: Will It Change Science and Practice?

Austin R. Pantel, David A. Mankoff, and Joel S. Karp

Department of Radiology, University of Pennsylvania, Philadelphia, Pennsylvania

Total-body (TB) PET scanners with an axial field of view
(AFOV) of at least 60 cm can image dynamic radiopharmaceutical
distributions in the whole body. Although the benefits of the fine
temporal sampling and dramatic increase in system sensitivity
afforded by TB PET imaging have been postulated for some time,
it was not until the last few years that such systems have become
available in both clinical and research settings. This article sum-
marizes what we have learned in this short time and explores the
long-term impact of TB PET.

INSTRUMENTATION

Existing Devices

Two human TB PET scanners became operational in 2018:
United Imaging’s uEXPLORER scanner (AFOV, 194 cm), ini-
tially installed at Shenzhen Hospital in China and at the University
of California Davis (I), and the PennPET Explorer scanner
(AFOV, 64-142 cm), built and installed at the University of Penn-
sylvania (2). In 2020, Siemens introduced the Biograph Quadra
scanner (AFOV, 106 cm), installed at Bern Hospital in Switzer-
land (3). Compared with PET scanners with a standard AFOV
(16-30 cm), the total sensitivity grows significantly as the axial
length increases, up to 50 times for a 2-m axial length, whereas
the peak sensitivity gain for a point (or organ) reaches a maximum
of about 2.5-3 times at 80-120 cm (depending on the patient’s
body mass index) (4); longer systems maintain this peak sensitiv-
ity over a wider axial range. Although the underlying technology
for TB PET scanners was already available, there were many chal-
lenges to make these systems robust, to efficiently handle the very
large datasets, and to optimize the data acquisition and processing
of oblique coincidence pairs. As is evident from the many hun-
dreds of TB PET studies performed to date, the data correction
and image reconstruction methods result in high-quality, quantita-
tive images with improved accuracy of kinetic parameter estima-
tion (5). The imaging protocols have been adjusted to leverage the
enhanced performance, with no major problems or significant fail-
ures discovered in these first-generation TB PET scanners.
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Future Directions

The key challenge to wider dissemination of TB PET systems is
cost, which is determined largely by the AFOV and the volume of
the detectors. One can argue that the increased cost is justified,
leading to benefits in research knowledge and clinical diagnostics,
potentially with increased patient throughput. Or, we can consider
ways to reduce the cost. Notably, the PennPET Explorer was
designed to be scalable in axial length to allow for a choice in
matching the benefits of TB PET for particular applications. In
addition, given a preferred AFOV, the number of detectors used in
the design of the system may be reduced, taking advantage of the
huge redundancy of data used for 3-dimensional image reconstruc-
tion. This idea has been explored in several simulation studies (6,7)
and has been demonstrated in practice with the PennPET Explorer,
which has operated with inter-ring gaps that correspond to 30% of
the detector’s active length (2,7). Alternatively, the cost of the
detector can be significantly reduced by using a less expensive
material (8) than the lutetium-based scintillators used in all modern
PET/CT scanners. Efforts are also under way to develop systems
with improved performance through the use of monolithic detectors
to provide improved spatial resolution throughout the imaging field
of view (9).

CLINICAL IMAGING WITH TB PET

Clinical translation of TB PET has long been a goal in the
development of these scanners. In only the short time since imple-
mentation, many of the proposed clinical applications have been
borne out.

Improved Detection of Disease

The gain in sensitivity and resultant improved image quality
with TB PET can be leveraged to improve the ability to stage or
restage disease and increase diagnostic confidence. For example,
the PennPET Explorer detected a paracardiac '8F-FDG-avid lymph
node that was seemingly occult on the standard-of-care PET (2).
Because TB PET scanners provide significantly better image
quality, the increased lesion contrast and detection may neces-
sitate new interpretation paradigms to integrate into preexisting
imaging criteria (e.g., the Deauville criteria) while not losing
specificity (e.g., overcalling benign lymph nodes that can be
more easily visualized).

Optimization of Scan Protocols

The increased sensitivity of TB PET can be leveraged to achieve
images of diagnostic quality with less injected activity or shorter
scans. Images obtained with 25 MBq (0.7 mCi) of '®F-FDG were
obtained on the uEXPLORER (/), and '8F-FDG PET scans
(clinical dose) with a 2-min duration proved satisfactory on
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the prototype PennPET Explorer (2). Shorter scans can increase
clinical throughput and minimize the effects of patient motion—
both gross movement and internal organ motion. Using a low
injected activity enables imaging of tracers that are difficult to
produce (®Ga-DOTATATE), serial imaging of patients with a
low injected activity, or imaging of children. In human transla-
tion of novel tracers, TB PET imaging could inform the scan-
ning protocol. These instruments may have particular use for
tracers with relatively fast kinetics (e.g., simultaneous early
imaging of the abdomen and pelvis to optimize lesion contrast
with 18F-fluciclovine before washout) or slow kinetics (e.g., delayed
imaging to leverage increased trapping of '*F-FDG in malignancy or
improved lesion contrast with prostate-specific membrane antigen
tracers in prostate cancer). Indeed, on the uEXPLORER at the Uni-
versity of California Davis, a 2-h uptake time is routinely used for
8F_FDG PET.

Nononcologic Applications

For clinical applications that do not require full-body coverage,
such as dedicated cardiac or brain imaging, the single-organ sensi-
tivity gains of TB PET scanners without axial coverage of the
entire body may prove particularly valuable while mitigating cost.
Superb image quality has been demonstrated with all new systems,
noting again that increasing the AFOV beyond approximately
80-100 cm does not benefit single-organ imaging, providing an
opportunity to match the AFOV with the intended application.
Moreover, for high-sensitivity imaging of relatively static pro-
cesses, such as leukocyte imaging of infection at 24 h or later with
a 8°Zr-labeled minibody, TB PET scanners without full-body cov-
erage may still be used to image the total body at multiple bed
positions.

RESEARCH INVESTIGATIONS WITH TB PET

The technical advantages afforded by TB PET enable unique
research applications of PET that are difficult, if not impossible,
with standard-AFOV systems. A range of applications is described
here.

Better Definition of Radiopharmaceutical Kinetics and
Biodistribution

TB PET provides a unique tool for characterizing the behavior
of new imaging agents or understanding the nuances of existing
agents (/0). For first-in-humans studies of

to dephosphorylation of FDG-6P (2). This ability could have clinical
utility in distinguishing brain tumors (which often do not dephos-
phorylate FDG-6P) from normal brain tissue.

Novel Analysis of Dynamic PET Data

The acquisition of large volumes of 4-dimensional data
(3-dimensional plus time) lends itself to, and even necessitates,
innovative approaches to image analysis. The inclusion of both dis-
eased and normal tissue, and differences in radiopharmaceutical
transport and metabolism between different tissues, may require
adjusting the kinetic model to different tissues (/) or considering
dynamic PET data as a spatially varying mixture of characteristic
kinetic curves. Model-free approaches to estimating key compo-
nents such as tracer delivery and retention may offer computational
efficiency and linear scaling, which can be especially helpful for
large 4-dimensional datasets. Early efforts using artificial intelli-
gence or data science on 4-dimensional data to predict survival by
characterizing tissue heterogeneity have shown promise (/2). Finally,
image reconstruction algorithms that consider pixel time course as
part of the image reconstruction process may offer improved image
quality and quantitative accuracy (/3).

Applications to Systems Biology

Perhaps most exciting is the ability of TB PET to characterize
human systems biology and to look at multisystemic interactions.
Such opportunities include studying the heart-brain axis, the role
of liver metabolism in drug addiction, and the interaction between
tumors and host tissues such as immune reactions. A preclinical
study of the interaction of bone metabolism with other organ sys-
tems provides a specific example of a study possible with TB PET
but not with standard scanners (/4). The ability to combine multi-
ple PET tracers in a single study can be improved by TB PET
imaging and offers the possibility of studying time-varying pro-
cesses that require closely timed PET imaging studies. Recent
studies of alternative energy substrates—glucose and glutamine
(Fig. 1)—for aggressive breast cancers provide an example of a
research area that is translating to humans and is uniquely enabled
by TB PET.

SUMMARY

The introduction of TB PET systems at several sites throughout
the world has been remarkably impactful, with both research and

novel radiopharmaceuticals, TB PET may
be leveraged to study pharmacokinetics in
both diseased and normal tissues, to esti-
mate radiation dosimetry, and to guide opti-
mal acquisition protocols. The ability to
image the biodistribution of the radiotracer
late after injection can provide a powerful
tool to estimate the delivered radiation dose
for diagnostic—therapeutic theranostic pairs.
TB PET may also provide unique insights
into commonly used radiotracers. For exam-
ple, kinetic analysis of dynamic '|F-FDG
images revealed nuanced differences in re-
gional kinetics in both normal tissues and
tumors. On the PennPET Explorer, mark-

18s
(scan time, 2 s)

30s
(scan time, 15 s)

2:30 min
(scan time, 30 s)

30 min
(scan time, 5 min)

Time after injection

edly delayed imaging of '*F-FDG out to FIGURE 1.

10 half-lives clearly demonstrated the
late loss of tracer in the normal brain due

lllustration of TB PET imaging, showing dynamic sequence at representative postinjec-
tion times and scan times. Breast cancer patient was imaged with '®F-fluoroglutamine on PennPET
Explorer to quantify glutamine metabolism.
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clinical successes. The benefits of TB PET with these first-genera-
tion systems became clear after the first human studies (7,2) and
have become only more apparent with greater use. Ideally, we will
find an optimal AFOV that provides maximum benefit for each
application, although system cost and diagnostic yield may temper
the widespread adoption of TB PET scanners that truly encompass
the entire body. Yet, when appropriately matched to a clinical or
research indication, these powerful scanners have the potential to
transform patient care and PET research beyond the scope of cur-
rent investigations to change both science and practice.
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The development of new radiotracers for PET and SPECT is central to
addressing unmet diagnostic needs related to systemwide trends
toward molecular characterization and personalized therapies in car-
diovascular medicine. In the following 2-part review, we discuss select
emerging radiotracers that may help address important unmet diag-
nostic needs in central areas of cardiovascular medicine, such as heart
failure, arrhythmias, valvular disease, atherosclerosis, and thrombosis.
Part 1 examines key technical considerations pertaining to cardiovas-
cular radiotracer development and reviews emerging radiotracers for
perfusion and neuronal imaging. Highlights of this work include discus-
sions on the development of "8F-flurpiridaz, an emerging PET perfu-
sion tracer, and the development of '®F-based radiotracers for
cardiovascular neuronal imaging, such as '®F-flubrobenguane. Part 2
of this review covers emerging radiotracers for the imaging of inflam-
mation, fibrosis, thrombosis, calcification, and cardiac amyloidosis.
Key Words: cardiology (basic/technical); cardiology (clinical); molecu-
lar imaging; inflammation; myocardial perfusion imaging
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Despite considerable progress in patient care, cardiovascular
disease remains a major cause of morbidity and mortality. Improved
diagnostics, treatments, and risk factor management have altered the
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landscape of patient care and have likely contributed to the increas-
ing prevalence of chronic cardiovascular disease. For example, the
number of patients living with heart failure is expected to increase
from 5.8 million in 2012 to 8.5 million in 2030 (7). This evolution of
patient demographics and an improved understanding of cardiovas-
cular pathophysiology underpin many current diagnostic and risk
stratification gaps in cardiovascular medicine. Emerging molecular
imaging techniques have the potential to address many of these
unmet needs (Table 1).

Myocardial perfusion imaging, myocardial viability imaging, and
equilibrium radionuclide angiocardiography have traditionally consti-
tuted most nuclear cardiology procedures. However, use patterns in
nuclear cardiology laboratories have been changing because of advan-
ces in molecular imaging, the emergence of alternative diagnostic tech-
niques, and evolving evidence questioning established approaches to
diagnose and risk-stratify coronary artery disease. PET and SPECT
have several advantages for physiologic and precision molecular appli-
cations in cardiovascular imaging, including their sensitivity, versatility,
and quantitative nature. This is evident in the fact that PET- and
SPECT-based molecular imaging techniques are now routinely per-
formed clinically for the diagnosis of cardiac sarcoidosis and amyloid-
osis. Moreover, the feasibilities of neurohormonal and device infection
imaging have been demonstrated, although their specific roles in patient
management remain to be established. Many additional cardiovascular
applications of PET and SPECT are in earlier stages of preclinical and
clinical development, and their advancement to mainstream clinical use
is critically dependent on the physical, chemical, and biologic proper-
ties of their radiotracers.

In the following 2-part review, we discuss select emerging radio-
tracers that may help address key unmet clinical diagnostic needs in
cardiovascular medicine. For simplicity, these tracers are organized by
general pathobiologic processes rather than specific diseases. Part 1 of
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TABLE 1
Unmet Diagnostic Needs in Cardiovascular Medicine

Clinical field

Unmet need

Heart failure and cardiomyopathies

Heart failure with preserved ejection fraction: phenotypic characterization,

therapeutic development

Heart failure with reduced ejection fraction: prognostication, precision approaches to

therapy

Post-myocardial infarction remodeling: prognostication

Immunotherapy/chemotherapy-related cardiotoxicity: prediction, early recognition,
prognostication, and assessment of treatment response

Cardiac amyloidosis: single-scan diagnosis and typing (light-chain amyloidosis vs.
transthyretin amyloidosis)

Cardiac sarcoidosis: reduce dependence on dietary preparation, differentiate from
other types of myocarditis/nonspecific uptake

Genetic cardiomyopathies: risk stratification in asymptomatic or phenotype-negative
carriers and those carrying variants of unknown significance

Cardiac fibrosis: reproducible quantification, distinguish between active and stable

disease

Left ventricular assist devices: prediction of left ventricular myocardial recovery

New medical therapies (e.g., angiotensin receptor neprilysin inhibitors, sodium
glucose cotransporter 2 inhibitors): determination of mechanism of action, track
therapeutic response

Arrhythmias

Sudden cardiac death: risk stratification, prediction of implantable cardiac
defibrillator benefit

Genetic arrhythmia syndromes: risk stratification in asymptomatic or phenotype-
negative carriers and those carrying variants of unknown significance

Atrial fibrillation: patient selection for ablation/cardioversion/antiarrhythmic drugs

Valvular disease

Valvular regurgitation/stenosis: determination of risk for progression, prediction of

optimal timing of interventions, selection for medical therapy, tracking of
therapeutic response

Endocarditis or device infections: detection

Vascular disease

Atheroma: risk stratification

Aortic aneurysm: risk stratification, prediction of endoleak

Thrombosis or embolization: whole-body detection, determination of chronicity

Perfusion: high-spatial-resolution imaging with absolute blood flow quantification,
hybrid perfusion/angiographic imaging

Peripheral artery disease: risk stratification, prediction of interventional benefit

the review examines key technical considerations pertaining to cardio-
vascular radiotracer development and reviews the development of
radiotracers for perfusion and neuronal imaging (Table 2). Part 2 cov-
ers emerging radiotracers for the imaging of inflammation, fibrosis,
thrombosis, calcification, and cardiac amyloidosis.

TECHNICAL CONSIDERATIONS FOR OPTIMAL NUCLEAR
CARDIOVASCULAR IMAGING

Multiple variables related to radiotracers, instrumentation, and
image analysis contribute to the generation of useful nuclear imag-
ing data. PET offers several distinct advantages over SPECT for
cardiovascular imaging, including greater spatial resolution and
more established quantification methods (2). However, SPECT is
usually less expensive and more widely available in clinical nuclear
cardiology laboratories. With recent improvements in SPECT tech-
nology such as cardiorespiratory gating and cadmium-zinc-telluride
(CZT) detectors (3-5), differences between the 2 modalities may
be less significant. One potential advantage of SPECT over PET in
cardiovascular molecular imaging is its capability for simultaneous

650

multitracer imaging (Fig. 1) (4,6-8). CZT SPECT cameras facili-
tate multitracer imaging by providing greater spatial and energy
resolution than traditional Anger cameras (5).

Cardiac imaging with PET and SPECT is facilitated by the large
size of the organ, although motion remains a challenge. Vascular
imaging presents additional challenges, including the small size of
vessels. This may be addressed by hybrid imaging with CT or
MRI, which provides anatomic definition and helps to correct par-
tial-volume effects. Cardiovascular molecular imaging applica-
tions would benefit from improved quantitation tools, as the
semiquantitative techniques developed for perfusion imaging to
assess relative radiotracer uptake are not suitable for hot-spot
imaging, which is common in molecular imaging applications.

Radiotracer kinetics govern acquisition protocols and greatly influ-
ence data quality. Fast blood pool clearance is desirable for most
non-blood pool cardiovascular applications because it improves tar-
get-to-background ratios. For perfusion imaging, it is desirable to have
high levels of target tissue extraction and retention, with lesser uptake
or greater washout in surrounding organs. For molecular imaging,
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considerations may be different from, for
example, imaging in patients with malig-
nancies. In PET imaging, radionuclide posi-
tron energy influences image resolution.
Lower-energy B-emitters such as '*F and
%4Cu have shorter positron ranges in tissue
and thus tend to produce images with spatial
resolution superior to that of higher-energy
positron emitters such as ¥Rb and **Ga
(12). The benefits of high-resolution imag-
ing are the greatest in small targets that are
more susceptible to partial-volume effects,
such as vessel walls. With anticipated

FIGURE 1.

high levels of specific target binding relative to the background are
critical for achieving useful data. In this regard, radiotracer uptake
depends on delivery of the tracer as well as target expression and bind-
ing affinity, thus raising challenges for comparing uptake values, such
as in areas of myocardium with differing levels of perfusion. The
incorporation of regional perfusion data from kinetic modeling could
potentially improve the accuracy of molecular imaging techniques.
The chemical and physical properties of radionuclides also influ-
ence synthesis and acquisition protocols and affect data quality
(Table 3). Radionuclide chemical properties impact their incorpo-
ration into organic tracer molecules or, in the case of inorganic
radiotracers (e.g., 5?Rb), their biologic uptake (9). Radionuclides
with shorter half-lives are ideally suited for applications with faster
pharmacokinetics and favorable count statistics. Shorter half-lives
reduce radiation exposure to both patients and staff and typically
permit greater imaging throughput. This advantage is especially
useful in perfusion imaging to minimize delays between stress and
rest scans. However, radionuclides with shorter half-lives are not
always practical. For example, radiolabeled antibodies have slower
pharmacokinetics than small molecules, and their binding to target
molecules with low levels of expression can require hours to pro-
duce high-quality signals. As such, molecular imaging with anti-
bodies often necessitates the use of radionuclides with a longer
half-life, such as ®*Cu (half-life, 12.7 h) or 3°Zr (half-life, 78.4 h).
Radionuclides with longer half-lives can also provide considerable
procedural flexibility. For example, radionuclides with a longer
half-life facilitate unit dose delivery in place of on-site generators
and cyclotrons, which may not be cost-effective in lower-volume
centers (/0). Longer-half-life radionuclides also expand options
for chemical modifications to radiotracers before administration.
For myocardial perfusion imaging, longer—half-life radionuclides
permit exercise stress (/0) and may be favorable for nontraditional
applications such as image-guided interventions (/7). However,
greater radiation exposure associated with these longer—half-life
radionuclides and practical workflow considerations remain major
limiting factors for cardiovascular applications, where risk—benefit

652

Dual-tracer SPECT imaging of postmyocardial infarction angiogenesis in a canine
model using """I-RP748, an «,B5 integrin-targeted agent. Shown are in vivo '''In-RP748 SPECT
images acquired at 20 and 45min after tracer administration (top 2 rows), **™Tc-sestamibi images
(third row), and fused ®*™Tc-sestamibi (green) and 45-min 'In-RP748 (red) images (bottom row) in a
dog 3 wk after left anterior descending coronary artery occlusion. ®™Tc-sestamibi perfusion images
demonstrate anterior perfusion deficit (yellow arrows). '''In-RP748 images demonstrate corre-
sponding increased uptake in hypoperfused region (white arrows). Authors demonstrate that 4-fold
increase in '""In-RP748 uptake in infarct region corresponds to increased a3 expression and his-
tologic evidence of angiogenesis. LV = left ventricle; MIBI = sestamibi; RV = right ventricle; VLA =
vertical long axis; HLA = horizontal long axis. (Reprinted with permission of (8).)

improvements in resolution related to PET
camera technology and motion correction,
the effects of radionuclide positron range
will likely become increasingly significant.

The mode of decay of radionuclides also
affects their imaging properties. PET radionu-
clides such as ''C, N, 30, and '®F are pure
B -emitters and do not directly produce -
or B -emissions (9,12). Prompt y-emissions
from nonpure PET radionuclides such as ®Ga,
82Rb, and '**I have traditionally been consid-
ered unfavorable because they increase radiation exposure and create
spurious coincidences that degrade image quality (/2). However,
the presence of smaller levels of prompt y-emissions in radionuclides
with other favorable properties is not considered prohibitive, and image
quality can potentially be improved by instituting corrections (/2). More-
over, it has been proposed that radionuclides emitting prompt y-emis-
sions provide distinct emission signatures that could be hamnessed for
multitracer PET imaging (12).

RADIOTRACERS FOR PERFUSION IMAGING

There has been longstanding interest in the development of '3F-
based perfusion tracers given the intrinsic advantages of PET imag-
ing and the limitations of current clinical perfusion tracers such as
99mTe sestamibi, *"™Tc tetrofosmin, $?Rb, and '*N-NH; (/3). 'SF is
advantageous because it has a shorter mean positron range (0.6 mm,
in water) than 82Rb (7.1 mm) and *N (1.8 mm) and thus provides
superior spatial resolution (/2). In addition, '3F has a longer half-
life (109 min) than ¥2Rb (76 s) and *N (10 min). Although this
characteristic can be unfavorable from a dosimetric standpoint and
may necessitate greater delays between rest and stress acquisitions,
it also provides several distinct advantages. Most importantly, the
longer half-life of '®F permits unit dose delivery. In addition, the
longer half-life of '8F permits both exercise and pharmacologic
stress protocols and makes repeat image acquisition possible in
cases of motion or extracardiac radiotracer uptake.

8F_flurpirdaz is a perfusion tracer that binds to mitochondrial
complex 1 and is currently undergoing evaluation in clinical trials
(10,13-17). In addition to the features listed above, '8F-flurpiridaz
has greater myocardial extraction at higher blood flow rates than
traditional PET and SPECT perfusion radiotracers; thus, its uptake
demonstrates a smaller deviation from linearity over the physio-
logic range of blood flow (Fig. 2) (18). This property potentially
improves its sensitivity for detection of ischemia and is advanta-
geous for quantification of absolute blood flow. In a recent phase
3 clinical evaluation, '8F-flurpiridaz PET demonstrated increased
sensitivity for the detection of obstructive coronary artery disease
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TABLE 3
Properties of SPECT and PET Radionuclides with Existing or Potential Applications in Cardiovascular Imaging (9,72, 70)

Radionuclide Production Half-life Decay (%) Egy max MeV)  Rgy mean (MM) E, (MeV)
y-emitters (SPECT)
99mTe Generator (**Mo) 6.0h IT (88), IC — — 0.141
2017 Cyclotron 731h EC — — 0.068-0.083*
128) Cyclotron 13.2h EC (87), IC - — 0.1597
Pure positron emitters (PET)
50 Cyclotron 2 min *(99.9) 1.732 3.0 -
BN Cyclotron 10.0 min *(99.8) 1.199 1.8 —
c Cyclotron 20.4 min *(99.8) 0.960 1.2 —
18 Cyclotron 110 min [3 (96.9) 0.634 0.6 —
Mixed emitters (PET)
%4Cu Cyclotron 12.7 h B (17.5)/EC 0.653 0.7 —
~ (38.5) - — —
897r Cyclotron 78.4 h B (22.7)/EC 0.902 1.3 0.909*
82Rp Generator (32Sr) 1.3 min *(81.8) 3.378 71 —
* (18.1)/EC 2.601 5.0 0.777
58Ga Generator (°8Ge) 68 min +(87.7) 1.899 3.5 —
* (1.2)/EC 0.821 1.1 1.077
124 Cyclotron 100.2 h * (11.7)/EC 1.535 2.8 0.602
*(10.7) 2.138 4.4 —
Bs* (0.3)/EC 0.812 1.1 0.723
EC - — 1.691
Ep+ max = maximum energy of positrons; R mean = Mean range of positrons in water; E,, = y emission energy; IT = isomeric
transition; IC = internal conversion; EC = electron capture.

*Nongaussian photopeak.

TEmits small proportions of high-energy y-photons (>0.400 MeV) in addition to its primary emission at 0.159 MeV.
*Does not behave as prompt y because of long half-life of metastable intermediate.

(as defined by >50% coronary stenosis by invasive angiography)
in comparison to **"Tc-SPECT (71.9% vs. 53.7%, P < 0.001) but
did not meet the predetermined noninferiority criterion pertaining
to specificity (76.2% vs 86.6%, P = not significant) (10). Overall,
on the basis of area under the receiver-operating-characteristic
curve, '8F-flurpiridaz PET demonstrated superior discrimination
of obstructive coronary disease in comparison to **™Tc-SPECT
myocardial perfusion imaging (0.78 vs. 0.72, P < 0.001). '®F-flur-
piridaz also exhibited better image quality than **™Tc-SPECT at
lower radiation doses (6.1 £ 0.4 vs. 13.4 = 3.2 mSv; P < 0.001)
(10). Of note, this comparison was based solely on retention scans
and did not incorporate 'F-flurpiridaz myocardial blood flow
quantification (/9). It is also worth noting that this study did not
compare '3F-flurpiridaz with other PET perfusion tracers and that
at least some of the differences likely represent intrinsic differ-
ences between SPECT and PET techniques, including a lack of
attenuation correction for SPECT images. The effects of spatial
resolution in '®F-flurpiridaz PET were further illustrated in a sub-
sequent analysis of the trial data that compared diagnostic perfor-
mance in large and small ventricles. The diagnostic performance
of '8F-flurpiridaz PET for the detection of ischemia was similar in
large and small left ventricles (area under the curve, 0.79 vs. 0.77,
P = 0.49), but *™Tc-SPECT performance was reduced in smaller
left ventricles (area under the curve, 0.75 vs. 0.67, P = 0.03),

RADIOTRACERS IN CARDIOVASCULAR IMAGING

likely because of its lower spatial resolution (Fig. 3) (/7). Other
I8F_based PET perfusion tracers that are undergoing initial charac-
terization and evaluation in humans include '®F-rhodamine 6G
(NCT04528758) (20) and '8F-fluorophenyltriphenylphosphonium
(NCT02252783) (21).

Several new SPECT perfusion agents are also in development, includ-
ing the 'ZLlabeled rotenone derivatives 'I-CMICE-013 (22) and
IZ1.ZIROT (23). These agents target mitochondrial complex 1 in a simi-
lar fashion to 'F-flurpiridaz and are intended to address the shortcom-
ings of existing SPECT perfusion agents by potentially combining
the benefits of greater myocardial extraction across the physiologic range
of blood flow, with favorable imaging characteristics and dosimetry.
Moreover, as these agents are labeled with I rather than *™Tc, they
could also address ongoing concerns about the stability of the ™ Tc sup-
ply. In initial preclinical studies on pigs, >*I-CMICE-013 demonstrated
greater myocardial uptake than the conventional SPECT tracers 2°'Tl,
PmTc-tetrofosmin, and *™Tc-sestamibi at blood flows exceeding
1.5 mL/min/g (P < 0.05) (Fig. 4) (22). Similarly, '*I-ZIROT demon-
strated greater myocardial uptake than 2°'TI and *™Tc-sestamibi at blood
flows greater than 1.5 mL/min/g, with linear uptake extending to greater
flow values (23). '2I-CMICE-013 recently completed a phase 1 clinical
evaluation (NCT01558362). One potential technical issue with **I-based
perfusion agents is that 12T emits small proportions of high-energy pho-
tons (>400 keV) in addition to its primary emission at 159 keV. These
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FIGURE 2. Schematic representation of myocardial uptake of various
PET and SPECT perfusion radiotracers in relation to coronary blood flow.
Background colors in figure show typical ranges of myocardial blood flow
during rest (peach), exercise stress (blue), and pharmacologic vasodilator
stress (green). '°0O-H,O displays nearly linear uptake over physiologic
range of blood flow but has limited clinical utility because of suboptimal
imaging characteristics. ®F-flurpiridaz maintains high levels of myocardial
extraction at stress-level blood flows, and its uptake-flow curve thus dem-
onstrates only minimal deviation from linearity. By contrast, ®*™Tc-sesta-
mibi and %°MTc-tetrofosmin have more significant reductions in
myocardial extraction at moderate and high blood flow rates, and their
uptake-flow curves demonstrate significant deviations from linearity. 2°'Tl,
"3N-NH3, and 2Rb have intermediate uptake-flow properties. (Reprinted
from (78).)

high-energy photons can degrade image quality and impair quantitative
analyses by penetrating septa on standard low-energy, high-resolution
collimators. Collimators with thicker septa may be used in '2I SPECT
imaging to decrease septal photon penetration, although thicker septa
tend to decrease spatial resolution (24).

Despite the trend toward greater use of PET for perfusion imag-
ing, improved SPECT radiotracers may still have a significant

clinical impact, as SPECT myocardial perfusion imaging is
expected to continue being the most common perfusion modality
for years to come because of advantages in cost and availability.
Moreover, with technologic advances such as attenuation correc-
tion (25) and CZT detectors (5), modern SPECT imaging systems
provide substantially better image quality at a more favorable
dosimetry than prior-generation instruments. The combination of
advances in instrumentation and the development of perfusion
tracers with better myocardial extraction characteristics also raises
the possibility of applying SPECT-based quantitative blood flow
assessments in clinical settings (26).

A potentially significant area for growth and possible application
for these new perfusion agents is skeletal muscle perfusion imag-
ing. Peripheral artery disease affects more than 200 million people
worldwide (27) and presents significant challenges for clinical
assessment and treatment. SPECT and PET perfusion imaging with
traditional radiotracers has been applied to help diagnose peripheral
artery disease, stratify risk, and evaluate responses to treatment
(28-31). Although not currently part of mainstream clinical periph-
eral artery disease management, radiotracer imaging techniques
may provide supplemental information to better assess risk for
acute limb ischemia and potential for wound healing, as well as to
direct optimal approaches for revascularization. The high spatial
resolution, quantitative potential, and ability to accommodate exer-
cise stress protocols are features of the new '®F-based tracers that
make them attractive for peripheral perfusion applications.

RADIOTRACERS FOR CARDIOVASCULAR
NEURONAL IMAGING

Neuronal signaling in the myocardium plays a critical role in
maintaining cardiac function and homeostasis by modulating elec-
tromechanical behavior, vasoreactivity, metabolism, and remodel-
ing (32). Neuronal signals are transmitted to the heart via the
sympathetic and parasympathetic branches of the autonomic ner-
vous system. Sympathetic activation of the heart has mainly stimu-
latory effects, including increased inotropy and chronotropy (32).
Preganglionic sympathetic neurons originate in the spinal cord and
transmit signals to postganglionic fibers that innervate the atria,
ventricles, and coronary arteries. On stimulation, the termini of
these postganglionic neurons release stored norepinephrine into the
synaptic cleft. Sympathetic effects are mediated by binding of

A SPECT

FIGURE 3. Representative rest-stress **"Tc-SPECT and 18F-ﬂurpiridaz PET images in patient with small heart. Images were acquired in 66-y-old
woman with left ventricular end diastolic volume of 82 mL. Reversible anterior perfusion defect is more evident in '®F-flurpiridaz PET images (B) than
99MTc-SPECT images (A) and is consistent with 82% stenosis of left anterior descending coronary artery that was found on invasive coronary angiogra-
phy. Greater sensitivity of '®F-flurpiridaz PET for detection of myocardial ischemia partially relates to its greater spatial resolution and more linear uptake

over physiologic range of blood flow. (Reprinted from (77).)
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value. In the ADMIRE-HF trial (AdreView
Myocardial Imaging for Risk Evaluation in
Heart Failure) of patients with heart failure
with reduced ejection fraction, a '>*I-MIBG
heart-to-mediastinum ratio of at least 1.6 was
predictive of decreased adverse outcomes
such as heart failure progression (hazard ratio,
0.49; P = 0.002), serious arrhythmic events
(hazard ratio, 0.37; P = 0.020), and cardiac
death (hazard ratio, 0.14; P = 0.006) as com-
pared with a heart-to-mediastinum ratio of
less than 1.6 (35). Although '**I-MIBG has
been criticized because assessments are often
global and semiquantitative (45), improved
SPECT technology such as cardiorespiratory
gating and CZT detectors have renewed inter-

FIGURE 4. Representative '2*l-CMICE-013 SPECT perfusion images in a porcine model with left
anterior descending coronary artery occlusion during dipyridamole stress. Images were acquired
15 min after injection and provide clear definition of occluded region. (Reprinted from (22).)

norepinephrine to postsynaptic a- and [3-adrenergic receptors in the
cardiac tissue. In contrast, parasympathetic activation tends to be
inhibitory, with negative chronotropic and, to a lesser extent, nega-
tive inotropic effects (32). Parasympathetic signals are transmitted
from the medulla oblongata to the heart by way of the vagus nerve.
The termini of postganglionic vagal efferents are concentrated in
the atria and conduction nodes and release acetylcholine when
stimulated. Signal transmission is completed by binding of acetyl-
choline to muscarinic and nicotinic receptors. Muscarinic acetyl-
choline receptors are present in cardiomyocytes and intracardiac
ganglia, and their stimulation decreases both inotropy and chrono-
tropy (33). Nicotinic acetylcholine receptors are present in the myo-
cardium and vasculature, although their roles are less well defined
(33). In addition to efferent sympathetic and parasympathetic inner-
vation of the heart, there are numerous afferent sympathetic and
vagal nerve fibers that travel from the heart for sensory purposes
and to mediate cardiac reflexes.

Alterations to cardiac neuronal activity play important roles in the
pathophysiology of arrythmias, myocardial infarction, and heart fail-
ure related to various types of cardiomyopathy (34—42). In the case of
heart failure, it is postulated that chronically elevated sympathetic
activity drives desensitization or downregulation of both presynaptic
norepinephrine reuptake transporters and postsynaptic [3-adrenergic
receptors, which leads to progressive dysfunction and remodeling and
creates substrates for arrhythmias (43). The development of radio-
tracers for targeted noninvasive imaging of various aspects of cardiac
innervation has improved our understanding of complex cardiovascu-
lar diseases and has helped to guide treatments. Recent efforts in the
field have focused on developing new tracers and improving image
acquisition and analysis techniques to expand diagnostic capabilities
and provide more accurate and reproduceable assessments (44).

Presynaptic Sympathetic Imaging

12[_metaiodobenzylguanidine ('**I-MIBG) targets the norepineph-
rine transporter and was the first neuronal radiotracer to be extensively
studied in hearts and Food and Drug Administration—approved for car-
diac applications. Myocardial '>*I-MIBG uptake can be imaged by
both planar scintigraphy and SPECT/CT, although quantification has
traditionally been performed with heart-to-mediastinum ratios in planar
images. Reduced myocardial uptake of '>*I-MIBG has been associated
with various cardiac diseases and has demonstrated clinical predictive

RADIOTRACERS IN CARDIOVASCULAR IMAGING ~ *

est by improving spatial resolution and sensi-
tivity. Recent examples of new applications
generated by these technical improvements
include the localization of left atrial gangli-
onic plexi, which could aid in the development of more effective cath-
eter ablation procedures for treating atrial fibrillation (39), and detailed
assessments of innervation—perfusion mismatch in patients with ische-
mic heart disease, which could provide valuable insight into patient
risk for developing potentially lethal ventricular arrhythmias (38).

Despite the proven utility of '’I-MIBG SPECT imaging, PET
neuronal imaging has gained popularity because of greater tracer
variety, superior sensitivity and spatiotemporal resolution, and
more developed means of quantification (46,47). PET offers
several radiotracers that target predominantly the norepinephrine
transporter to image presynaptic sympathetic activity. The earli-
est norepinephrine transporter—targeted PET radiotracers were
"C-labeled agents, including ''C-hydroxyephedrine (''C-HED),
UC_epinephrine, and '!'C-phenylephrine (48). Alterations in the
presynaptic uptake of these radiotracers have been demonstrated
in numerous cardiac diseases, including heart failure, ischemic
heart disease, and arrhythmias (37,48-50).

'IC.HED, a nonmetabolized analog of norepinephrine, is the
most extensively studied radiotracer among the group of ''C-
labeled norepinephrine transporter—targeted radiotracers. Reduced
retention of '!C-HED corresponding to myocardial denervation
has been demonstrated in the settings of acute myocardial infarc-
tion (42), ischemic (34,37,49,51) and nonischemic cardiomyopa-
thies (51,52), hypertrophic cardiomyopathy (36), and heart failure
with preserved ejection fraction (53). In the PAREPET trial
(Prediction of Arrhythmic Events with PET) of individuals with
ischemic cardiomyopathy, patients who experienced sudden car-
diac arrest had greater volumes of denervated myocardium by !!C-
HED PET than did those without cardiac arrest (33% = 10% vs.
26% = 11% of the left ventricle; P = 0.001) (34). Interestingly,
patients with sudden cardiac arrest did not have statistically greater
infarct volumes (22% * 7% vs. 19% = 9% of the left ventricle;
P = 0.18) or lower left ventricular ejection fractions (24% =
8% vs. 28% £ 9% of the left ventricle; P = 0.053). In addition,
work with ''C-HED PET in patients with heart failure with
a preserved ejection fraction demonstrated that a lower global
retention index of ''C-HED was independently associated with
the presence of advanced diastolic dysfunction (grades 2 and 3)
in a multivariate logistic regression analysis (odds ratio, 0.66 per
0.01 min~!, P = 0.044) (53). Despite the established clinical rele-
vance of ''C-based radiotracers, their popularity has been limited
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structural isomer 3-'8F-fluoro-para-hydroxy-
phenethylguanidine are phenethylguanidines
that were designed for slow neuronal uptake
and irreversible presynaptic retention, fea-
tures thought to be favorable for accurate
detection and quantification of cardiac sym-
pathetic denervation (58). First-in-humans
studies with these radiotracers demonstrated
high-quality images with reproducible meas-
urements of regional cardiac sympathetic
nerve density (NCT02669563) (58).

Postsynaptic Sympathetic Imaging
"C-CGP-12177 (4-(3-tert-butylamino-2-

o

Imaging interval (min after injection)

g

hydroxypropoxy)-2H-benzimidazol-2-!'C-

FIGURE 5. Presynaptic sympathetic imaging with 8F_FBBG PET. Figure shows representative
sequence of whole-body '®F-FBBG coronal PET images in healthy volunteer. Myocardial signal per-

sists after clearance from liver and surrounding organs. (Reprinted from (55).)

by a relatively short half-life (20 min) that necessitates on-site
cyclotron production.

As a result of the intrinsic limitations of ''C-based radiotracers, '®F-
based radiotracers targeting the norepinephrine transporter have gener-
ated significant interest. ‘®F-flubrobenguane (‘*F-FBBG, also known
as 'BF-LMI1195) is a benzylguanidine that is similar in structure to
IZ1.MIBG (54,55). First-in-humans studies of 'F-FBBG demonstrated
favorable characteristics for imaging, including rapid blood pool clear-
ance, moderate rates of liver and lung clearance, and stable myocardial
uptake, with a myocardium-to-liver ratio of more than 2 at 4 h (Fig. 5)
(55). Preliminary results of subsequent clinical evaluations demonstrated
that '®F-FBBG yields estimates of myocardial sympathetic innervation
similar to those of ''C-HED but has more favorable kinetics (54). Given
the advantages of 'SF-FBBG for quantifying regional myocardial inner-
vation, it was selected for evaluation in the PAREPET II trial to deter-
mine the risk of sudden cardiac death in patients with ischemic
cardiomyopathy (NCT03493516). In addition to 'F-FBBG, there are
several other '®F-labeled norepinephrine transporter—targeted radiotracers
that are currently in development. '3F-meta-fluorobenzylguanidine (‘8F-
MFBG) is another benzylguanidine with potential for use in cardiac
applications; it has demonstrated rapid and sustained myocardial uptake
with fast blood pool clearance in initial clinical evaluations (56,57)
(NCT02348749). 4-'8F-fluoro-meta-hydroxyphenethylguanidine and its

one) (37,49) and ''C-CGP-12388 ((S)-4-
(3-(2'-!!C-isopropylamino)-2-hydroxypro-
poxy)-2H-benzimidazol-2-one) (59,60) are
nonselective [(-receptor antagonists that
have been used for postsynaptic adrenergic
imaging. ''C-CGP-12177 has been paired with presynaptic sym-
pathetic tracers such as ?*I-MIBG (61) and 'C-HED (36,37,49)
to help elucidate the complex relationships between pre- and
postsynaptic sympathetic function (Fig. 6). The studies show sig-
nificant alterations in both pre- and postsynaptic sympathetic
function in patients with various types of cardiomyopathies.
Chronically increased sympathetic tone in the setting of heart fail-
ure is reflected in the decreased uptake or increased washout of
presynaptic catecholamines and leads to the observed downregu-
lation of postsynaptic B-adrenergic receptors (61/). Although
a-adrenergic signaling is less intensively investigated, it also
plays a fundamental role in cardiovascular physiology (62) and
is an intriguing target for therapeutics and molecular imaging.
1C-labeled N-[6-[(4-amino-6,7-dimethoxyquinazolin-2-yl)-methyl-
aminoJhexyl]-N-methylfuran-2-carboxamide;hydrochloride ~ (*!C-
GB67) is a prazosin analog and «;-adrenergic antagonist that has
demonstrated myocardial uptake in preclinical and initial human
studies, although its clinical role has yet to be established (63,64).

Parasympathetic Imaging
Techniques for radioligand imaging of cardiac parasympathetic activ-
ity remain far less developed than those for sympathetic imaging despite
the central role that parasympathetic innervation plays in cardiovascular
physiology. !'C-donepezil is a reversible, non-
competitive antagonist of acetylcholinesterase

"C-mHED

"C-CGP 12177

that has been investigated in humans as a
potential surrogate marker of cardiac parasym-
pathetic innervation (65), although its utility is
hindered by donepezil’s significant affinity for
o -receptors, which are also plentiful in the
heart (66). ''C-methylquinuclidinyl benzilate is
a specific hydrophobic antagonist of muscarinic
acetylcholine receptors that has demonstrated
significantly greater uptake in patients with
dilated cardiomyopathy than in healthy controls
(345 = 89 vs. 250 = 7.7 pmol/mL, P <
0.005) (40). In addition, 2-deoxy-2-'8F-fluoro-
D-glucose-A85380 is a selective agonist of the

FIGURE 6. Pre- and postsynaptic sympathetic imaging with "C-HED and "'C-CGP 12177 PET.
Short axis ''C-HED and ''C-CGP 12177 PET images of patient with congestive heart failure. Signifi-
cant pre- and postsynaptic mismatch are noted by arrows. (Reprinted from (49).)

656  THE JOURNAL OF NUCLEAR MEDICINE + Vol. 63 « No.5 « May 2022

a3, nicotinic receptor that was developed for
central nervous system imaging and has dem-
onstrated feasibility in humans for imaging



nicotinic receptors in the heart (67) and vasculature (68). More recently,
the vesicular acetylcholine transporter has been investigated as a
potential target for radioligand imaging of cardiovascular cholinergic
activity. '8F-fluoroethoxybenzovesamicol is a noncompetitive inhibitor of
the vesicular acetylcholine transporter that, in contrast to ''C-donepezil,
has low affinity for o -receptors (69). '8F-fluoroethoxybenzovesamicol
has been extensively studied in the central nervous system and recently
demonstrated favorable properties for quantitative cardiac imaging (69).

Overall, neuronal radiotracers have thus far not gained wide-
spread use in cardiovascular medicine despite some intriguing pre-
clinical and clinical findings. Multiple technical, clinical, and
economic factors likely contribute to the slow advancement of neu-
ronal imaging techniques, including incomplete definitions of their
clinical roles and potential added value over established imaging
techniques. Given the advantages of PET over SPECT, the field of
cardiovascular neuronal imaging will likely continue to shift toward
quantitative PET techniques, likely with '8F-labeled tracers. This
will require further development of '®F-based radiotracers and
related quantitative analysis techniques.

CONCLUSION

Cardiovascular imaging is evolving in response to systemwide
trends toward molecular characterization and personalized thera-
pies. The development of new radiotracers for PET and SPECT
imaging is central to addressing the numerous unmet diagnostic
needs that relate to these changes. Overall, there is a trend toward
greater use of PET in cardiovascular medicine given its beneficial
imaging properties and established methods for quantification,
although SPECT remains highly used because of its favorable cost
and availability and the numerous benefits of recent technical
improvements. The development of radiotracers for improved
characterization of cardiovascular neuronal activity as well as per-
fusion in both the myocardium and periphery has been discussed
in part 1 of this review. Part 2 will present a detailed overview of
emerging radiotracers for the imaging of cardiovascular inflamma-
tion, fibrosis, thrombosis, calcification, and cardiac amyloidosis.
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FOCUS ON MOLECULAR IMAGING

Signaling Pathways That Drive 5F_FDG Accumulation

in Cancer
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18F_FDG measures glucose consumption and is an integral part of can-
cer management. Most cancer types upregulate their glucose con-
sumption, yielding elevated '®F-FDG PET accumulation in those cancer
cells. The biochemical pathway through which "®F-FDG accumulates in
cancer cells is well established. However, beyond well-known regula-
tors such as c-Myc, PIBK/PKB, and HIF1«, the proteins and signaling
pathways that cancer cells modulate to activate the facilitated glucose
transporters and hexokinase enzymes that drive elevated '®F-FDG
accumulation are less well understood. Understanding these signaling
pathways could yield additional biologic insights from '®F-FDG PET
scans and could suggest new uses of '8F-FDG PET in the management
of cancer. Work over the past 5 years, building on studies from years
prior, has identified new proteins and signaling pathways that drive glu-
cose consumption in cancer. Here, we review these recent studies and
discuss current limitations to our understanding of glucose consump-
tion in cancer.

Key Words: molecular imaging; oncology; '8E_FDG PET; cancer;
glucose consumption; signaling pathways
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The glucose analog PET radiotracer '®F-FDG measures glu-
cose consumption and is an important tool for the diagnosis and man-
agement of cancer (/,2). '8F-FDG PET imaging has demonstrated
value in, for example, the initial staging and the identification of recur-
rences in lung, colorectal, and esophageal cancers (/). Additionally,
preclinical and clinical studies suggest that changes in '8F-FDG accu-
mulation in tumors after certain therapies can be strongly predictive
and can function as an early biomarker of therapeutic efficacy (3,4).

However, despite the proven clinical value of '®F-FDG PET in
cancer management and a clear understanding of the biochemical
pathway that '®F-FDG measures—glucose consumption—a compre-
hensive understanding of the signaling pathways that regulate glucose
consumption and '®F-FDG accumulation in cancer is lacking. Under-
standing these signaling pathways could provide a better context in
which to understand '8F-FDG PET scans in patients, might help to
connect mechanistically the level of '®F-FDG accumulation to spe-
cific and potentially targetable alterations in a given cancer type, and
might aid in identifying additional therapies for which '8F-FDG PET
could be leveraged as an early predictor of therapeutic efficacy.
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SIGNALING THAT Drives 'F-FDG PET -+

This review describes and categorizes new signaling pathways
that regulate glucose consumption in cancer and that have been
reported within the last 5 years. Most of these newly described
pathways connect to well-established and previously identified reg-
ulators of cancer cell glucose consumption such as PI3K, HIFla,
and TXNIP. Work describing these and other previously identified
regulators of glucose consumption can be found in prior reviews
(5—8). Mechanisms through which therapies block '®F-FDG accu-
mulation and glucose consumption in cancer are important although
beyond the scope of this review. Additionally, mechanisms that
drive 'F-FDG accumulation in immune cells in the tumor micro-
environment and how that information could be used to monitor
therapeutic responses to immune checkpoint inhibitors are an
important additional topic but also outside the scope of this review
and at least partially covered by a recent review (9).

THE BIOCHEMISTRY OF '8F-FDG ACCUMULATION

8F_FDG is transported across the cell membrane by facilitated
glucose transporters (GLUTs) and is phosphorylated by hexokinase
enzymes to '8 F-FDG-6-phosphate (2). The GLUTs are a large fam-
ily of transporters containing 14 isoforms that transport glucose
and related compounds (/0). GLUT1 and GLUT3 both transport
glucose and '8F-FDG, are highly expressed in a variety of cancers,
and are considered the key transporters of '®F-FDG in most cancer
cells (10,11). "8F-FDG is not a substrate for sodium-dependent glu-
cose transporters (/2), although the exact contribution of these
transporters to glucose flux in cancer remains to be determined.
Cells express one or more of 4 different hexokinases (/3). Hexoki-
nase 1 (HK1) and hexokinase 2 (HK2), alone or in combination,
are expressed in most cancer cells and are considered the key
enzymes for phosphorylating '8F-FDG to '®F-FDG-6-phosphate in
cancer cells (/3). "®F-FDG-6-phosphate can be dephosphorylated
by glucose-6-phosphatase and transported out of the cell by the
GLUTs (14).

Which of these biochemical steps is the major driver of '*F-FDG
accumulation is likely context-dependent, and low levels of the
GLUTs or hexokinase enzymes or high levels of glucose-6-phos-
phatase are often found in cancers that accumulate low levels of
8F-FDG. For example, in non-small cell lung cancer, GLUTI
and GLUT3 levels correlate better than HK1 and HK2 levels with
8F_FDG accumulation (15). In pheochromocytomas and paragan-
gliomas, HK2 levels correlate better than GLUT1 or GLUTS3 levels
with 8F-FDG accumulation (/6). '8F-FDG accumulation can be
variable in gastric and breast cancers, and in both cases, '*F-FDG
accumulation correlates with GLUT1 levels (17,18). Low '3F-FDG
accumulation in low-grade hepatocellular carcinoma tumors is
associated with low hexokinase activity and high glucose-6-phos-
phatase activity (19).
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Additional enzymes, including phosphoglucose isomerase and
phosphoglucomutase, can further metabolize '*F-FDG-6-phosphate
(20), but how (if at all) changes in the activity of these enzymes
affects ®F-FDG accumulation at the time point usually used for
imaging with 'F-FDG remains unclear.

THE SIGNALING PATHWAYS THAT AFFECT GLUCOSE
CONSUMPTION AND '8F-FDG ACCUMULATION IN
CANCER CELLS

Many well-validated methods exist for quantifying glucose con-
sumption, including measuring 2-DG-6-phosphate levels in cells
treated with 2-DG, measuring accumulated radioactivity in cells treated
with a radiolabeled glucose analog, or measuring changes in glucose
concentrations in cell culture media (27). An often-used but poor mea-
sure of glucose consumption is accumulated fluorescence in cells
treated with a fluorescent glucose analog such as 2-[N~(7-nitrobenz-2-
oxa-1,3-diazol-4-yl)amino]-2-deoxyglucose or 6-[N-(7-nitrobenz-2-
oxa-1,3-diazol-4-yl)amino]-2-deoxyglucose. Various studies have
identified multiple systems in which the accumulation of these fluo-
rescent glucose analogs does not measure glucose consumption
(22,23). As such, we will focus only on those studies that measure
glucose consumption with well-validated methods.

Over the last 5 years, most studies have identified signaling path-
ways that regulate glucose consumption and '8F-FDG accumulation
by regulating the GLUT proteins and hexokinase enzymes at the
transcriptional and posttranslational level.

TRANSCRIPTION (FIG. 1A)

Newly identified regulators of GLUT1 and GLUT3 transcription
are varied and defy easy categorization. In squamous cell carci-
noma cell lines, the transcription factors p63 and SOX2 drive glu-
cose consumption by binding to an enhancer region of the GLUT1
gene and driving GLUT1 messenger RNA (mRNA) and protein
expression (24). Our laboratory recently identified over 100 small
molecules that block glucose consumption in 1 of 3 different non—
small cell lung cancer cell lines using a high-throughput assay. We
studied the small molecule milciclib and used it to determine that
the cyclin-dependent kinase CDK7 activates GLUT]1 transcription,
glucose consumption, and '8F-FDG accumulation downstream
from mutant PIK3CA (25). In melanoma cells, lysine methyl trans-
ferase KMT2D loss-of-function mutants increase glucose con-
sumption by repressing the expression of IGFBP5, a negative
regulator of insulin signaling, and increase mRNA expression of
GLUT1 and HK1 (26). In pre-B-cell acute lymphoblastic leuke-
mia, B-lymphoid transcription factors Pax5 and IKZF1 function as
tumor suppressors and downregulate mRNA levels of GLUT1 and
HK2 (27). In breast and colorectal cancer cells, during cell detach-
ment, the protein kinase SGK1 induces the expression of GLUT1
mRNA, leading to increased GLUT1 protein levels and glucose
consumption (28). In pancreatic cancer, the transmembrane mucin
glycoprotein MUC13 increases glucose consumption by activating
nuclear factor kB, leading to increased mRNA expression of
GLUT1 (29). Finally, in cervical cancer cells, long noncoding
RNA NICI enhances glucose consumption during hypoxia by pro-
moting the recruitment of RNA polymerase 2 to the GLUT3 pro-
moter and increasing GLUT3 mRNA levels (30).

The transcription factor c-Myc continues to be an important regulator
of glucose consumption, with attention in the last 5 years focusing on
its role in regulating HK2 mRNA levels. In colon cancer cells, interleu-
kin 22 enhances glucose consumption by activating STAT3, which
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induces c-Myc mRNA and protein levels, leading to increased mRNA
and protein expression of HK2 (37). Alternatively, in pancreatic cancer
cells, serotonin activates glucose consumption in cells by binding its
receptor HTR2B, increasing protein levels of HIFla and c-Myc, and
increasing mRNA expression of HK2 (32). Inhibition of mTOR and
c-Myc in lymphoma cell lines decreases glucose consumption,
decreases mRNA levels of GLUT1, and increases mRNA levels of glu-
cose-6-phosphatase (33).

Additional regulators of HK2 transcription include the transcrip-
tion factor BACHI, the cytokine Gremlin-1, and the micro RNA
miR-34c¢-3p. In lung cancer cells, BACH1, which is stabilized in the
presence of antioxidants, binds to the HK2 promoter and induces
HK2 mRNA levels, leading to increased glucose consumption (34).
In breast cancer cells, Gremlin-1 induces glucose consumption by
activating the reactive oxygen species—PKB (Akt)-STAT3 pathway,
which leads to increased HK2 mRNA (35). Finally, in hepatocellu-
lar carcinoma cell lines, miR-34c¢-3p drives glucose consumption by
downregulating guanylate kinase MAGI3. MAGI3 inhibits 3-cate-
nin transcriptional activity, and decreased MAGI3 levels leads to
increased HK2 mRNA levels and glucose consumption (36).

PROTEIN EXPRESSION (FIG. 1B)

A few studies only looked at protein levels of GLUT1 and
HK2. In osteosarcoma cells, the long noncoding RNA MALATI1
sponges up miR-485-3p, leading to higher levels of ¢c-MET and
Akt3, whose mRNA miR-485-3p targets. Higher c-MET and Akt3
protein levels increase mTOR signaling, GLUT1 and HK2 protein
levels, and glucose consumption (37). In cervical cancer cells, pro-
grammed-death ligand 1 activates glucose consumption through
the induction of SNAI1, which represses SIRT3 expression, lead-
ing to higher protein levels of HK2 and GLUT]1 (38).

POSTTRANSLATIONAL REGULATION AND LOCALIZATION
(FIG. 1C)

Recent work has focused on the posttranslational modifications
of HK2 (39,40). SUMOylation and ubiquitination represent the
conjugation of specific polypeptides to lysine residues on proteins.
HK2 SUMOylation at lysine 315 and lysine 492 is added by the
conjugating enzyme UBC2 and removed by the protease SENPI.
In prostate cancer cells, HK2 SUMOylation weakens the interac-
tion between HK2 and the anion channel VDAC on the outer mito-
chondrial membrane, leading to lower glucose consumption (39).
In hepatocellular carcinoma, the COP9 signalosome subunit CSN5
is overexpressed and deubiquitinates HK2. HK2 ubiquitination is
associated with its degradation, so CSNS overexpression leads to
increased HK2 protein levels and glucose consumption (40).

The a-arrestin family member TXNIP is a well-studied protein
whose levels are induced by glucose, which binds to GLUT]I,
leading to GLUT1 internalization, and which decreases GLUT1
mRNA levels (41). In this capacity, TXNIP is a key effector of a
negative-feedback loop that limits excess glucose consumption
and a key node that is dysregulated in cancer cells to enhance glu-
cose consumption (47). In recent work, the role of TXNIP in reg-
ulating glucose consumption continued to be affirmed, with
studies identifying additional regulators of TXNIP levels (42—45).

Lower TXNIP levels lead to increased GLUT]1 at the plasma mem-
brane and increased glucose consumption (42). PI3K/Akt signaling
in non—small cell lung cancer cell lines decreases TXNIP expression
and increases glucose consumption. In a hepatocellular carcinoma
cell line, growth factors induce rapid glucose uptake by activating
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PI3K/Akt signaling, leading to the phosphorylation of TXNIP and
yielding a weaker interaction between TXNIP and GLUT1 (43,44).
Across a variety of cancer cell lines, reducing hyaluronan levels acti-
vates receptor tyrosine kinase signaling, leading to induction of the
zinc finger protein ZNF36, which degrades TXNIP mRNA (42).
ZNF36 also binds to and contributes to the degradation of HK2
mRNA (46), suggesting that ZNF36 may regulate glucose consump-
tion through multiple mechanisms. In metastatic pancreatic cancer
cells, elevated activity of the metabolic enzyme phosphogluconate
dehydrogenase increases glucose consumption by depleting levels of
its substrate, 6-phosphogluconate, leading to retention of the tran-
scription factor MondoA in the cytoplasm and diminished expression

of the Mondo target gene TXNIP. Lower TXNIP levels lead to
increased GLUT] surface expression (45). In pancreatic cancer cells,
the cell-surface glycoprotein MUC13 also directly interacts with and
stabilizes GLUT1 at the cell surface, potentially synergizing with
decreased levels of TXNIP (29).

The GTPase KRAS is highly mutated and activated in many dif-
ferent types of cancer and is well known to activate glucose con-
sumption (47). However, mechanisms for how KRAS activates
glucose consumption are not fully understood. KRAS is expressed
as 2 splice variants, KRAS4A and KRAS4B. Recent work has
shown that in multiple cancer cell lines, KRAS4A directly interacts
with HK1 at the outer mitochondrial membrane, where it relieves
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glucose-6-phosphate—dependent product inhibition of HK1, lead-
ing to increased glucose consumption (48).

LIMITATIONS TO OUR CURRENT UNDERSTANDING OF
GLUCOSE CONSUMPTION IN CANCER CELLS

Most proteins identified to regulate cancer cell glucose con-
sumption have been shown to do so only in established cancer cell
lines and in cell cultures despite the fact that metabolism can be
very different between cell cultures and in vivo. Small-animal
I8F.FDG PET is an ideal and well-established assay for conduct-
ing such studies but is rarely used. Additional studies to evaluate
regulators of glucose consumption in vivo are necessary. Ideally,
these studies would be done using patient-derived xenografts
implanted in orthotopic locations or genetically engineered mouse
models.

Most proteins that have been shown to alter glucose consump-
tion have been studied in one or a limited number of cell lines
from the same cancer type. The activity of these proteins is often
not linked to any known genetic alteration. Studies evaluating
which signaling pathways are cancer-type—specific or are shared
across different cancer types will be important for identifying the
scope of any pathway identified. Studies determining the genetic
or epigenetic alteration that activates a certain pathway to drive
glucose consumption will serve the same purpose.

The data so far suggest that glucose consumption is regulated at
multiple levels by various mechanisms. Largely understudied is the
relative importance of each regulator in affecting glucose consump-
tion. Proteins or pathways that drive a large proportion of the glu-
cose consumption would likely have greater relevance for human
'8F-FDG PET.

An emerging but understudied theme is that blocking glucose con-
sumption by affecting the identified pathways limits cell growth. For
example, we have shown that the cyclin-dependent kinase inhibitor
milciclib blocks cell growth by inhibiting glucose consumption (25).
If this proves to be true across many different therapies and cancer
types, it would provide a causal basis for correlative clinical studies
showing that early changes in tumor '|F-FDG accumulation in
response to therapy can be predictive of therapeutic efficacy.

To identify additional drugs for which '8F-FDG could function
as a pharmacodynamic biomarker, it will be important to under-
stand the kinetic time course over which glucose consumption is
affected after a drug treatment. For example, because EGFR in-
hibitors block glucose consumption in glioblastoma cells within
4h and through 24 h (4), a patient could be imaged with '*F-FDG
PET shortly after or up through a day after administration of an
EGFR inhibitor. Milciclib affects glucose consumption only after
24 h (25); a patient would therefore need to be imaged with '*F-FDG
PET 24 h after milciclib treatment. Earlier imaging of a patient
treated with milciclib could lead to the false impression that milciclib
was not working in the tumor.

Tumors contain a complex mixture of cells, including cancer
cells, immune cells, and stromal cells. The amount of glucose con-
sumption in these various cell types and how that relates to the
overall accumulation of '8F-FDG in the tumor across different
cancer types and locations remains to be fully determined. How-
ever, a recent study suggested that at least in certain tumor models,
myeloid cells and T cells consume glucose at a higher rate than
tumor cells (49). Further studies will be necessary to understand
how much '3F-FDG accumulation in tumors represents '8F-FDG
accumulation in cancer cells versus other cell types.
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CONCLUSION

I8F_FDG PET is an established imaging approach for the man-
agement of many different types of cancer, but the full repertoire
of signaling pathways that drive '8F-FDG consumption in cancer
are not well understood. A better understanding of these signaling
pathways could yield new insights into '*F-FDG PET imaging and
will be important for developing additional uses of 'F-FDG PET
in cancer.

Critical and important work has been accomplished over the last
5 years to further elucidate the detailed mechanisms that cancer
cells use to elevate their glucose consumption and that lead to
increased !'8F-FDG accumulation in cancer cells. These studies
continue to support the role of well-studied primary regulators of
glucose consumption, including PI3K/Akt, mTOR, and HIFla,
while detailing the different ways in which these primary regula-
tors control glucose consumption at the transcriptional and post-
translational level. Studies in the next 5 years should focus on how
and whether the regulators of glucose consumption often identified
in limited cell lines and in cell cultures translate in vivo to mice
and potentially humans and across various types and subtypes of
cancer.
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Differentiating tumor recurrence or progression from pseudoprogression
during surveillance of pediatric high-grade gliomas (PHGGs) using MR,
the primary imaging modality for evaluation of brain tumors, can be chal-
lenging. The aim of this study was to evaluate whether ''C-methionine
PET, a molecular imaging technique that detects functionally active
tumors, is useful for further evaluating MRI changes concerning for
tumor recurrence during routine surveillance. Methods: Using ''C-
methionine PET during follow-up visits, we evaluated 27 lesions in 26
patients with new or worsening MRI abnormalities for whom tumor
recurrence was of concermn. We performed quantitative and qualitative
assessments of both "'C-methionine PET and MRI data to predict the
presence of tumor recurrence. Further, to assess for an association with
overall survival (OS), we plotted the time from development of the imag-
ing changes against survival. Results: Qualitative evaluation of ''C-
methionine PET achieved 100% sensitivity, 60% specificity, and 93%
accuracy to correctly predict the presence of tumors in 27 new or wors-
ening MRI abnormalities. Qualitative MRI evaluation achieved sensitivity
ranging from 86% to 95%, specificity ranging from 40% to 60%, and
accuracy ranging from 85% to 89%. The interobserver agreement for
" G-methionine PET assessment was 100%, whereas the interobserver
agreement was only 50% for MRI (P < 0.01). Quantitative MRI and "'C-
methionine PET evaluation using receiver-operating characteristics
demonstrated higher specificity (80%) than did qualitative evaluations
(40%-60%). Postcontrast enhancement volume, metabolic tumor vol-
ume, tumor-to-brain ratio, and presence of tumor as determined
by consensus MRI assessment were inversely associated with OS.
Conclusion: "'C-methionine PET has slightly higher sensitivity and
accuracy for correctly predicting tumor recurrence, with excellent inter-
observer agreement, than does MRI. Quantitative ''C-methionine PET
can also predict OS. These findings suggest that ''C-methionine PET
can be useful for further evaluation of MRI changes during surveillance
of previously treated PHGGs.
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grade glioma; pseudoprogression; recurrence

J Nucl Med 2022; 63:664-671
DOI: 10.2967/jnumed.120.261891

Received Jan. 5, 2021; revision accepted Aug. 11, 2021.

For correspondence or reprints, contact Asim K. Bag (asim.bag@stjude.
org).

Published online Aug. 26, 2021.

COPYRIGHT © 2022 by the Society of Nuclear Medicine and Molecular Imaging.

664

It has only recently been discovered that pediatric high-grade
gliomas (PHGGs) are biologically distinct from adult high-grade glio-
mas (/). However, this new knowledge has not yet changed diagno-
ses, classifications, World Health Organization grading, or treatment
of PHGGs (2). PHGGs in children older than 3 y are treated with a
combination of maximal safe surgical resection, radiation therapy
with or without adjuvant chemotherapy, and subsequent continued
chemotherapy, similar to the treatment regimen for adult high-grade
gliomas (3—5). Despite this aggressive therapy, outcomes in young
children are dismal, with a local 1-y failure-free survival rate of 60%
(6), suggesting that recurrence is common. Accurate diagnosis of
tumor recurrence is important because the median overall survival
(OS) of recurrent PHGGs is 4-7 mo (7) and because treatment of
pseudoprogression is different from that of tumor recurrence. How-
ever, the diagnosis of recurrence is not always straightforward with
MRI, which is the clinical standard-of-care test for assessing response
to treatment. Indeed, treatment-related effects, including pseudoprog-
ression, frequently mimic tumor recurrence, thereby leading to mis-
diagnosis and incorrect management (8, 9).

Pseudoprogression is characterized by temporary enlargement and
increased enhancement of clinical target volumes with MRI (/0) and
occurs in up to 20% of patients treated with radiation therapy and adju-
vant chemotherapy (/7). The incidence of pseudoprogression after ini-
tial therapy of PHGGs is similar to the incidence in adults after
treatment of high-grade gliomas (/2). Tumor recurrence is also charac-
terized by enlargement of tumor volume, with increased enhancement
making the distinction challenging (/3—15). Many advanced MRI tech-
niques have been extensively studied to differentiate treatment-related
effects from true tumor progression, with variable benefits (/6—19).
PET with various radiotracers has been studied to distinguish true
tumor progression from pseudoprogression (17,20-24). Of the many
PET radiotracers used to evaluate tumor recurrence, study results using
amino acid PET tracers (i.e., ''C-methionine, O-(2-'F-fluoroethyl)-L-
tyrosine ['®F-FET], and '®F-dihydroxyphenylalanine) in adults suggest
that a reduction in amino acid uptake or a decrease in the metabolically
active tumor volume is a sign of treatment response associated with
long-term outcome (25). The Response Assessment in Neuro-Oncol-
ogy working group and the European Association for Neuro-Oncology
now suggest that F-FET may facilitate the diagnosis of pseudoprog-
ression in glioblastoma patients within the first 12 wk after completion
of chemoradiotherapy (25). ''C-methionine, a true amino acid PET
tracer with properties similar to '8F-FET PET, has recently been
shown to differentiate true tumor progression from treatment-related
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effects better than other PET tracers can in adults, with a sensitivity
and specificity of 91.2% and 87.5%, respectively (26). Although the
utility of 'C-methionine PET for evaluating nonenhancing PHGGs
has been investigated (27), its use to evaluate tumor recurrence in
PHGGs has not been systematically investigated.

Here, we evaluated whether !!C-methionine PET can be useful
for the identification of tumor recurrence in previously treated
PHGGs. Specifically, we compared the accuracy of ''C-methio-
nine PET with that of MRI for predicting the presence of tumors
when recurrence is suspected. We also compared the interobserver
agreement of ''C-methionine PET and MRI to determine whether
'1C-methionine PET imaging adds value to conventional MRI and
whether !'C-methionine PET or MRI can predict OS.

MATERIALS AND METHODS

Study Subjects

We retrospectively included all subjects with PHGGs who were
enrolled in the ongoing “Methionine PET/CT Studies in Patients with
Cancer” clinical trial (NCT00840047) at St. Jude Children’s Research
Hospital since 2009. This study was approved by the St. Jude Institu-
tional Review Board, and each subject or a parent or legal guardian
gave written informed consent to participate. The inclusion criteria for
this study were as follows: previously treated World Health Organiza-
tion grade III or IV PHGGs that demonstrated worsening or new imag-
ing abnormalities on fluid-attenuated inversion recovery (FLAIR)
sequences, on postcontrast T1-weighted sequences, or on both sequen-
ces during routine surveillance MRIs, in comparison with the MRI find-
ings from the baseline or from the best response; !'C-methionine PET
scans obtained within 3 wk of the surveillance MRI scans; and estab-
lishment of a definitive diagnosis of tumor recurrence within 8 wk of
either the MRI surveillance scan or the ''C-methionine PET scan.

Imaging Acquisition

"1 C-Methionine PET. ''C-methionine was prepared as previously
described (28). ''C-methionine PET imaging followed at least 4 h of
fasting. Each subject received intravenous injections of 740 MBq
(20 mCi) of !'C-methionine per 1.7 m* of body surface area (maxi-
mum prescribed dose, 740 MBq). Transmission CT images (for atten-
uation correction and lesion localization) and PET images were
acquired approximately 5—15 min (mean = SD, 8.7 = 3.3 min) after
!'C-methionine injection with a Discovery 690 PET/CT scanner or a
Discovery LS PET/CT scanner (GE Healthcare) using these parame-
ters: field of view, 30 cm; matrix, 192 X 192; reconstruction method,
VUE point HD; quantification method, SharpIR; filter cutoff, 5.0 mm;
subsets, 34; iterations, 4; and z-axis filter, standard. The Q.Clear 350
SharpIR quantification method was used in only 1 subject. The CT
acquisition parameters were as follows: 0.5-cm slice thickness, 0.8-s
tube rotation, 1.5 cm/rotation table speed, 1.5:1 pitch, 120 kV, and
90 mA with dose modulation. PET images were acquired in 3-dimen-
sional mode for 15 min. Data were reconstructed into multiplanar
cross-sectional images with standard vendor-supplied software and
displayed on a nuclear medicine workstation (Hermes Medical Sys-
tems, Inc.) for analysis.

MRI. The following sequences were acquired with a 1.5-T Avanto
magnet or a 3-T TrioTim, Skyra, or Prisma magnet (Siemens Medical
Solutions) with a 0.1 mmol/kg dose of intravenous gadobutrol (Gadavist;
Bayer Healthcare): 3-dimensional magnetization-prepared rapid gradient-
echo (1 mm? isotropic acquisition, 1,590-ms repetition time, 2.7-ms echo
time, 900-ms inversion time, and 15° flip angle); 2-dimensional (2D)
transverse T1-weighted fast low-angle shot (4-mm slice thickness, no
gap, 259-ms repetition time, 2.46-ms echo time, and 70° flip angle); 2D
transverse diffusion-weighted sequence and postcontrast 2D transverse
T1-weighted fast low-angle shot (parameters identical to those of
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precontrast axial 2D T1-weighted); 2D transverse T2-weighted turbo spin-
echo (4-mm slice thickness, no gap, 4,810-ms repetition time, 87-ms echo
time, and 180° flip angle); 2D transverse T2-weighted FLAIR (4-mm slice
thickness, no gap, 10,000-ms repetition time, 106-ms echo time, 2,600-ms
inversion time, and 130° flip angle); and 3-dimensional sagittal T1-
weighted (parameters identical to those of precontrast sagittal 3-dimen-
sional T1-weighted). Apparent diffusion coefficient maps were calculated
from the diffusion images with the vendor-provided software (Syngo; Sie-
mens Healthcare).

Qualitative Image Analysis

MRI. Each surveillance MRI was evaluated 4 times. The first evaluation
was performed during generation of the clinical report by one of the neuro-
radiologists assigned to the clinical service. The second evaluation was per-
formed by a single neuroradiologist (observer 1) with 12 y of experience
evaluating response assessments in pediatric brain tumors. The third evalua-
tion was performed by a single neuroradiologist (observer 2) with 8 y of
experience evaluating response assessments in pediatric brain tumors. Both
observers were masked to the ''C-methionine PET findings and did not
have access to any clinical information or any imaging studies obtained after
the index surveillance MRI. The fourth evaluation consisted of a consensus
evaluation by observers 1 and 2. New or worsening MRI abnormalities
were subjectively categorized as definitely tumor (score of 1), definitely not
tumor (score of 2), or indeterminate (score of 3). The consensus readings
were also scored with the same 1-3 scale. If a discrepancy in opinion
occurred between 2 observers, the reading was scored as 3. The first rating
from neuroradiologists on clinical duties was scored with the same scale on
the basis of the clinical reports. Diffusion and apparent diffusion coefficient
maps were used together for subjective evaluation only.

11 C_Methionine PET. ''C-methionine PET images were indepen-
dently reviewed by 2 observers, one with 15 y of experience and the
other with 2 y of experience in molecular imaging for assessment of
treatment response in pediatric brain tumors. The observers were pro-
vided the location of the MRI abnormality and had access to the MR
images. The !'C-methionine PET images were rated qualitatively on a
4-point scale relative to frontal white matter (in all included subjects,
at least some component of the frontal lobe white matter was free of
tumor): 0, no detectable uptake; 1, mild uptake but less than in the
contralateral frontal lobe white matter; 2, mild uptake similar to that in
the contralateral frontal lobe white matter; or 3, uptake greater than in
the contralateral frontal lobe white matter. Finally, the results of visual
assessment were consolidated into just 2 groups. The first group was
“no uptake or uptake the same as or lower than in the reference
region” (grades 0, 1, and 2), and the second group was “uptake higher
than in the reference region” (grade 3).

Quantitative Imaging Analysis

Worsening or new imaging abnormalities on postcontrast T2-
weighted FLAIR and T1-weighted sequences were manually seg-
mented using Vitrea Advanced Visualization (Vital Images) software.
Three patients had subtle enhancement on T1-weighted sequences,
and their T1-weighted regions of interest were drawn on the A-T1
images (precontrast T1-weighted images were subtracted on a voxel-
by-voxel basis from the postcontrast T1-weighted images).

SUVs for the ''C-methionine PET images were calculated using Her-
mes software. After coregistration of the PET dataset with FLAIR or
postcontrast T1-weighted MRI sequences, regions of interest were manu-
ally drawn either around the areas of abnormal ''C-methionine uptake or
around the MRI abnormality. In addition, quantitative tumor metrices
(metabolic tumor volume and tumor-to-brain ratio [TBR]) were calcu-
lated as suggested by Law et al. (29). However, instead of using a cres-
centic region of interest, we used a 1.0-cm® sphere to calculate the
SUV nean Of the contralateral normal prefrontal lobe cortex and juxtacorti-
cal white matter as suggested by Hotta et al. (22) for consistency. Briefly,
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SUV nean Of the contralateral normal frontal lobe cortex and juxtacortical
white matter was calculated using a 1.0 cm® sphere. The 3-dimensional
metabolic tumor volume with an SUV more than 1.3 times that of the
normal brain cortex (obtained in the prior step) was automatically con-
toured using Hermes software, which automatically calculated the SUV-
max and SUV .., of the tumor. TBR and TBR,,,x were then manually
calculated by dividing the tumor SUV 5 by the SUV ean of the contra-
lateral normal frontal lobe cortex. TBR .., Was manually calculated by
dividing the tumor SUV o, by the SUV,,can 0f the contralateral normal
frontal lobe cortex. In lesions with an SUV less than 1.3 times that of the
contralateral frontal lobe, a volume of interest was manually drawn on
the FLAIR-abnormal areas and agreed on by both nuclear medicine
physicians, and then the volumes of interest were copied to the PET
images. The SUV .« of the volumes of interest were automatically calcu-
lated by the software. The TBR was then calculated as described above.

Final Outcomes

The final outcomes of the lesions evaluated with MRI and ''C-methio-
nine PET were determined with the following methods: Response Assess-
ment in Neuro-Oncology criteria applied to imaging and clinical findings
(30); biopsies; or follow-up imaging and clinical course. Tumor was
defined as present in the evaluated lesions if the lesions were treated as pro-
gressive disease (defined by Response Assessment in Neuro-Oncology cri-
teria), if a predominant tumor was evident via biopsy, if progressive
worsening was evident by follow-up MRI within 8 wk of the surveillance
MRI or ''C-methionine PET scan, or if the subject died of tumor progres-
sion without any other identifiable cause. Because all evaluated lesions
were included at recurrence, OS was calculated from the date of diagnosis
of recurrent tumor or pseudoprogression.

Statistical Analysis

MRI and ''C-methionine PET readings were defined as true positive
when tumor scores correctly identified the final outcome and as false pos-
itives when tumors scores differed from the final outcome. Ratings were
defined as true negatives when tumor scores did not correctly identify the
final outcome and as false negatives when tumor scores did not differ
from the final outcome. Sensitivity and specificity were calculated by
standard statistical definitions. Accuracy was defined as the proportion of
true positives and true negatives in all scans. Interobserver agreement
between different MRI and ''C-methionine PET observers was calculated
with Cohen k-values, which were interpreted as previously indicated
(31). Log-rank tests were used to assess the association of subjective ''C-
methionine PET and MRI findings with OS. By using optimal cutoffs,
we generated Kaplan—Meier curves for MRI parameters (T1-enhancing
volumes, FLAIR volumes), and a PET parameter (SUV,,.x) to test
whether these measurements from quantitative imaging analysis were
associated with OS.

The sensitivity and specificity of metabolic tumor volume, TBR, T1-
enhancing volume, FLAIR volume, and SUV,,,,, using optimal cutoffs for
predicting final outcomes were evaluated. We used the optimized cutoffs
to categorize these imaging features, and log-rank tests were performed to
test whether each of these features was associated with OS values, which
were calculated from the time of the MRI and !'C-methionine PET scans
to the death of the subjects or—for subjects still alive—to the date of the
last follow-up. The 95% ClIs for all diagnostic accuracy measures were
calculated using bias-corrected bootstrap methods with resampling. All
statistical analyses were done using R Statistical Software.

RESULTS

We used May 2020 as the cutoff for our analysis and found 27
patients who matched our inclusion criteria. We excluded 1 patient
with L-2-hydroxyglutaric aciduria because differentiating tumor
tissue from healthy brain was challenging because of diffuse brain
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signal abnormalities in the entire brain due to this condition. Of
the remaining 26 patients, 27 tumors (1 patient had a left frontal
lobe recurrence that was treated and evaluated similarly to the
original tumor in the cerebellum) were included in the analysis.
Details of patient demographics and tumors are shown in Table 1
and Supplemental Table 1 (supplemental materials are available at
http://jnm.snmjournals.org). The details of the previous treatment,
tumor location, and genetic alterations are included in Supplemen-
tal Table 2.

Qualitative MRI and ''C-Methionine PET Interpretations for
Predicting Final Outcomes

The final outcome in 5 of the 27 lesions evaluated were no tumor
present (i.e., pseudoprogression), and in the remaining 22 lesions it
was presence of tumor (i.e., tumor progression). The final outcomes
were confirmed by follow-up MRI in 16 cases, by biopsy in 4, and
by Response Assessment in Neuro-Oncology criteria in 7.

The sensitivity, specificity, and accuracy of correctly predicting
the presence of tumors from MRI were 86% (95% CI, 64%—96%),
80% (95% CI, 0%—100%), and 85% (95% CI, 63%—-93%), respec-
tively, for observer 1 and 95% (95% CI, 73%—-100%), 40% (95%
CI, 0%—-100%), and 85% (95% CI, 63%-93%), respectively, for
observer 2. The interobserver agreement was fair (Cohen k =
0.49; P < 0.001). The sensitivity, specificity, and accuracy for
correctly predicting the presence of tumors by consensus readings
were 95% (95% CI, 71%-100%), 60% (95% CI, 0%—-100%), and
89% (95% CI, 67%-93%), respectively. The details are summa-
rized in Table 2.

The sensitivity, specificity, and accuracy for correctly predicting
the presence of tumors with !'C-methionine PET scans were
100% (95% CI, not applicable), 60% (95% CI, 0%—-100%), and
93% (95% CI, 70%—96%), respectively, and the interobserver

TABLE 1

Demographics of Patients Included in Study (n = 27)

Characteristic Patients (n)
Diagnosis
Glioblastoma 17
World Health Organization grade
Il astrocytoma
High-grade neuroepithelial tumor 2
High-grade glioma 2
Anaplastic pleomorphic xanthoastrocytoma 1
Age at time of PET imaging (y)
0-5 4
6-10 2
11-15 8
16-20 8
20-25 4
Sex
Male 16
Female 10
Patient status
Deceased 22
Alive 4
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TABLE 2
Diagnostic Accuracy for Tumor Detection

Qualitative Qualitative ~ T1-enhancing
Index MRI reading  PET reading volume FLAIR volume SUVmax MTV TBRmax TBRmean
Sensitivity 0.95 1 [NA] 0.73 0.86 0.60 0.90 0.77 0.72
[0.71-1] [0.50-0.88] [0.64-0.96] [0.36-0.78] [0.69-1] [0.55-0.91] [0.50-0.88]
Specificity 0.60 [0-1] 0.60 [0-1] 0.80 [0-1] 0.80 [0-1] 1 [NA] 0.80 [0-1] 1 [NA] 0.40 [0-1]
Accuracy 0.89 0.93 0.74 0.85 0.67 0.89 0.81 0.67
[0.67-0.93] [0.7-0.96] [0.52-0.85] [0.63-0.93] [0.44-0.81] [0.64-0.96] [0.59-0.89] [0.44-0.78]

PET = ""C-methionine PET; MTV = metabolic tumor volume; NA = not applicable.

Data in brackets are 95% Cls.

agreement was 100% (Cohen k = 1). Positive ''C-methionine
PET readings had higher sensitivity, specificity, and accuracy for
correctly predicting the presence of tumors than did individual
MRI readings. !'C-methionine PET also had higher sensitivity and
accuracy for correctly predicting the presence of tumors than did
the consensus MRI readings. The consensus MRI and !!C-methio-
nine PET readings were concordant in 88.9% of cases and dis-
cordant in 11.1%. In 1 subject, there was significant discrepancy
between the MRI abnormality and the PET abnormality; in this
subject, there were considerable surgery-related MRI abnormali-
ties because the scans were obtained 21 d after surgery (Fig. 1).
We tested the accuracy between MRI observer 1, MRI observer
2, MRI consensus reads, and !'C-methionine PET reads in pairs
with McNemar tests. There were no significant differences for any
pair in the comparisons. In 5 of the 27 lesions, a discrepancy
occurred between MRI observer 1, MRI observer 2, or the

consensus MRI read for correctly predicting the final outcome, but
"C-methionine PET correctly predicted the final outcomes in all
these cases. The final outcome of 3 of these 5 lesions was presence
of tumor, and the final outcome of 2 of these lesions was pseudo-
progression. Only 1 case was indecisive for changes related to
tumor treatment versus changes not related to tumor treatment in
the consensus MRI interpretation but was correctly predicted by
the !!'C-methionine PET evaluation (Fig. 2).

Quantitative Imaging Parameters from Both ''C-Methionine
PET and MRI for Predicting Final Outcomes
The receiver-operating-characteristic curves for SUV .., meta-
bolic tumor volume, TBR,ax, TBRpean, T1-enhancing tumor vol-
ume, and abnormal tumor volume by FLAIR were assessed for their
ability to predict the final outcomes (32). The optimal SUV ., cutoff
to differentiate between the presence and absence of tumors was 3.3,
with sensitivity, specificity, and accuracy of

60% (95% CI, 36%—78%), 100% (95% CI,
T not applicable), and 67% (95% CI,
44%-81%), respectively. The optimal meta-
bolic tumor volume cutoff was 0.98 cm’,
with sensitivity, specificity, and accuracy of
90% (95% CI, 69%—-100%), 80% (95% ClI,
0%-100%), and 89% (95% CI, 64%-96%),
respectively. The optimal TBR,,,. cutoff
”| was 1.82, with sensitivity, specificity, and
accuracy of 77% (95% CI, 55%-91%),
100% (95% CI, not applicable), and 81%
(95% CI, 59%—89%), respectively. The opti-
mal TBR ., cutoff was 1.4, with sensitiv-
ity, specificity, and accuracy of 72% (95%
CI, 50%—-88%), 40% (95% CI, 0%-100%),
and 67% (95% CI, 44%—78%), respectively.

E

The optimal Tl-enhancing volume cutoff

FIGURE 1. (A) Postcontrast coronal T1-weighted image demonstrates nodular enhancement
(arrow) at superior surgical margin. (B) Axial T2-weighted FLAIR image obtained through level of nod-
ular enhancement seen in A demonstrates areas of heterogeneously hyperintense tissue at medial
(arrow) and posterior (arrowhead) surgical margin. (C) Axial reconstruction of ''C-methionine PET
images through this level shows 2 foci of tracer uptake at medial (arrowhead) and posterior (arrow)
surgical margin. (D) Axial T2-weighted FLAIR image obtained through plane (demarcated by asterisk
in A) inferior to plane of images B and C demonstrates relatively large areas of heterogeneously
hyperintense tissue at posterior surgical margin (arrow). (E) Axial reconstruction of ''C-methionine
PET images through this level shows no ''C-methionine uptake at posterior surgical margin (arrow).
There is minimum uptake at anteromedial surgical margin (arrowhead). This area was not included
in metabolic tumor volume because of low SUV (lower than 1.3 times that of contralateral frontal
lobe cortex).

"C-MeTHIONINE PET FOR PEDIATRIC GLIOMA

was 2.4 cm® or greater, with sensitivity, spe-
cificity, and accuracy of 73% (95% CI,
50%—-88%), 80% (95% CI, 0%—-100%), and
74% (95% CI, 52%, 85%), respectively.
The optimal abnormal FLAIR volume cutoff
was 13.76 cm®, with sensitivity, specificity,
and accuracy of 86% (95% CI, 64%—-96%),
80% (95% CI, 0%—100%), and 85% (95%
CI, 63%-93%), respectively. The details are
summarized in Table 2.
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FIGURE 2. (A) Axial T2-weighted FLAIR image through level of mid-
brain shows large cystic resection cavity in left temporal lobe (white
arrow). There is ill-defined T2 abnormality at medial aspect of resection
cavity (black arrow). No obvious abnormality is noted posterior and lat-
eral to resection cavity (arrowhead). (B) Axial postcontrast T1-weighted
image through same level better shows focal area of contrast enhance-
ment (arrow). This enhancing focus has been followed up since prior
treatment. Subtle contrast enhancement, new finding compared with
previous MRiIs, is noted posterior and lateral to resection cavity (arrow-
head). (C) Axial reconstruction of ''C-methionine PET images through
same level shows intense ''C-methionine uptake posterior and lateral
to resection cavity (arrowhead) corresponding to new subtle T1
enhancement. (D) Postcontrast T1-weighted ''C-methionine PET/MRI
image also shows that ''C-methionine abnormality corresponds to
new subtle enhancement at posterior and lateral aspect of resection
cavity (arrowhead).

Quantitative MRI and ''C-Methionine PET Interpretations
Associated with OS

We used the optimized cutoffs to categorize imaging features,
including the Tl-enhancing volume, FLAIR volume, SUV .y,

metabolic tumor volume, and TBR. T1-enhancing tumor volume,
metabolic tumor volume, and TBR were significant by themselves
for predicting the final outcome. However, the association of final
outcome with quantitative imaging parameters was not significant
when tested with multivariable analysis. Log-rank tests were per-
formed to test whether these imaging features are associated
with OS. Using the cutoffs determined by receiver-operating-
characteristic curves, we found that OS was significantly associ-
ated with metabolic tumor volume (P = 0.0074), TBRphax (P =
0.027), and T1-enhancing volume (P = 0.016) (Figs. 3 and 4).
However, SUV .x, TBR j1can, and FLAIR volume did not show a
significant association with OS.

DISCUSSION

Differentiating true tumor progression from treatment-related
effects can be challenging because of overlapping features
(11,19,25). Many advanced MRI techniques and molecular
imaging techniques have been studied to address this challenge
(19,25). Recent evidence suggests that amino acid PET tracers
(i.e., '8F-dihydroxyphenylalanine PET and '*F-FET PET) can
assist conventional MRI at correctly identifying surgical margins
and distinguishing between tumoral and nontumoral changes
(15,33-36). ''C-methionine PET, in particular, has shown substan-
tial promise (37—40), but these studies were performed only on
adults, and many included metastatic nonprimary CNS tumors.
Therefore, we explored the role of !'C-methionine PET in evaluat-
ing only recurrent PHGGs.

The ''C-methionine uptake is directly related to L-type amino
acid transporter 1 expression (47); high ''C-methionine uptake
characteristically occurs in tumors with a high degree of neoangio-
genesis and cellular proliferation (8,47). Previous studies have
found !'C-methionine PET to have high sensitivity and specificity
for diagnosing high-grade tumors (8,42). In our study, we found
that the sensitivity and accuracy of !'C-methionine PET for cor-
rectly differentiating true tumor progression from treatment-related
effects were 100% and 93%, respectively, compared with the
reported 70%—80% sensitivity and 75% accuracy in previous stud-
ies (37,38,40). This difference may be due to the heterogeneous
samples in the previous studies, which included both metastases
and gliomas that were treated with different radiation doses and
chemotherapy regimens. However, the sensitivity and specificity
of the ''C-methionine PET for differentiating tumor progression
from treatment-related effects in our study were similar to the
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FIGURE 3. Kaplan-Meier curves demonstrating OS probability of subjects according to ''C-methionine PET quantitative metrics. P values of log-rank
tests of Kaplan—Meier curves are given for metabolic tumor volume (A) and TBRpax (B)-
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results of a study by Dunkl et al. (43). Our study also found the
quantitative PET evaluation to have higher specificity than quali-
tative evaluation. This is in contrast to a study by Minamimoto
et al. (37), which found no significant difference between
qualitative and quantitative ''C-methionine PET evaluations
for assessment of tumor progression. More recently, a study
by Marner et al. also found '®F-FET PET to have high specific-
ity and accuracy for differentiating tumor from nontumor
lesions (44).

Qualitative interpretation of MRI findings is the standard
of care for follow-up of high-grade gliomas after treatment
(19). Unlike qualitative ''C-methionine PET assessments, qual-
itative interpretation of MRI findings involves careful evalua-
tion of many different MRI sequences that exploit the different
magnetic properties of tissues and changes in these magnetic
properties with MRI contrast compounds. This multifactorial
evaluation process inherently leads to interpretation bias, as we
observed in our study. The sensitivity, specificity, and accuracy
of the 2 MRI observers in our study significantly differed,
although both observers had expertise in evaluating pediatric
brain tumors for 10 y or more. Such interpretation bias influen-
ces the diagnostic performance of MRI; indeed, we found that
the consensus MRI interpretation performed significantly bet-
ter, similar to that of ''C-methionine PET, than did the individ-
ual MRI readings. Because consensus MRI interpretations by
multiple neuroradiologists are not practical in routine clinical
practice, the addition of ''C-methionine PET imaging for sug-
gestive MRI findings adds value to the overall care of patients
with PHGGs.

Our study demonstrated a significant association of metabolic
tumor volume and TBR,,,, with OS, as previously described
(45,46). Additionally, postcontrast T1l-enhancing volume was
also significantly associated with OS, similar to multiple prior
studies (47,48).

Our study included limitations. The sample size was small but
relatively large, considering the rarity of this tumor. As this
study was initiated in 2009, the acquisition time of our PET scan
was set to 15 min instead of the currently recommended 20 min.
In addition, the criteria for performing !!C-methionine PET on
the included patients were based on a high clinical suspicion for
recurrence or a high likelihood of tumor recurrence on MRI find-
ings. Consequently, there was a high pretest probability that the
MRI abnormalities would represent tumor recurrence, thereby
introducing selection bias. A larger prospective multiinstitutional

" C-MeTHIONINE PET FOR PEDIATRIC GLIOMA

study with regularly scheduled ''C-methionine PET scans
might alleviate such selection bias. These studies should be
sufficiently powered to examine whether ''C-methionine PET
SUVax cutoffs and qualitative interpretations can quantita-
tively predict final outcomes. However, because of the short
half-life of ''C (~20 min), !C-methionine is currently avail-
able only at institutions with access to a cyclotron; such a study
would need to be restricted to centers with ''C-methionine—
synthesizing capability or institutions able to refer patients with
suggestive findings on MRI to a center with !!C-methionine—
synthesizing capability. To mitigate this problem, 'SF-FET PET
with a longer half-life is increasingly used in assessments of glio-
mas in many countries (49—52).

CONCLUSION

Our study showed that ''C-methionine PET has slightly
higher sensitivity, specificity, and accuracy for correctly predict-
ing the presence of tumor recurrence than does MRI when new
or worsening imaging abnormalities are detected during surveil-
lance of previously treated PHGG. The interobserver agreement
on interpretation for !!C-methionine PET findings was excellent
and better than that of MRI. Our study also showed that quanti-
tative ''C-methionine PET and MRI can also predict OS. These
findings indicate that ''C-methionine PET imaging may add
value for predicting PHGG recurrence. However, the results
from this small cohort should be validated in larger prospective,
preferably multiinstitutional studies.
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KEY POINTS

QUESTION: How does the diagnostic performance of ''C-methio-
nine PET compare with that of MRI for predicting tumors in lesions
suggestive of recurrence during follow-up of PHGGs?

PERTINENT FINDINGS: ' C-methionine PET had 100%
sensitivity, 60% specificity, and 93% accuracy for correctly
predicting the presence of tumors in new or worsening MRI
abnormalities suggestive of tumors, in contrast to 95%, 60%,
and 89%, respectively, for qualitative MRI interpretation. The
interobserver agreement for ''C-methionine PET was higher
than that for MRI.

IMPLICATIONS FOR PATIENT CARE: ''C-methionine PET is a
modality complementary to MRI for evaluating lesions suggestive
of recurrence in previously treated PHGG.
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In most oral cancer patients, surgical treatment includes resection of
the primary tumor combined with excision of lymph nodes (LNs),
either for staging or for treatment. All LNs harvested during surgery
require tissue processing and subsequent microscopic histopatho-
logic assessment to determine the nodal stage. In this study, we
investigated the use of the fluorescent tracer cetuximab-800CW to
discriminate between tumor-positive and tumor-negative LNs before
histopathologic examination. Here, we report a retrospective ad hoc
analysis of a clinical trial designed to evaluate the resection margin
in patients with oral squamous cell carcinoma (NCT02415881).
Methods: Two days before surgery, patients were intravenously
administered 75 mg of cetuximab followed by 15 mg of cetuximab-
800CW, an epidermal growth factor receptor-targeting fluorescent
tracer. Fluorescence images of excised, formalin-fixed LNs were
obtained and correlated with histopathologic assessment. Results:
Fluorescence molecular imaging of 514 LNs (61 pathologically posi-
tive nodes) could detect tumor-positive LNs ex vivo with 100% sensi-
tivity and 86.8% specificity (area under the curve, 0.98). In this cohort,
the number of LNs that required microscopic assessment was
decreased by 77.4%, without missing any metastases. Additionally, in
7.5% of the LNs false-positive on fluorescence imaging, we identified
metastases missed by standard histopathologic analysis. Conclusion:
Our findings suggest that epidermal growth factor receptor-targeted
fluorescence molecular imaging can aid in the detection of LN metas-
tases in the ex vivo setting in oral cancer patients. This image-guided
concept can improve the efficacy of postoperative LN examination
and identify additional metastases, thus safeguarding appropriate
postoperative therapy and potentially improving prognosis.

Key Words: fluorescence molecular imaging; lymph node metastasis;

cetuximab-800CW; epidermal growth factor receptor; head and neck
cancer
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In oral squamous cell carcinoma (OSCC), the presence of lymph
node (LN) metastasis has a major impact on prognosis and is asso-
ciated with a significantly reduced survival (/,2). Consequently,
assessment of LN status is important for determining the postoper-
ative treatment strategy for the neck and consists of clinical assess-
ment and preoperative radiographic imaging (i.e., MRIL, CT, or
ultrasound). If clinically suggestive LNs (cN+) are identified, a
therapeutic neck dissection is indicated. However, even for a clini-
cally node-negative neck (cN0), an elective neck dissection or sen-
tinel node dissection is widely performed for staging because up
to 30% of these patients have occult LN metastases or micrometa-
stases (3,4). Postoperatively, the neck dissection specimen is mac-
roscopically analyzed by the pathologist for the presence of LNs
(5), and all LNs are sectioned and stained with hematoxylin and
eosin or cytokeratin for microscopic evaluation. Other techniques
for identifying LN metastasis are not clinically available yet. It is
therefore interesting to explore other methods of identifying
metastasis in LNs, especially when the tissue is intact, before rou-
tine processing.

Fluorescence molecular imaging (FMI), especially in the near-
infrared window, is a rapidly evolving imaging technique in surgi-
cal oncology (6). FMI can provide real-time information on
subsurface tissue by visualizing tumor-specific contrast agents (7),
particularly when a controlled imaging environment is ensured (8).
An interesting target for FMI is the epidermal growth factor recep-
tor (EGFR), which is overexpressed in up to 90% of OSCC (9).
Several phase I studies have shown the potential of EGFR-targeted
FMI for intraoperative ex vivo tumor margin assessment in OSCC
(10-13). However, little is known about EGFR-targeted imaging
and identification of OSCC metastasis in LNs. FMI may allow for
simultaneous ex vivo assessment of LN status when a neck dissec-
tion is performed together with removal of the primary tumor.

In this study, we explored the potential of FMI using
cetuximab-800CW for discrimination between pathologically posi-
tive and negative LNs before histopathologic examination. The
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LNs were harvested as part of a clinical trial for resection margin
assessment in OSCC patients (NCT03134846) (10).

MATERIALS AND METHODS

Clinical Trial Design

This prospective, cross-sectional, single-center diagnostic study was
performed at the University Medical Center Groningen. The study was
a retrospective ad hoc analysis of a clinical trial for resection margin
evaluation (NCT02415881) (/0). The clinical trial was approved by the
Institutional Review Board of the University Medical Center Groningen
(METc 2016/395) and was performed following the Dutch Act on Med-
ical Research involving Medical Subjects and the Declaration of Hel-
sinki (adapted version 2013). Written informed consent was obtained
from all patients before any study-related procedures took place.

Study Population

Patients with biopsy-confirmed OSCC who were scheduled for sur-
gical removal of the tumor with concurrent neck dissection were eligi-
ble for inclusion in this study. Patients were excluded if they had a life
expectancy of less than 12 wk, a Karnofsky performance status of less
than 70%, a history of infusion reactions to monoclonal antibody ther-
apies, QT prolongation on a screening electrocardiogram, uncontrolled
medical conditions or episodes within 6 mo before enrollment (includ-
ing uncontrolled hypertension, a cerebrovascular accident, or signifi-
cant cardiopulmonary or liver disease), pregnancy, an abnormal
electrolyte status, use of a class IA or IIl antiarrhythmic drug, or
administration of an investigational drug within 30 d before the infu-
sion of cetuximab-800CW.

Synthesis of Cetuximab-800CW

Cetuximab-800CW was produced in the good-manufacturing-prac-
tice facility of the University Medical Center Groningen, as previously
described (/4). In short, cetuximab (Erbitux; ImClone LLC) was con-
jugated to IRDye800CW (LI-COR Biosciences Inc.) and purified
using PD-10 desalting columns (Cytiva Life Sciences) under con-
trolled conditions. Cetuximab-800CW was formulated in a sodium-
phosphate buffer at a concentration of 1.0 mg/mL.

Study Procedures

The complete study workflow is summarized in Figure 1. Patients
enrolled in the study received an unlabeled dose of 75 mg of cetuxi-
mab by slow infusion, followed by a bolus injection of 15 mg of
cetuximab-800CW 2 d before surgery to ensure optimal visualization
of the primary tumor (/0). All patients underwent tumor surgery with
concurrent neck dissection according to the standard of care. After sur-
gery, neck dissection specimens were transferred to the Department of
Pathology and formalin-fixed for at least 24 h. LNs were identified by

visual and tactile inspection of the neck dissection specimen, were
bisected when large enough, and subsequently were collected in cas-
settes. Single LNs were imaged in a closed-field fluorescence imaging
system (Pearl Trilogy; LI-COR BioSciences) at the 800-nm channel,
with the center cutting plane (i.e., inner side of the LN) faced toward
the camera. Regions of interest were drawn around the entire tissue
specimen included in the cassette, before microscopic assessment.

According to the standard of care, tissue was embedded in
paraffin, and 4-pm tissue sections were cut from all formalin-fixed
paraffin-embedded tissue blocks and then stained with hematoxylin
and eosin. After routine tissue processing, we performed fluorescence
flatbed scanning of these tissue blocks (Odyssey CLx; LI-COR Bio-
sciences). EGFR immunohistochemistry was performed of LNs from
patients harboring metastases to correlate fluorescence localization
with histology. A head and neck pathologist, unaware of the results of
FMI, analyzed all tissue sections for the presence of tumor cells and
immunohistochemistry results.

Statistical Analysis

Statistical analyses and graph designs were performed using Prism
(version 9.0; GraphPad Software Inc.). Descriptive statistics were per-
formed on patient demographics. The mean fluorescence intensities
(Flpean) and maximal fluorescence intensities (FI,,,) of all LNs were
calculated in ImageJ (Fiji, version 2.0.0) from the images obtained with
the Pearl Trilogy. Fl;can Was defined as total counts per region-of-inter-
est pixel area (signal per pixel). Fl,,, was defined as the highest count
measured within a region-of-interest pixel area. To improve the read-
ability of this article, fluorescence intensities have been multiplied by
10°. Data were tested for a gaussian distribution using Shapiro-Wilk
and Anderson—Darling tests; none of the data were normally distrib-
uted. We used the Mann—Whitney U test for statistical analysis of data;
all data were unpaired. Correlations were measured using the Spearman
rank correlation coefficient. Cutoffs were based on the Youden index.
Data were presented as median with range or interquartile range (IQR).
Statistical significance was determined as a P value of less than 0.05.

RESULTS

Between January 2019 and February 2020, 22 patients were
enrolled in this study. In total, 21 patients received the study drugs,
consisting of an unlabeled dose of 75 mg of cetuximab followed by
15 mg of cetuximab-800CW, 2 d before surgery. One patient devel-
oped an adverse reaction during the unlabeled-cetuximab adminis-
tration and was therefore excluded from the study. All remaining
21 patients completed the imaging protocol. The study procedures
are summarized in Figure 1. Preoperative radiographic imaging
(CT or MRI) was performed on all patients according to the stan-

dard of care. Thirteen (61.9%) of 21 patients

White light Fluorescence

o were staged as cNO, 2 (9.5%) as cNI, 4

(19.0%) as cN2, and 2 (9.5%) as cN3. Five
patients presented with extranodal exten-
sion. Fourteen elective neck dissections and
12 therapeutic neck dissections were per-
formed, with 5 patients undergoing bilateral
neck dissection. In total, 733 specimens

Day 0:
Tracer injection

Day 2:
Neck dissection

Day 3:
Ex vivo imaging

considered to involve a LN were submitted

Day 5-7: . . .
for processing and subsequent microscopic

Microscopic analysis

FIGURE 1.
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Summary of study workflow. All patients were administered fluorescent tracer
cetuximab-800CW intravenously 2 d before surgery. After primary tumor surgery and neck dissec-
tion, nodal specimens were submitted to Department of Pathology and subsequently fixated in for-
malin for at least 24 h. All formalin-fixed tissue that could involve LNs was imaged in closed-field
imaging system and underwent standard-of-care microscopic evaluation to correlate fluorescence
signal with hematoxylin and eosin histopathology. H&E = hematoxylin and eosin.

analysis. Of these, 145 specimens were
excluded because inking of the neck dissec-
tion specimen interfered with fluorescence
imaging, resulting in a total of 588 speci-
mens suitable for analysis. Of these, 514
included LNs based on final histopathology.
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The remaining 74 specimens contained no LNs. The number of LNs
imaged after bisection was 239, whereas the number imaged intact
was 275. Specimen and patient characteristics are shown in Table 1.

Differentiation Between Pathologically Positive and
Negative LNs

All specimens that were clinically considered as LNs (n = 588)
were imaged after formalin fixation and before histopathologic
examination. Six of 21 patients were diagnosed with LN metastasis
on final histopathology, with a total of 61 pathologically positive
LNs. Two parameters were measured during fluorescence imaging,
Flpean and FIL .. At least a 3-fold increase in both FI,,, and FI, ¢,
was found in pathologically positive LNs (n = 61), compared with
negative LNs (n=453) or non-LN adipose or connective tissue

TA

(non-LNs) (n = 74) (Figs. 2A and 2B). The FI,,,x of pathologically
positive LNs was 2.19 arbitrary units (a.u.) (IQR, 1.68-2.71 a.u.),
compared with 0.57 au. (IQR, 0.39-0.80 a.u.) in negative LNs
(P<0.0001) and 0.51 au. (IQR, 0.36-0.65 a.u.) in non-LNs
(P <0.0001) (Fig. 2C). Flpean was 0.92 au. (IQR, 0.73-1.20 a.u.)
in pathologically positive LNs versus 0.22 a.u. (IQR, 0.14-0.33
a.u.) in negative LNs (P <<0.0001) and 0.21 a.u. (IQR, 0.13-0.32
a.u.) in non-LNs (P < 0.0001) (Supplemental Fig. 1A; supplemental
materials are available at http://jnm.snmjournals.org).

The Impact of LN Bisection on Fluorescence Intensity

During pathology processing, LNs were bisected if large enough
and imaged with the center cutting plane (i.e., inner side of the
LN) faced toward the camera. Bisected LNs showed a higher

BLE 1

Patient Demographics and Tumor Characteristics of All Patients

Characteristic pN+ (n=7) pN— (n=14) All patients (n = 21)
Age (y) 67 (65-82) 64 (29-78) 66 (29-82)
Female 6 (85.8) 8 (57.1) 4 (67.7)
Weight (kg) 73 (52-105) 84 (53-140) 80 (52-140)
BSA (m?) 87 (1.52-2.17) 1.99 (1.58-2.67) 1.96 (1.52-2.67)
LNs 261 358 619
Level | 9 (18.8) 2 (20.1) 121 (19.5)
Level Il 0 (19.2) 102 (28.5) 152 (24.6)
Level Il 4 (28.4) 121 (33.8) 195 (31.5)
Level IV 8 (22.2) 7 (13.1) 105 (17.0)
Level V 0 (11.5) 6 (4.5) 46 (7.4)
Positive LNs' 64 NA 64
Level | 5(7.8) 5(7.8)
Level Il 1(17.2) 11 (17.2)
Level Il 9 (29.7) 19 (29.7)
Level IV 9 (29.7) 19 (29.7)
Level V 0 (15.6) 10 (15.6)
Patients with ENE 5 (62.5) NA 5 (23.8)
pN-stage”
NO 0 (0) 4 (100) 14 (66.7)
N1 2 (28.6) 2 (9.5)
N2 4 (81.6) 4 (19.0)
N3 1(20.4) 14.8)
pT-stage
T 1(14.3) 5(35.7) 6 (28.6)
T2 2 (28.6) 3 (21.4) 5 (23.8)
T3 1(4.8) 0 1 (4.8)
T4 3 (42.9) 6 (42.9) 9 (42.9)
Neck dissection®
Elective 11 (64.7) 3 (33.3) 14 (53.8)
Therapeutic 6 (35.3) 6 (66.7) 12 (46.2)

*Initially, 6 patients were diagnosed with pathologically positive neck. Since 3 additional metastases were found on basis of FMI, total
of 64 tumor-positive LNs was found, and 1 patient was upstaged from pNO to pN1.

TFive patients received bilateral neck dissection, and total numb
BSA = body surface area; ENE = extranodal extension.
Qualitative data are number and percentage; continuous data ar

er of neck dissections therefore equals 26.

e median and range.
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0.48 a.u. (IQR, 0.36-0.68 a.u.) and an FI .,
of 0.19 au. (IQR, 0.12-0.29 a.u.) in nonbi-
sected LNs (n = 258) (both P < 0.0001). In
addition, body surface area showed a low cor-
relation with Fl.., (R= —0.44, P=0.048)
but not with Fl o, (R= —0.37, P=0.103)
in bisected pathologically negative LNs. The
correlation between body surface area and
Floax (R=—0.64, P=0.002) and Flcan
(R=-0.57, P= 0.011) was moderate in
nonbisected pathologically negative LNs.

Tumor-negative

The Impact of LN Size and Tumor
Volume on Fluorescence Intensity

T
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Topographic studies show that a meta-
static tumor does not always involve the
. largest node within a neck dissection speci-
_ men (/5), emphasizing the need to develop
. a tool that can also detect small metastases.
First, to study the impact of LN size on fluo-
rescence intensity, we correlated the diame-
ter of pathologically negative LNs with both
Flyax and Flpean. In all LNs (n=514), a
weak correlation was found between LN
diameter and Fl,,, (R =0.239, P <0.0001)

|
&
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and Flean (R =0.334, P <0.0001). Subse-
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FIGURE 2. FMI with cetuximab-800CW enables discrimination between positive and negative
LNs. (A and B) Representative images of bisected (A) and nonbisected (B) pathologically positive
and negative formalin-fixed LNs from subject who was diagnosed with metastases on final histopa-
thology. Increased fluorescence intensity was observed in both bisected and nonbisected pathologi-
cally positive LNs, compared with pathologically negative LNs. (C) Flax is significantly increased in
pathologically positive LNs, compared with negative LNs and non-LNs, both in bisected and in non-
bisected LNs. (D) Receiver-operating-characteristic curve-based Fl,,.x shows high area under curve

quently, in pathologically positive LNs, we
studied the impact of total tumor surface
area and viable tumor surface area (i.e., total
tumor surface area minus necrotic surface
area) on fluorescence intensity. A moderate
correlation was found between total tumor sur-
face area and Fl,,x (R=0.65, P<< 0.0001)
and Flen (R=0.52, P<0.0001). Viable

of 0.98. ***P < 0.0001.

fluorescence intensity than did intact LNs (Figs. 2A and 2B; Supple-
mental Fig. 1A). Within pathologically positive LNs, bisected LNs
(n = 44) showed an FI,,, of 2.39 a.u. (IQR, 1.81-3.01 a.u.) and an
Flean of 1.02 a.u. (IQR, 0.77-1.29 a.u.), compared with an FI,,, of
1.63 au. (IQR, 1.42-2.12 au.) and an Fl,, of 0.78 au. (IQR,
0.62-0.93 a.u.) in nonbisected LNs (n=17) (P = 0.0013 and 0.031,
respectively). In pathologically negative LNs, bisected LNs
(n = 195) showed an FI,;,,, of 0.71 a.u. (IQR, 0.51-1.04 a.u.) and an
Fliean 0f 0.26 a.u. (IQR, 0.18-0.41 a.u.), compared with an FI,,, of

tumor surface area also showed a moderate
correlation with Fl .« (R =0.64, P<0.0001)
and Fl e, (R = 0.53, P<0.0001).

The Impact of FMI on Efficacy of LN Evaluation and
Identification of Additional Metastases

Next, we evaluated whether FMI could discriminate between
benign LNs and LNs containing metastasis. To mimic the clinical
situation, we included all tissue fragments submitted to the pathol-
ogist (i.e., including non-LNs) in the analysis. On the basis of the
Youden index, the cutoff rendered for FI,,,,, was 1.048 a.u., result-
ing in 100% sensitivity, 86.8% specificity, a 48.9% positive pre-
dictive value, a 100% negative predictive value, and 88.2%

TABLE 2
Performance of Fluorescence Imaging Using Cetuximab-800CW at Optimal Cutoff for Selection of At-Risk LNs

Cutoff Sensitivity (%) Specificity (%) PPV (%) NPV (%) Accuracy (%) Preselected LNs (%)
Flmax = 1.048 100.0% 86.8% 48.9% 100.0% 88.2% 22.6%
Flmean = 0.508 91.8% 91.9% 59.6% 99.0% 91.9% 17.2%

PPV = positive predictive value; NPV = negative predictive value.

Based on receiver-operating-characteristic curves, optimal fluorescence intensity cutoffs were determined to discriminate between
positive LNs and negative LNs. Here, 100% sensitivity and NPV were applied as main criteria for use of FMI as selection tool for
pathologist. Missing LN metastases should be avoided since appropriate postoperative therapy is essential to optimize prognosis.

FLUORESCENCE ASSESSMENT OF LympPH NODES  *
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accuracy, with an area under the curve of
0.98 (Table 2; Fig. 2D). As such, the FI .«
cutoff allowed for a 77.4% decrease in
LNs requiring microscopic examination
without missing LN metastasis. For Fl e,
the cutoff rendered was 0.508 a.u., result-
ing in 91.8% sensitivity, 91.9% specificity,
a 59.6% positive predictive value, a 99.0%
negative predictive value, and 91.9% accu-
racy, with an area under the curve of 0.98
(Table 2; Supplemental Fig. 1B). Receiver-
operating-characteristic curves for both
bisected and nonbisected LNs are provided
in Supplemental Figure 2.

Since FI,« resulted in a negative pre-

Fluorescence

EGFR

Tumor-specific
low EGFR expression

Tumor-specific
high EGFR expression

dictive value of 100%, a random sample
of 40 false-positives based on FI,, (i.e.,
Flax above the cutoff, pathologically
tumor-negative) were additionally exam-
ined by serial sectioning according to the
sentinel LN protocol to trace any missed
metastases or micrometastases by the stan-
dard of care, as previously described (4).
This random sample showed a median
Flax of 1.38 a.u. (IQR, 1.27-1.62 a.u.), compared with 1.34 a.u.
(IQR, 1.17-1.65 a.u.) in the complete false-positive cohort
(P =0.35) and thus was considered a representative sample. Three
additional positive LNs (7.5%) were identified in 2 patients. In
both patients, the additional positive LNs resulted in upstaging of
the neck from pN1 to pN2b. In 1 patient, this would have resulted
in an intensified postoperative therapy, which, on the basis of stan-
dard-of-care histopathology, had not been performed.

Microscopic Analysis of LNs

To study the distribution of cetuximab-800CW at the micro-
scopic level, EGFR immunohistochemistry was performed on a
selection of pathologically positive and negative LNs. No EGFR
expression was found in the negative LNs. In positive LNs, vari-
able expression of EGFR was observed. Although EGFR expres-
sion colocalized with fluorescence signal, tumor regions without
EGFR expression also showed high fluorescence, suggesting that a
tumor-specific fluorescence signal is not mediated only by EGFR
expression (Fig. 3).

To explain this observed fluorescence signal distribution, hema-
toxylin- and eosin-stained sections of pathologically positive LNs
were further analyzed. Heterogeneous fluorescence intensities were
observed between different tumor deposits. Within tumor deposits,
we observed a higher fluorescence signal in the periphery of tumor
deposits than in the center, as agrees with previous studies (/6).
Generally, we observed an increased fluorescence signal in regions
with high tumor cell density and poor differentiation. Regions with
abundant desmoplastic stroma or keratinization, associated with
low cellularity, showed very low fluorescence intensities. Lastly, in
necrotic areas, no fluorescence signal was observed.

Fluorescence false-positive LNs were examined microscopi-
cally. As mentioned before, 3 (7.5%) additional metastases were
detected. In other fluorescence false positives, we consistently
found high vascularization compared with true-negative LNs, spe-
cifically colocalizing with areas showing a high fluorescence
intensity at fluorescence flatbed scanning.

676

FIGURE 3. Microscopic analysis. Representative images of formalin-fixed LN metastases that
were diagnosed on final histopathology. On both fluorescence images and hematoxylin- and eosin-
stained slides, tumor region is delineated with dashed line. Fluorescence flatbed scanning shows
increased fluorescence intensity in tumor deposits, compared with adjacent lymphoid and connec-
tive tissue. Although EGFR expression is variable within patients, fluorescence signal is tumor-
specific, suggesting that other mechanisms play a role in cetuximab-800CW accumulation. H&E =
hematoxylin and eosin.

DISCUSSION

This study demonstrated that EGFR-targeted FMI based on intra-
venously administered cetuximab-800CW can be used to discrimi-
nate pathologically positive LNs from negative LNs. A cutoff of
1.048 a.u. for Fl,,, resulted in the detection of positive LNs with
100% sensitivity and a 100% negative predictive value. Therefore,
FMI can safely reduce the number of LNs requiring histopathologic
examination by 77.4% and improve the efficiency of pathology
processing without missing any metastases. Importantly, FMI
detected pathologically positive LNs in 7.5% of the LNs initially
false-positive on fluorescence imaging, which were missed by stan-
dard-of-care histopathology. Because the pathologic stage of the
neck often drives recommendations for the postoperative therapy
strategy, these missed positive LNs could have a major impact on
the adequacy of postoperative treatment and, therefore, prognosis.

The use of EGFR-targeted FMI for the detection of LN metasta-
sis in OSCC patients before formalin fixation has previously been
evaluated (/7-19). In dose-escalation studies with cetuximab-
800CW and panitumumab-800CW, tumor-positive LNs were iden-
tified with high sensitivity, although a dose-dependent increase in
falsely fluorescence-positive LNs was observed (/8,79). One study
showed that signal-to-noise ratio and FI.,, could guide the ex
vivo assessment of nodal specimens and identify tumor-positive
LNs with high sensitivity and specificity (/8). Yet, because the
use of signal-to-background ratio requires knowledge of the pres-
ence and dimensions of a possible tumor, this strategy cannot be
applied to select at-risk LNs before histopathologic evaluation.
More recently, Krishnan et al. reported the administration of
50mg of panitumumab-800CW 1-5 d before surgery for LN
assessment. When analyzing the top 5 LN, the authors found that
use of a fluorescence nodal ranking method achieved accurate
nodal staging in all patients (/7). Because this method is based on
relative fluorescence intensities, microscopic examination of LNs
is required in all patients, even when low absolute fluorescence
intensities are observed. Since most patients (55.6% in their
cohort) have a pathologically negative neck, we believe that using
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FIGURE 4. Grid selection of LNs for microscopic evaluation. Using grid,
fluorescence imaging of identified LNs can automatically identify LNs that
display Flyn.x above cutoff. In contrast to Flean, this approach does not
require drawing region of interest around LNs. As such, at-risk LNs can be
selected rapidly without interfering with standard of care.

At-risk lymph nodes

an FI,,,,, cutoff is favorable in that it rules out the need to examine
LNs microscopically in all patients.

The uniqueness of our data, compared with the previous studies
described, lies in the consistent administration of a single dose of
cetuximab-800CW 2 d before surgery, allowing us to propagate a
reliable cutoff for subsequent studies. We advocate the use of
Flnax over Fle., for swift clinical implementation since it does
not require additional steps between imaging and selection, such
as the drawing of regions of interest. Here, we propose using a
grid to automatically identify LNs on the basis of the FI,,,,x mea-
sured in each square of the grid (Fig. 4). This method enables
user-friendly evaluation of all harvested LNs within minutes while
reducing the LNs requiring microscopic assessment by 78.0%.

Although these results are promising for clinical use, our study
had some limitations. Despite the use of a low dose of cetuximab-
800CW, which empirically would decrease the number of false-
positives (18,19), our dosing strategy was optimized for assessing
the margin of the primary tumor rather than for evaluating LNs.
Second, although we observed a high fluorescence intensity in all
regions showing EGFR expression, high fluorescence intensities
were also found in regions without EGFR expression. This varying
colocalization was also described earlier by Nishio et al. (/8) and
coincides with studies finding that EGFR expression did not corre-
late with cetuximab uptake in PET imaging (20,21) and could not
predict the response to cetuximab therapy (22-24). The signifi-
cance of EGFR staining is questionable, as it has been shown that
EGFR expression as determined by immunohistochemistry is not
the sole reflection of tumor biology (25).

As such, we hypothesize that additional mechanisms within the
tumor microenvironment influence the accumulation of cetuximab-
800CW and that the presence of EGFR may not be the only deter-
minant, as has also been observed in EGFR-targeted photodynamic
therapy (26,27). Multiple studies on FMI and other imaging modal-
ities have pointed out the role of vascularization and interstitial
pressure in the accumulation of targeted contrast agents (16,20,24).
This possible role does also fit the observation that the fluorescence
false-positives in the current study showed aberrant vascularization,
possibly leading to the accumulation of cetuximab-800CW through
the effect of enhanced permeability and retention.

In future, studies could evaluate new dosing strategies dedicated
to the assessment of LNs, such as adding a second, untargeted,
tracer with different spectral properties. This strategy would
enable correction for nonspecific tracer accumulation and increase
the contrast between tumor tissue and nontumor tissue within LNs
(28). This enhanced contrast may further increase the accuracy of

FLUORESCENCE ASSESSMENT OF LympPH NODES  *

FMI for postoperative LN assessment. Second, we hypothesize
that these FMI results can be translated to the assessment of
freshly excised LN specimens, albeit fresh LNs may show slightly
different fluorescence intensities as no formalin fixation is per-
formed before imaging. This difference may impact the signal
because of washout of nonspecific fluorescent tracer or alteration
of tissue optical properties (29,30). Here, the intraoperative use of
FMI depends on the surgical procedure performed on the neck.
Intraoperative LN biopsies allow for immediate intraoperative
imaging since single LNs are excised. However, FMI could also
be used for the analysis of an elective neck dissection specimen,
although this use is logistically more challenging since it requires
intraoperative fluorescence analysis of LNs by a second clinician
(e.g., a pathologist or a lab technician). Intraoperative identifica-
tion of a tumor-positive LN enables direct extension to a therapeu-
tic neck dissection if possible (/3), which may prevent a second
surgery and eventually will decrease both patient burden and
health-care costs by reducing operation time.

CONCLUSION

Our findings suggest that FMI with the intravenously adminis-
tered EGFR-targeting fluorescent tracer cetuximab-800CW can
aid in the detection of LN metastases in the ex vivo setting in
OSCC patients. We demonstrated that this method could improve
the efficiency of postoperative LN assessment without missing LN
metastases. Importantly, FMI may identify additional LN metasta-
ses, leading to more accurate staging of the neck and appropriate
postoperative treatment, which may eventually improve prognosis.
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KEY POINTS

QUESTION: Can EGFR-targeted FMI differentiate between tumor-
positive and tumor-negative LNs?

PERTINENT FINDINGS: In this retrospective ad hoc analysis, we
showed that preoperative intravenously administered cetuximab-
800CW could detect tumor-positive LNs ex vivo with 100% sensi-
tivity and 86.8% specificity (area under the curve, 0.98). Addition-
ally, in 7.5% of the 38 LNs false-positive on fluorescence imaging,
we identified additional metastases missed by the standard of care.

IMPLICATIONS FOR PATIENT CARE: This image-guided con-
cept may improve the efficacy of LN processing while detecting
additional metastases, thus safeguarding appropriate postopera-
tive therapy and potentially improving the prognosis.
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In neuroendocrine neoplasms (NENSs), the presence of distant metas-
tases has a severe impact on survival leading to a relevant decrease in
the 5-y survival rate. Here, °Y radioembolization (°°Y RE) might be an
important treatment option; however, data to support clinical benefits
for °°Y RE are scarce. Therefore, the purpose of this study was to ana-
lyze the use of °°Y RE in NEN patients with hepatic metastases in an
international, multicenter retrospective analysis and assess the poten-
tial role of °°Y RE in a multimodal treatment concept. Methods: In
total, 297 angiographic evaluations in NEN patients before °°Y RE
were analyzed. Baseline characteristics and parameters derived from
imaging evaluation and °°Y RE were analyzed. Tumor response was
assessed using RECIST 1.1, and survival data were collected. Mean
overall survival (OS) between different groups was compared using
Kaplan-Meier curves and the log rank test. A P value of less than
0.05 indicated statistical significance. Results: After °°Y RE, the
disease control rate according to RECIST 1.1 was 83.5% after 3
mo and 50.9% after 12 mo. OS in the entire population was 38.9 =
33.0 mo. High tumor grade (P < 0.006) and high tumor burden
(P = 0.001) were both associated with a significant decrease in
OS. The presence of extrahepatic metastases (P = 0.335) and the
type of metastatic vascularization pattern (P = 0.460) had no influ-
ence on OS. Patients who received °°Y RE as second-line therapy
had a slightly longer but not statistically significant OS than
patients who had ®°Y RE in a salvage setting (44.8 vs. 30.6 mo,
P = 0.078). Hepatic and global progression-free survival after °°Y
RE was significantly decreased in heavily pretreated patients,
compared with patients with second-line therapy (P = 0.011 and
P = 0.010, respectively). Conclusion: °°Y RE could be an important
alternative to peptide receptor radionuclide therapy as second-line
treatment in patients with progressive liver-dominant disease pre-
treated with somatostatin analogs.

Key Words: radionuclide therapy; neuroendocrine neoplasm; radio-
embolization; SIRT; neuroendocrine carcinoma; neuroendocrine tumor
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Neuroendocrine neoplasms (NENs) are rare, mostly slow-
growing malignancies with an age-adjusted incidence rate of 6.98 per
100,000 in the United States (/). Because of the slow growth of well-
differentiated tumors, overall outcomes are favorable, with a 5-y sur-
vival rate of up to 82%, depending on the tumor’s primary location,
grade according to World Health Organization criteria, and Ki-67
(I-4). As symptoms frequently occur in the later stages of the dis-
ease, distant metastases are present in up to 29% of all patients at the
time of diagnosis (4). The presence of distant metastases has a severe
impact on survival leading to a decrease in the 5-y survival rate from
82% to 35% in well- and moderately differentiated neuroendocrine
tumors (NETs) (4). Distant metastases are located predominantly in
the liver (2), and complete metastatic resection is possible in approxi-
mately only 20% of patients (5). In most cases, somatostatin analog
treatment is considered the first-line treatment because of the favor-
able safety profile and the available evidence (6-8). If hepatic metas-
tases progress during treatment, different therapies including tumor
ablation, angiographic procedures such as bland transarterial emboli-
zation (TAE) or transarterial chemoembolization (TACE), liver
transplantation, and systemic treatments such as chemotherapy or
peptide receptor radionuclide therapy (PRRT) are proposed in the
guidelines to address different clinical scenarios (9—11).

As hepatic metastases are frequently hypervascularized, injection of
an embolic agent into a hepatic artery leads to intrametastatic accumu-
lation of the injected material and consequent necrosis. *°Y radioembo-
lization (*°Y RE) might be an important adjunct to these procedures.
In contrast to TAE or TACE, all patients have to undergo pretherapeu-
tic angiographic evaluation, including local injection of **™Tc-labeled
macroaggregated albumin (*™Tc-MAA), subsequent planar scintigra-
phy, and SPECT or SPECT/CT to exclude relevant extrahepatic shunt-
ing. In a second session, intraarterial injection of a calculated dose of
Y glass microspheres (TheraSphere; Boston Scientific) or resin
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microspheres (SIR-Spheres; Sirtex Medical) is performed on eligible
patients for whole-liver, lobar, or segmental treatment. As hepatic
metastases of NETs are usually hypervascularized, these microspheres
emit a high local radiation dose to each metastasis. In combination
with the short range of the B~ -radiation emitted by *°Y, effective
local tumor control can be ensured with low systemic toxicity (12,13).
Moreover, repeated therapies, as in the case of TAE or TACE, are not
necessary. However, data to support clinical benefits for °Y RE are
scarce, as previously published, retrospective analyses suffer from the
low number of participants (/4—17) or a lack of essential baseline
characteristics due to a more technical focus (17,18).

Therefore, our study aimed to provide a retrospective analysis
on the current use of *°Y RE in different clinical scenarios and to
assess why “°Y RE was not performed on eligible patients to pro-
vide data missing from current publications.

MATERIALS AND METHODS

Data Collection

A retrospective data collection of patients with NETs who had under-
gone angiographic evaluations, including local **™Tc-MAA injection
for °°Y RE of hepatic metastases between May 2007 and August 2019,
was performed in 6 tertiary-care centers in Europe (Germany and The
Netherlands) and 1 in America.

All data were collected using a unified data collection form consist-
ing of these subsections: baseline characteristics; imaging evaluation,
including *™Tc-MAA injection; °°Y RE; follow-up examinations after
3 and 12 mo, including tumor response (complete response, partial
response, stable disease, and progressive disease) assessed at the con-
tributing center based on RECIST 1.1 (/9); and overall survival (OS).
Additionally, hepatic and global progression-free survival (PFS) was
assessed according to RECIST 1.1 (Supplement 1; supplemental mate-
rials are available at http://jnm.snmjournals.org).

Statistical Analysis

For all patients after undergoing the first °°Y RE, survival character-
istics were investigated using Kaplan—Meier curves and the log rank
test for tumor grade, hepatic tumor burden, tumor vascularization, the
presence of extrahepatic metastases, and the type of microspheres used
for °°Y RE. In addition, Kaplan-Meier curves and the log rank test
were used to analyze differences in OS, as well as hepatic and global
PFS, between patients who had undergone only surgery for the primary
tumor or metastases and somatostatin analog treatment before °°Y RE
(second-line °°Y RE) and patients with extensive systemic pretreatment
(therapy additional to surgery for the primary tumor or metastases and
somatostatin analog treatment before °°Y RE [salvage *°Y RE]).

A P value of less than 0.05 was considered statistically significant.
SPSS Statistics 27 (IBM) was used for statistical analysis. Because of
the exploratory nature of this study, no correction for a-error accumu-
lation was performed (Supplement 2).

RESULTS

Baseline Characteristics

In total, 297 angiographic evaluations including local *™Tc-MAA
injection were performed on 210 patients (91 women and 119 men;
mean age * SD, 59.1 * 37.3 y) between May 2007 and August
2019 (Fig. 1). Multiple evaluations were performed on 72 patients
(2 evaluations in 57 patients, 3 in 7 patients, and 4 in 4 patients).
NETs were present in 90.9% (270/297), and neuroendocrine carcino-
mas in 9.1% (27/297), of all angiographic evaluations. In NET, a
tumor grade of 1 was found in 25.6% (76/297), of 2 in 50.5%
(150/297), and of 3 in 5.7% (17/297); the grade was unknown in
9.1% (27/297). Hypersecretion symptoms were observed in 32.7%
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297 angiographic evaluations including

local MAA injection in patients with NEN

Angiographic reevaluation in 15 patients

i

Radioembolization not possible in 67
" patients

230 radioembolizations performed in

patients with NEN

128 radioembolizations performed in a
salvage setting

102 radioembolizations performed as
second-line treatment

FIGURE 1. Flowchart of analyzed patient cohort.

(97/297), and extrahepatic metastases were observed in 41.4% (122/
297) (Table 1; Supplemental Table 1). Before angiographic evalua-
tion including *™Tc-MAA injection, different treatments were used
in 91.6% (272/297), including external-beam radiotherapy in 1.7%
(5/297), primary-tumor surgery in 64.3% (191/297), treatment of
hepatic metastases by surgery in 18.2% (54/297), local ablation (e.g.,
radiofrequency ablation or microwave ablation) in 4.0% (12/297),
and TACE or TAE in 8.8% (26/297). PRRT was used in 20.2% (60/
297), antibody-based therapy in 2.4% (7/297), somatostatin analog
therapy in 57.2% (170/297), prior *°Y RE in 9.8% (29/297), liver
transplantation in 0.3% (1/297), chemotherapy in 29.3% (87/297),
and targeted therapy in 7.7% (23/297).

Imaging Evaluation Including **™Tc-MAA Injection

Before the angiographic evaluation, a CT scan was performed on
84.2% of patients (250/297) and an MRI scan on 24.2% (72/297). A
hepatic tumor burden of 25% or less was present in 50.2% (149/297),
25%-50% in 31.0% (92/297), and 50% or more in 16.2% (48/297);
the hepatic tumor burden was unknown in 2.7% (6/297). Metastases
were hypervascularized in 63.6% (188/297), hypovascularized in
18.2% (54/297), and of a mixed or atypical appearance in 15.5% (46/
297). The vascularization type was unknown in 3.0% (9/287).

Before **™Tc-MAA injection, vessel occlusion was necessary in
39.1% (116/297). Preexistent vessel occlusion due to prior coiling
was found in 6.1% (18/297) (Table 2; Supplemental Table 2).

A central ™Tc-MAA injection was performed on 17.8% (53/
297), a lobar *™Tc-MAA injection on 71% (211/297), and a seg-
mental *™Tc-MAA injection on 2.7% (8/297). Other types of
9mTc-MAA injection were performed on 8.4% (25/297).

Complications occurred in 19 (6.4%) of the 297 patients, with
4 (1.4%) having vascular occlusion, 2 (0.7%) having dissection, and
1 each (0.3%) having the following complications: vasospasm,
hypertension, a combination of pain/hypertension and tachycardia,
complications associated with contrast medium, and coil dislocation.
Complications in 8 additional patients were not specified (2.8%).

A mean lung shunt fraction of 5.7% = 5.6% was observed in
9mMTc-MAA scintigraphy (261 with a lung shunt fraction of
=10%, 29 with >10%, and 7 with an unknown fraction).

9°Y RE

20y RE was performed after 77.4% of angiographic evaluations
including local **™Tc-MAA injection (230/297; glass microspheres,
46.8% [139/297]; resin microspheres, 30.6% [91/297]) across a
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TABLE 1
Baseline Characteristics of All Performed Imaging Evaluations

TABLE 2

Imaging Evaluation Including %°™Tc-MAA Injection

Parameter % n Parameter % n
Localization of primary tumor Hepatic tumor burden
NET 90.9 270 <25% 50.2 149
Lung 3.0 9 25%-50% 31 92
Esophagus 0.7 2 >50% 16.2 48
Stomach 4.4 13 Unknown 2.7 8
Pancreas 24.9 75 Vascularization pattern
Small bowel or pancreas 0.7 2 Hypervascularization 63.3 188
Small bowel 31.1 92 Hypovascularization 18.2 54
Appendix 1.1 3 Mixed/atypical 15.5 46
Colon 4.4 13 Unknown 3.0 9
Rectum 5.1 15 Vessel coiling present 39.1 116
Unknown primary 7.4 22 Lateral left hepatic artery 2 0.7
Not specified 8.1 24 Medial left hepatic artery 2.7 8
Neuroendocrine carcinoma 9.1 27 Gastroduodenal artery 253 75
Grading Left gastric artery 0.7 2
NET Right gastric artery 14.8 44
Grade 1 25.6 76 Falciforme artery 0.3 1
Grade 2 50.5 150 Accessory vessel 11.0 33
Grade 3 5.7 17 Prior coiling
Unknown 9.1 27 Present 6.1 18
Neuroendocrine carcinoma 9.1 27 Absent 54.8 163
Extrahepatic metastases Preexisting portal vein thrombosis
Yes 411 122 Partial 2.0 6
No 58.9 175 Complete 0.0 0
Endocrine symptoms None 96.0 285
Yes 28.7 85 Unknown 2.0 6
Carcinoid syndrome 5.7 17 Complications
Diabetes 6.4 19 Present 6.4 19
Flush 9.7 29 Vasospasm 0.3 1
Hedinger syndrome 1 3 Dissection 0.7 2
Hypertonia 0.7 2 Vascular occlusion 1.4 4
Hypoglycemia 1.3 4 Hypertonia 0.3 1
Zollinger-Ellison syndrome 0.7 2 Pain, hypertonia, or tachycardia 0.3 1
Unspecified 2.7 8 Complication associated with 0.3 1
No 67.3 200 contrast medium
Unknown 4.0 12 Coil dislocation 0.3 1
Therapy before Y RE Not specified 2.8 8
Yes 916 272 Absent 92.2 274
No 8.4 25 Unknown 1.4 4
Lung shunt fraction
=10% 87.9 261
total of 176 patients (1 treatment, 71.6% [126/176]; 2 treatments, 10% 9.8 29
26.7% [47/176]; 3 treatments, 0.7% [2/176]; 4 treatments, 0.3% Unknown 2.4 7

[1/176]). For glass microspheres, dosimetry planning was per-
formed using the single-compartment model with a perfused target
volume dose of 80—150 Gy. For resin microspheres, the body-sur-
face-area model was used. For resin microspheres, a mean activity
of 1.26 = 0.59 GBq was used for *°Y RE, and for glass micro-
spheres, the mean activity was 3.78 * 2.24 GBq.

29y RE N NEUROENDOCRINE NEOPLASMS  +  Schaarschmidt et al.

In 44.3% (102/230) of all cases, patients had been treated only by
surgery or somatostatin analog therapy before °°Y RE (second-line
treatment, Fig. 2). In most other cases (55.7% [128/230]), °Y RE
was performed in a salvage setting after extensive prior therapy.
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0.4% were lost to follow-up, and in 12.5%
(22/176) the last follow-up visit was used
for survival analysis. Mean OS after *°Y
RE was 38.9 = 33.0 mo.

After °Y RE, OS was longer in NET
patients (40.8 mo; 95% CI, 27.0-54.7 mo)
than in NEC patients (19.3mo; 95% CI,
8.1-35.1 mo) (Fig. 3A). Differences between

FIGURE 2. A 67-y-old man with grade 2 gastric NET and hepatic metastases. Hepatic tumor pro-
gression was observed with somatostatin analog treatment. (A) At time of °°Y RE, hepatic tumor bur-
den was less than 25%. (B) In angiographic evaluation, hypervascularized metastases were
detected in both liver lobes; thus, same-session sequential therapy of whole liver with S0y glass
microspheres was performed. (C) At follow-up, partial response was observed, with residual metas-

tases in liver segment 4.

90Y RE of the whole liver was used in 44.9% (108/230), and
sequential whole-liver therapies was used in separate sessions in
33.1% (76/230). °°Y RE was performed for a single lobe in 19.6%
(45/230) and for a selected liver part in 0.4% (1/230).

Second-line °°Y RE after a minimum of prior therapy (including
surgery of the primary tumor or hepatic metastasis and somato-
statin analog therapy) was used in 44.3% (102/230), whereas exten-
sive prior therapy was used in 55.7% (128/230).

Procedural complications were observed in 4.8% of all cases (11/
230, including 3 with vasospasm; 2 each with liver organ necrosis,
pain, or stasis of blood flow; and 1 each with sepsis/pain and hemody-
namic instability). No complications were observed in 73.7% (219/
230). °Y RE was not performed on 22.6% (67/297) (Table 3; Supple-
ment 3).

Survival Analysis
Entire Population. At the time of data collection, 59.7% of all
patients (105/176) were deceased, 27.3% (48/176) were still alive,

TABLE 3
Reasons for Canceling °°Y RE

Parameter % n
%Y RE performed 77.4 230
%Y RE not performed 226 67
Reasons for canceling °°Y RE
Extrahepatic shunting 8.1 24
Lack of ®®™Tc-MAA accumulation 34 10
Worsening of patient’s general condition 2.0 6
Extrahepatic tumor progression 1.3 4
Different therapy 1.1 3
Hepatic tumor burden too high 1.1 3
Unfavorable vessel anatomy 1.1 3
Worsening of hepatic laboratory parameters 0.7 2
Residual primary tumor 0.3 1
Hepatic vessel occlusion 0.3 1
Inhomogeneous *°*™Tc-MAA distribution 03 1
Technical problems with vial 0.3 1
Contrast agent-associated problem 0.3 1
Patient did not appear 0.3 1
Unknown 2.0 6

682 THE JOURNAL OF NUCLEAR MEDICINE

the 2 groups were found by the log rank test
(X, = 6.88, P < 0.009). In NET patients,
patients with a grade 1 tumor had a more
prolonged median OS (79.3mo; 95% ClI,
42.6-116.0 mo) than patients with a grade 2
tumor (30.6mo; 95% CI, 25.2-36.0 mo) or
grade 3 tumor (21.4mo; 95% CI, 10.7-32.1
mo) (Fig. 3B). According to the log rank
test, the survival distributions for the 3 different tumor grades were
statistically significant (sz) = 10.21, P < 0.006).

An increase in hepatic tumor burden was associated with a
reduction in median OS (burden < 25%: 63.2mo, 95% CI of
36.0-90.4mo; burden of 25%-50%: 30.3mo, 95% CI of
25.8-34.8 mo; burden > 50%: 22.5mo, 95% CI of 16.6-28.4 mo).
Significant differences among these 3 survival groups were
detected by the log rank test (X<22) = 14.10, P = 0.001) (Fig. 3C).

Only slight differences were observed in OS after *°Y RE in
patients with different vascularization patterns of hepatic metastases
(hypervascularization: 40.5mo, 95% CI of 17.4-63.6 mo; hypovas-
cularization: 30.3 mo, 95% CI of 20.1-40.5 mo; and mixed appear-
ance: 17.7mo, 95% CI of 26.5-95.9). The log rank test found no
significant differences among the survival distributions for these 3
hepatic vascularization patterns (sz) = 1.6, P = 0.460) (Fig. 3D).

Median OS was similar in patients with extrahepatic metastases
(30.6mo; 95% CI, 19.4-41.8) and without (44.8mo; 95% CI,
29.8-59.8). No significant differences between the 2 survival
groups were observed in the log rank test (X%z) = 0.931, P = 0.335)
(Fig. 3E; Supplements 4 and 5; Supplemental Fig. 1).

Second-Line Therapy Versus Salvage Setting. Patients who
received °°Y RE as second-line therapy had a slightly longer OS
(44.8mo; 95% CI, 24.2-65.4 mo) than patients who had °°Y RE
in a salvage setting (30.6 mo; 95% CI, 18.5-42.7) (Fig. 4A). How-
ever, the log rank test did not yield a statistically significant result
(X(zz) = 3.109, P = 0.078).

Median hepatic PFS (15.9mo; 95% CI, 10.6-21.2 mo) and global
PFS (14.7 mo; 95% CI, 10.5-18.9 mo) were worse in patients under-
going ®°Y RE in a salvage setting than in patients with °Y RE as sec-
ond-line therapy (hepatic PFS: 18.6mo, 95% CI of 14.0-23.2mo;
global PFS: 18.8mo, 95% CI of 8.3-29.3 mo). The log rank test
detected significant differences between the 2 survival groups for
hepatic PFS (sz) = 6.44, P = 0.011) and global PFS (X(zz) = 6.63, P
= 0.010) (Figs. 4B and 4C; Supplement 6; Supplemental Fig. 2).

In patients receiving *°Y RE as salvage therapy, OS in patients
with prior PRRT (30.3 mo; 95% CI, 26.2-34.3 mo) was comparable
to that in patients who did not receive prior PRRT (36.2 mo; 95%
CI, 19.8-52.5 mo). No significant differences between the 2 groups
were found in the log rank test (Xﬁz) = 0.16, P = 0.692) (Fig. 5).

DISCUSSION

%Y RE is a possible alternative to a surgical approach to achieve
local tumor control in metastatic liver disease. However, alternatives
to *°Y RE are manifold, and systemic approaches such as PRRT or
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FIGURE 3. Kaplan—-Meier survival curves investigating influence of 6 different parameters on survival in entire population: tumor type (A), NET tumor
grading (B), hepatic tumor burden (C), metastatic vascularization (D), and extrahepatic metastases (E).

new chemotherapies challenge the concept of local liver *°Y RE in
general. Therefore, further data are necessary to balance the advan-
tages and disadvantages of all available therapies in NEN patients
with hepatic metastases. In this context, the results of this retrospec-
tive international multicenter study hold 3 key messages. First, sec-
ond-line ®°Y RE is associated with increased OS and a significant
increase in hepatic and global PFS, with OS slightly superior to that
seen in published PRRT data. Second, the vascularization type of
hepatic metastases does not significantly affect survival after
90y RE. Third, the presence of extrahepatic metastases in patients
with liver-dominant disease does not significantly affect OS in
patients undergoing *°Y RE—neither in the entire population nor in
patients receiving *°Y RE as second-line therapy.

Successful surgical removal of hepatic metastases is associated
with 5-y survival rates of 64%—-100% (5,20), but only a minority
of patients is eligible for this procedure (5). In patients with
increased somatostatin expression who cannot undergo surgery,

systemic treatment using somatostatin analogs is considered the
treatment of choice in the latest guidelines (9—/7). In patients with
progressive hepatic metastases, angiographic procedures such as
TAE, TACE, or °°Y RE or PRRT are possible treatment options.
Although comparative studies among these options are not avail-
able, PRRT is recommended as the second-line therapy of choice
in the most recent guidelines (9—/7). Because of the lack of data,
the treatment of sole hepatic metastases or liver-dominant disease
remains a controversial topic. In a recent recommendation by
Frilling et al., TAE, TACE, or °°Y RE is proposed as a possible
alternative in these 2 scenarios (21).

Our study results support these recommendations and further
raise the question of whether *°Y RE should be primarily per-
formed in specific scenarios as second-line treatment before PRRT.

We found that patients who had undergone °°Y RE as second-
line treatment did show a relevant increase in OS and a significant
increase in hepatic and global PFS, compared with patients with a
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FIGURE 4. Kaplan-Meier survival curves investigating influence of extent of prior therapy (second-line therapy: prior surgery for primary tumor or
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FIGURE 5. Kaplan-Meier survival curve investigating influence of prior
PRRT on survival in patients receiving °°Y RE as salvage therapy.

more extensive pretreatment. OS in patients with °°Y RE as sec-
ond-line treatment was only slightly worse than the results of PRRT
in the Rotterdam cohort, with overlapping 95% Cls (44.8 mo, 95%
CI of 24.2-65.4 mo, vs. 63 mo, 95% CI of 55-72 mo) (22). Further-
more, the presence of extrahepatic metastases does not influence
0S after °Y RE as second-line therapy. In contrast to °Y RE in a
salvage setting, hepatic tumor burden has no significant impact on
0S if °Y RE is performed as a second-line therapy. Additionally,
our data indicate that in 22.6% of all cases, °°Y RE could not be
performed because of contraindications associated with advanced
hepatic disease such as shunting, a high tumor burden, or liver func-
tion deterioration. These findings further suggest that early *°Y RE
before PRRT could be beneficial in patients with the liver-dominant
disease. In this clinical pathway, a successful local, liver-directed
therapy using *°Y RE could be ensured independently of hepatic
tumor burden, and the risk of contraindications for °°Y RE caused
by advanced oncologic disease such as shunting could be avoided.

In certain scenarios, °°Y RE might yield even further benefits.
Although PRRT is limited to patients with increased somatostatin
receptor expression compared with the background hepatic uptake
(23), this requirement does not hinder °°Y RE. Even hypovascula-
rization of hepatic metastases in contrast-enhanced cross-sectional
imaging does not influence OS after °°Y RE. Additional benefits
of ®°Y RE as second-line therapy in comparison to PRRT are
the possibility of continuing somatostatin analog therapy during
%Y RE, the absence of hematologic and renal toxicity, and the
possibility of performing °°Y RE as a l-stop-shop treatment in
contrast to the prolonged treatment duration of PRRT (/2,22).

Furthermore, the benefits to this therapeutic approach do not
seem to be limited to patients without extrahepatic metastases.
The presence of extrahepatic metastases in liver-dominant disease
did not have a significant impact on OS in our analysis and was
not associated with a significant hazard ratio, in contrast to previ-
ous studies (/2,24).

Hence, our findings stress the need for a prospective study com-
paring PRRT and *°Y RE as second-line treatment in patients with
progressive liver-dominant disease treated with somatostatin analogs.

Our study had some limitations. Because of its retrospective
nature and the combined analysis of °°Y RE performed with resin
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and glass microspheres, differences in the procedural technique
could be possible. These limitations could be circumvented only
by a prospective study. We did not perform a comparison between
%Y RE and TAE or TACE. Because PRRT is recommended as
the therapy of choice, TAE and TACE are considered by some
authors as advantageous over °°Y RE to avoid radiation-induced
liver failure when PRRT and °°Y RE are combined (25). However,
recent findings by Braat et al., as well as our own findings on
Y RE as salvage therapy in patients with and without prior
PRRT, indicate that *°Y RE can be performed safely after PRRT
without an increased risk of radiation-induced liver failure (26,27).
Furthermore, there are several distinct disadvantages of TAE or
TACE compared with °°Y RE, most notably the higher proportion
(=61%) of patients with pain, nausea, or treatment-associated
fever (25,28,29) and the need to perform multiple therapies (30).
Especially in the current raging coronavirus disease 2019 pan-
demic, °°Y RE might be advantageous because of the reduced
number of procedures necessary to achieve a favorable result and
lower therapy-associated complications. However, a randomized
trial between TAE or TACE and °°Y RE might improve the accep-
tance of interventional procedures in general in NET patients with
liver-dominant disease.

CONCLUSION

Our results show that °°Y RE has potential as second-line ther-
apy in patients with NENs with liver-dominant disease and thus
could be an important alternative to PRRT in certain scenarios.
However, a prospective study is necessary to support these prom-
ising data.
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KEY POINTS

QUESTION: Is °°Y RE a potential a treatment option in patients
with NENs?

PERTINENT FINDINGS: In this retrospective multicenter study,
second-line °°Y RE was associated with a significant increase in
PFS, with satisfactory OS rates. The presence of extrahepatic
metastases in patients with liver-dominant disease undergoing
9%Y RE did not affect OS.

IMPLICATIONS FOR PATIENT CARE: This study showed the
potential of *°Y RE as a treatment option in patients with NENs
with liver-dominant disease and thus could be an important alter-
native to PRRT.
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PD-L1 PET/CT Imaging with Radiolabeled Durvalumab in
Patients with Advanced-Stage Non—Small Cell Lung Cancer
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Better biomarkers are needed to predict treatment outcome in non-small
cell lung cancer (NSCLC) patients treated with anti-programmed death-
1/programmed death-ligand 1 (PD-1/PD-L1) checkpoint inhibitors.
PD-L1 immunohistochemistry has limited predictive value, possibly
because of tumor heterogeneity of PD-L1 expression. Noninvasive
PD-L1 imaging using #Zr-durvalumab might better reflect tumor PD-L1
expression. Methods: NSCLC patients eligible for second-line immuno-
therapy were enrolled. Patients received 2 injections of #Zr-durvalumab:
one without a preceding dose of unlabeled durvalumab (tracer dose only)
and one with a preceding dose of 750 mg of durvalumab, directly before
tracer injection. Up to 4 PET/CT scans were obtained after tracer injec-
tion. After imaging acquisition, patients were treated with 750 mg of dur-
valumab every 2 wk. Tracer biodistribution and tumor uptake were
visually assessed and quantified as SUV, and both imaging acquisitions
were compared. Tumor tracer uptake was correlated with PD-L1 expres-
sion and clinical outcome, defined as response to durvalumab treatment.
Results: Thirteen patients were included, and 10 completed all sched-
uled PET scans. No tracer-related adverse events were observed, and all
patients started durvalumab treatment. Biodistribution analysis showed
897r-durvalumab accumulation in the blood pool, liver, and spleen. Serial
imaging showed that image acquisition 120 h after injection delivered the
best tumor-to-blood pool ratio. Most tumor lesions were visualized with
the tracer dose only versus the coinjection imaging acquisition (25% vs.
13.5% of all lesions). Uptake heterogeneity was observed within (SUVpeax
range, 0.2-15.1) and between patients. Tumor uptake was higher in
patients with treatment response or stable disease than in patients with
disease progression according to RECIST 1.1. However, this difference
was not statistically significant (median SUVpeqr, 4.9 vs. 2.4; P = 0.06).
SUVpeax correlated better with the combined tumor and immune cell
PD-L1 score than with PD-L1 expression on tumor cells, although neither
was statistically significant (P = 0.06 and P = 0.93, respectively). Con-
clusion: Zr-durvalumab was safe, without any tracer-related adverse
events, and more tumor lesions were visualized using the tracer
dose-only imaging acquisition. ®Zr-durvalumab tumor uptake was
higher in patients with a response to durvalumab treatment but did not
correlate with tumor PD-L1 immunohistochemistry.

Key Words: PET imaging; PD-L1 inhibitor; non-small cell lung cancer;
immunotherapy
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With the introduction of immunotherapy, the treatment of
non-small cell lung cancer (NSCLC) changed dramatically. Multi-
ple trials with programmed death ligand 1 (PD-L1) checkpoint
inhibitors in patients with (locally) advanced NSCLC have shown
improved survival outcomes as compared with standard-of-care
cytotoxic chemotherapy (/—5). Unfortunately, not all patients with
NSCLC benefit equally, and the search for biomarkers that can
predict treatment outcome is ongoing. Although PD-L1 immuno-
histochemistry and tumor mutational burden are associated with
clinical benefit from checkpoint inhibitor therapy, they are far
from perfect (6-9).

PD-L1 expression is a biopsy-based biomarker, with the disad-
vantage that a small biopsy specimen does not capture the full
extent of tumor heterogeneity of PD-L1 expression and is associ-
ated with a higher chance of a false-negative test result (6-8,10).
In addition, substantial heterogeneity of PD-L1 expression can be
observed within and between tumor lesions of the same patient
(11). As a consequence of this lack of a good predictive bio-
marker, most patients with advanced-stage NSCLC are treated
with a PD-L1 checkpoint inhibitor, with or without chemotherapy
(2,5). Inherently, a large patient group is treated with a potentially
toxic treatment without clinical benefit.

Noninvasive biomarkers that can overcome the problem of
intra- and intertumor heterogeneity are needed. Visualization and
quantification of PD-L1 expression on all tumor cells could poten-
tially be such a biomarker, and recent clinical studies have shown
that with PD-L1—directed tracers such as 3°Zr-labeled atezolizu-
mab and nivolumab, '8F-BMS-986192, and **™Tc-NM-01, tumor
lesions could be visualized and tracer uptake could be correlated
with PD-L1 expression on tumor cells (/2—14).

After the results of the PACIFIC trial, adjuvant durvalumab was
registered for stage III NSCLC patients treated with concurrent
platinum-based chemotherapy and radiation therapy (/5). Adju-
vant durvalumab prolonged progression-free survival (PFS) signif-
icantly, and this also resulted in an overall survival (OS) benefit
(16). However, there is still a large group of patients with disease
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relapse despite adjuvant durvalumab treatment. In the advanced-
disease setting, the phase IIl MYSTIC trial evaluated durvalumab
with or without tremelimumab and compared these treatments with
standard chemotherapy as the first-line treatment for patients with
stage IV NSCLC (/7). Unfortunately, the primary endpoint of an
improved OS was not met. This result supports the need for a better
biomarker that can select patients who can benefit from durvalumab
or durvalumab-tremelimumab combination treatment.

In this paper, we report the results of the first (to our knowledge)
clinical PET imaging study conducted with ¥Zr-labeled durvalu-
mab, an anti-PD-L1 monoclonal antibody, in patients with
advanced-stage NSCLC. Imaging series were obtained after injec-
tion of a single tracer dose and after a combined injection with a
full dose of unlabeled durvalumab and the tracer dose. The aim of
this study was to investigate the safety and feasibility of ¥Zr-dur-
valumab PET/CT and to explore the relation of the imaging results
to PD-L1 immunohistochemistry and treatment response. Because
of the heterogeneity of PD-L1 expression in primary and metastatic
lesions of individual patients, we hypothesize that 8°Zr-durvalumab
PET/CT will show substantial differences in tracer uptake between
lesions and allow exploration of the relation of the imaging results
to clinical parameters such as PD-L1 immunohistochemistry and
treatment response. This study was not powered to evaluate the pre-
dictive value of 3°Zr-durvalumab PET/CT for PD-L1 immunohisto-
chemistry or treatment outcome. To study the safety and feasibility,
10 patients were required. The protocol allowed enrollment of addi-
tional patients in case a patient did not complete the PET scan
acquisition.

MATERIALS AND METHODS

Patients

Patients with stage IV NSCLC who had progressed after at least 1
line of platinum-based doublet chemotherapy were asked to participate
in this study. Earlier treatment with PD-L1 checkpoint inhibitors was
not allowed. The study was conducted in accordance with the Declara-
tion of Helsinki and was approved by the Institutional Review Board
of the Amsterdam University Medical Centers for the Vrije Universi-
teit location. Before inclusion, each patient gave written informed con-
sent after receiving a verbal and written explanation. The trial was
registered at www.clinicaltrialsregister.cu (identifier 2019-000670-37).

Key eligibility criteria were pathologically proven EGFR-negative
(wild-type) and ALK fusion—negative NSCLC, measurable disease
according to RECIST 1.1 (/8), an Eastern Cooperative Oncology
Group performance status of 0-1, and the willingness to undergo a
histologic biopsy immediately before the start of the study. The main
exclusion criteria were symptomatic central nervous system metasta-
ses, use of corticosteroids with an equivalent of more than 10 mg of
prednisone per day, or active autoimmune disease.

Tumor Biopsies

Histologic tumor biopsies were obtained before the first **Zr-durva-
lumab injection and after the last line of systemic therapy. Biopsies
were obtained from 1 lesion (metastasis or primary tumor, depending
on the size and location of the individual lesions) per patient. An expe-
rienced thoracic pathologist, unaware of the clinical information, eval-
uated the histology slides. Tumor PD-L1 expression was scored for
tumor cells, the tumor proportion score (TPS), and—for both tumor
and immune cells—the combined positive score (CPS) (/9,20). Details
on histochemical stains are found in Supplemental Table 1 (supple-
mental materials are available at http://jnm.snmjournals.org).

897r-DurvaLuMaB PET IN NSCLC PATIENTS  *

Durvalumab Radiolabeling

897r was purchased from Perkin-Elmer and coupled to durvalumab
(human IgG1 k-monoclonal antibody; primary route of elimination,
protein catabolism; half-life, 18 d) (2/) via the bifunctional chelator
N-succinyl-desferal-tetraftuorophenyl ester (22). 3°Zr-durvalumab is
produced in compliance with current good manufacturing practices at
Amsterdam University Medical Centers for the Vrije Universiteit loca-
tion. The procedures for radiolabeling of durvalumab with ¥Zr have
been validated with respect to the final quality of the prepared conju-
gate and the production process. Details can be found in the supple-
mental materials.

Study Design

Two imaging series were scheduled for all included patients
(Fig. 1). Whole-body (vertex to mid thigh) PET/CT with ¥Zr-durvalu-
mab as the radiotracer was performed after injection of a single dose
of the tracer (37 MBq, 2 mg of ¥Zr-durvalumab) on day 1. Twelve
days later, a therapeutic nonradiolabeled dose of 750 mg of durvalu-
mab was administered, followed within 2 h by a tracer dose injection
(37MBgq, 2 mg of ¥Zr-durvalumab). This interval of 2 h resulted in a
situation comparable to a simultaneous coadministration, because of
the slow tissue uptake of large mAbs from the blood pool (23). The
second imaging series was intended to overcome a possible sink
effect: a small amount of radiotracer might be rapidly cleared from the
circulation and accumulate in the liver, spleen, or other organs or com-
partments. This effect might be overcome by predosing with nonradio-
labeled durvalumab, resulting in availability of sufficient amounts of
radiotracer in the circulation for binding to PD-L1 receptors in tumor
tissue. The first 3 enrolled patients were scanned 1, 72, 120, and 168
h after injection (for biodistribution purposes), both after the tracer
only and after the combined radiolabeled and nonradiolabeled durvalu-
mab injection. Subsequent patients underwent 2 PET scans after each
tracer injection (72 and 120 h). The interval between the first 3°Zr-dur-
valumab injection and the second injection of combined tracer and
nonradiolabeled durvalumab was 12 d, allowing for decay of radio-
activity.

An 8F-FDG PET scan, a diagnostic CT scan of the thorax and
upper abdomen, and brain MRI were obtained before the initiation of
treatment. After the image acquisition, durvalumab (750-mg flat dose)
was administered every 2 wk until disease progression, unacceptable
toxicity, or withdrawal of consent. Response was assessed with a diag-
nostic contrast-enhanced CT scan of the thorax and upper abdomen
every 6 wk during treatment and interpreted according to RECIST
1.1 (18).

PET/CT Scan Analysis

Tumor lesions were identified and segmented on the *Zr-PET
images using in-house—developed software (24), while also using the
low-dose CT scan. The baseline '®F-FDG PET/CT and diagnostic CT
scans were used to differentiate between benign and malignant lesions.
Volumes of interest (VOIs) were manually delineated over the entire
tumor lesions when they could be distinguished from background on
the attenuation-corrected images of the PET scan. In the case of tumor
lesions without evident visual ®Zr uptake, a spheric VOI of 1 ¢cm®
was drawn at the anatomic location of the tumor lesion, based on the
low-dose CT, '8F-FDG PET, and diagnostic CT data. To quantify
radiotracer uptake in normal tissue, a fixed VOI with a diameter of
2cm (4.2 cm®) was used. Tracer uptake in all delineated VOIs was
semiquantitatively assessed as SUV. From each VOI, the mean and
peak activity concentrations (Bg/mL) were derived, normalized for
body weight. SUV ;can Was reported for normal-tissue tracer uptake,
and SUV ¢, was reported for tumor lesions. SUV . was used to
minimize the noise effect of 3°Zr, as SUV.y is based on only 1
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TABLE 1
Baseline Characteristics of Patients Included in Study

Reason for
Patient PD-L1 PD-L1  Treatment treatment
no. Age (y) Sex Histology TPS (%) CPS (%) cycles(n) BOR discontinuation PFS (d) OS (d)
1 59 F Adenocarcinoma 0 12.5 7 SD PD 86 823
2 53 M Adenocarcinoma 0 0 1 PD PD 19 19
3 75 F Adenocarcinoma 0 7,5 1 PD PD <15 63
4 79 M Adenocarcinoma 100 100 2 PD PD 34 40
) 77 M Adenocarcinoma 0 5 2 PD PD 22 147
6 57 F  Squamous cell carcinoma 1 5 10 SD PD 154 182
7 54 M Adenocarcinoma 100 90 14 PR PD 183 NR
8 70 M Squamous cell carcinoma NE NE 9 PR Toxicity 684 NR
9 70 M Adenocarcinoma 0 NE 1 PD PD 9 15
10 64 M Adenocarcinoma 0 0 1 PD PD 2 2
11 72 M Adenocarcinoma 1 25 22 NE COVID-19 NR NR
pandemic
12 72 F Not otherwise specified 100 90 12 PR Toxicity NR NR
13 69 M Squamous cell carcinoma 0 0 3 PD PD 41 78

*PD-L1 TPS derived from cytology.

BOR = best observed response; SD = stable disease; PD = progressive disease; NR = not reached; NE = not evaluable; PR = partial

response.

voxel (25). To avoid partial-volume effects, only tumor lesions ex-
ceeding 20 mm in long-axis diameter were included in the analysis.

Blood Samples

For the first 3 patients, venous blood samples (7 mL each) were col-
lected to determine 3°Zr-durvalumab activity at 5, 30, 60, and 120 min
after injection and on days 3, 5, and 7 after injection. For the other
patients, the samples were collected at 5 and 30 min after injection
and on days 3 and 5 after injection.

Adverse Events

Tracer-related adverse events were recorded from the time of injec-
tion of the first tracer dose to the second full dose of durvalumab,
which was 2 wk after the second imaging series. Before the first and
second doses of durvalumab, patients visited the outpatient clinic for a
review of adverse events. This consisted of a full physical examination
and a laboratory assessment, including complete blood count, compre-
hensive serum chemistry, and thyroid-stimulating hormone level. The

National Cancer Institute Common Terminology Criteria for Adverse
Events, version 4.0, were used to score adverse events (26).

Statistical Analysis

A Mann-Whitney U test was used to compare the SUV ey of all
lesions (long axis diameter = 20 mm) in the different groups with and
without progressive disease. Progressive disease was defined accord-
ing to RECIST 1.1. The Kruskal-Wallis test was used to compare the
SUVpeqx in all response categories according to RECIST 1.1 (progres-
sive disease, stable disease, partial response, and complete response).
Further, the relation between the lesion-based *°Zr-durvalumab accu-
mulation and PD-L1 expression as assessed with immunohistochemis-
try (PD-L1 expression: 0%, 1%—49%, =50%) was also explored with
the Kruskal-Wallis test.

The median SUV ¢ of all delineated lesions (long axis diameter
= 20 mm) in the entire cohort was calculated and used to divide the
patients into groups with high and low uptake. PFS and OS were sum-
marized using Kaplan—Meier plots.

P values of less than 0.05 were considered to be statistically signifi-
cant. All statistical analyses were performed
using SPSS Statistics, version 25.0 (IBM), for
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RESULTS

Patients
Thirteen patients were enrolled between April
2018 and June 2019 (Table 1). All patients

PET-CT
scan

QZW treatment with

72h 120 h 168 h Day 12 72h 120 h

durvalumab
168 h

had pathologically confirmed NSCLC and con-
firmed progressive disease on prior chemother-

apy. All patients received their first tracer dose

FIGURE 1.

i.v. = intravenous; QZW = once every two weeks.
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First 3 included patients received 4 PET/CT scans after each tracer injection (1, 72,
120, and 168 h after injection). Subsequent patients were scanned at 72 and 120 h after injection.

injection. Eleven of 13 patients also received
the second tracer injection according to the
study protocol. One patient died as a result of
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TABLE 2
Adverse Events

Any Grade
Adverse event grade 3or4
Anemia 8 (62%) 1 (8%)
Thrombocytopenia 5 (38%)
Alkaline phosphatase increased 6 (46%)
v-glutamyl transferase increased 3 (23%)
Aspartate aminotransferase increased 1 (8%)
Hypercalcemia 1 (8%)
Hypomagnesemia 2 (15%)
Cough 3 (23%)
Dyspnea 3(23%) 1(8%)
Pneumonia 1 (8%) 1 (8%)
Pain 7 (54%) 1 (8%)
Anorexia 4(31%) 1(8%)
Constipation 1 (8%)
Epistaxis 1 (8%)
Acute kidney injury 1 (8%)
Vena cava superior syndrome 1(8%) 1(8%)

Data include all adverse events recorded from time of injection
of first tracer dose to second full dose of durvalumab in 13
patients.

rapidly progressive disease between scans, and 2 patients withdrew con-
sent before the second imaging series. For the first 3 patients, the more
extensive imaging protocol was followed (Supplemental Table 2).
Patients started durvalumab treatment on the day of the second
tracer administration and received an average of 7 cycles of durva-
lumab (range, 1-21; median, 3). A response evaluation after 6 wk
was performed on 7 of 13 patients; the other patients progressed
carlier or died. The best observed response was a partial response
in 3 patients, stable disease in 2 patients, and progressive disease in
1 patient. One patient was not evaluable according to RECIST 1.1.
The reasons for treatment discontinuation were death or progres-
sive disease in 10 patients, durvalumab-related pneumonitis in 1
patient, the coronavirus disease 2019 pandemic in 1 patient, and
the request of 1 patient because of sicca symptoms, grade II, proba-
bly related to durvalumab treatment. The median PFS was 1.3 mo
(95% CI, 0.0-3.8), and median OS was 4.8 mo (95% CI, 0.2-9.4).

Biodistribution of °Zr-Durvalumab

PET imaging 1 h after injection (without a predose of unlabeled
durvalumab) showed that 3°Zr-durvalumab uptake was present mainly
in the blood pool (average SUV ean, 7.2), liver (average SUVcan,
6.7), and spleen (SUV nean, 15.1). The ¥Zr-durvalumab activity in the
blood pool decreased over time (average SUV jean, 1.6 at 120 h) and
was stable in the liver and bone marrow. The spleen showed the high-
est uptake, with a peak at 72 h after injection (average SUVcan,
20.0). Low uptake was seen in the kidneys, non—tumor-bearing lung
tissue, and brain (Figs. 2A and 2C; Supplemental Fig. 1).

When #Zr-durvalumab was administered after a nonradiola-
beled therapeutic dose of durvalumab, a different pattern was
observed. The extent of 3Zr-durvalumab in the blood pool at 1 h
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FIGURE 2. (A) Biodistribution at 1, 72, 120, and 168 h after injection of
tracer dose (2 mg) only. (B) Biodistribution at 1, 72, 120, and 168 h after
injection of tracer dose (2 mg) with unlabeled predose (750 mg) of durvalu-
mab. (C) Average SUV,eqan Of first 3 patients per organ without unlabeled
predose of durvalumab. (D) Average SUV nean Of patients 2 and 3 per
organ with unlabeled predose of durvalumab. BM = bone marrow; p.i. =
after injection.

after injection was comparable to that in the first imaging series
but remained 2-fold higher in the following scans than in the first
series. This large difference was confirmed by the venous plasma
samples (Fig. 3).

Further, 8 Zr-durvalumab uptake in the second scan series was
less pronounced in the organs such as spleen, bone marrow and
liver (Figs. 2B and 2D).

Safety

The most frequently reported adverse events from the time of
injection of the first tracer dose to the second full dose of durvalu-
mab were anemia and pain (Table 2), which were most likely
related to previously administered chemotherapy or disease pro-
gression. No tracer-related adverse events were recorded.

Tumor Uptake

Visual Analyses. In total, 102 lesions from 13 patients were
detected on the baseline '®F-FDG PET/CT scans; 33 of these
lesions had a long-axis diameter of at least 20 mm.

Of the 102 lesions, 26 (25%) were visualized on the 8Zr-durva-
lumab PET/CT scans using the tracer-only imaging acquisition. Of
the 33 lesions with a long-axis diameter of at least 20 mm, 10
(30%) were visible.
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FIGURE 3. Venous plasma samples at 1, 72, and 120 h after injection of
89Zr-durvalumab in average radioactivity in percentage injected activity per
liter. Scan series 1 is without predose of unlabeled durvalumab. Scan series
2 is with 750 mg predose of unlabeled durvalumab. IA = injected activity.

In the imaging series of the first 3 patients, the tumor-to-back-
ground ratio was highest in the PET/CT scan obtained 120 h after
injection, and tumor uptake was heterogeneous within and
between patients, as shown in Figure 4.

The 3Zr-durvalumab PET/CT scans that were obtained after
the unlabeled therapeutic dose of durvalumab revealed a total of
14 (14%) lesions. Only 3 lesions that appeared on the second
imaging series were not visible on the first imaging series. Two of
these were small (<20 mm) lesions, whereas 1 was a large lung
tumor (62 mm).

In total, 50 lesions with 8°Zr-durvalumab uptake (malignant and
nonmalignant) were seen at 120 h after injection of the tracer
dose—only scan series, whereas 15 89Zr-durvalumalrpositive lesions
(malignant and nonmalignant) were seen at 120 h after injection in
the second scan series (tracer dose after unlabeled therapeutic dose
of durvalumab). Of the 50 ¥Zr-durvalumab—positive lesions, 52%
were also '8F-FDG-positive and thus regarded as malignant. The
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FIGURE 4. Tracer uptake for all patients per delineated tumor measuring
at least 20 mm without predose of durvalumab at 120 h after tracer injec-
tion (scan of patient 12 is at 72 h, as 120-h scan was not available).
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FIGURE 5. (A) '®F-FDG PET of large, malignant lesion in right lung. (B)
Same patient as in A, with heterogeneous uptake of 89Zr-durvalumab in
large malignant lesion in right lung. (C) *®F-FDG PET uptake in large malig-
nant lesion in left upper lobe. (D) Same patient as in C, with heterogeneous
uptake of 89Zr-durvalumab in large malignant lesion in left upper lobe.

89Zr-durvalumab—positive and '8F-FDG-negative (nonmalignant)
lesions were mostly mediastinal lymph nodes, but axillary, abdomi-
nal, and supraclavicular lymph nodes were also seen. Interestingly,
most of these did not show stable uptake. At 72 h after injection, 23
897r-durvalumab—positive, '*F-FDG- negative (nontumor) lesions
were seen. At 120 h, this number was 24. Only 12 of these lesions
were seen both on the 72-h and on the 120-h scans.

Quantitative Analyses. The average SUV ., for all delineated
tumor lesions, divided by the average SUV ¢, for the aorta, at 72
and 120 h was 4.1/2.2 = 1.8 and 3.9/1.9 = 2.1, respectively.

For subsequent quantitative analyses of tumor uptake, only 'F-
FDG-positive lesions at least 20 mm in size from the tracer
dose—only acquisition were included and delineated on the PET
scan at 120 h after the first tracer injection. The range of tracer
uptake within patients with more than 1 lesion varied from an
SUVpeax of 0.2 (patient 3, with 2 lesions) to an SUV ¢, of 15.2
(patient 9, with 6 lesions). This large range was caused by the
presence of a high-uptake lesion that was close to the spleen, with
spill-in of splenic tracer activity in the tumor VOI. Without this
outlier, the range varied between 0.2 and 4.1, with an average of
2.4. In large tumors, heterogeneous uptake was observed, most
often with the highest tracer uptake in the periphery of the tumor.
This observation might be due to impaired vascularization in the
core of the tumor (due to necrosis), as this impairment was also
observed on the !'SF-FDG PET. However, the periphery of the
tumor showed an uptake pattern on 3°Zr-durvalumab PET differ-
ent from that on '®F-FDG PET (Fig. 5).

Response

There were 3 patients who had a partial response and 2 with sta-
ble disease lasting 3 and 5 months, respectively. The median SUV-
peak Of tumor lesions in patients without progressive disease at 6
wk was 4.9, compared with 2.4 in patients with progressive dis-
ease at 6 wk. The difference was not statistically significant (P =
0.06). The median SUV ¢, in patients with progressive disease,
stable disease, and partial response was 2.4, 4.6, and 5.9, respec-
tively. These differences, however, were not statistically signifi-
cant (P = 0.12) either (Fig. 6). Patients with an average SUV ¢,
higher than the median (SUV cqx, 3.0) had a PFS of 7.3 mo. Those
with an SUV ., lower than the median had a PFS of 5.5 mo (P =
0.46). Patients with an SUV., higher than the median had a
mean OS of 18.4 mo. Patients with an SUV . lower than the

THE JourRNAL OF NUCLEAR MEDICINE * Vol. 63 ¢ No.5 « May 2022



20
(2]
c
K]
ﬂ L22
6 15
£
2
C
4
3 10
o
>
=
7]
c
©
5 5
()
=

0

PD SD PR
Best response according to RECIST 1.1

FIGURE 6. Median ®°Zr-durvalumab uptake at 120 h after injection for
all tumor lesions (=20 mm) per best RECIST response category. *22 rep-
resents one tumor lesion close to the spleen.

median had a mean OS of 5.9 mo. This difference was not statisti-
cally significant (P = 0.13). The above-mentioned outlier near the
spleen in patient 9 was excluded from all response calculations.

Immunohistochemistry

Eleven of 13 patients were evaluable for programmed death 1
and PD-L1 expression on immune and tumor cells. Our cohort
contained only biopsies with a PD-L1 TPS of 0%, 1%, and 100%
(Supplemental Fig. 2). There was no correlation between PD-L1
TPS and the median 3°Zr-durvalumab uptake of all tumor lesions
(=20 mm) per patient (P = 0.93). Although not statistically sig-
nificant, median 3°Zr-durvalumab uptake increased with higher
PD-L1 CPS (P = 0.06). Again, in this calculation the outlier near
the spleen was excluded (Fig. 7). No significant difference was
observed in average 5°Zr-durvalumab uptake and programmed
death 1 immunohistochemistry (P = 0.10).

median SUVpeak all tumor lesions
o

0 1-49 50
PD-L1 CPS in %

FIGURE 7. Correlation between median 2°Zr-durvalumab uptake at 120
h after injection for all tumor lesions (=20 mm) and PD-L1 CPS. *28 repre-
sents one tumor lesion close to the spleen. °1 represents one tumor lesion
in the right middle lobe with very high tracer uptake.
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DISCUSSION

In this study, we showed that 3°Zr-durvalumab is safe and well
tolerated, without any reported tracer-related adverse events. The
biodistribution of ¥ Zr-durvalumab was comparable to results
observed in previous studies using 8°Zr-labeled immune check-
point inhibitors (/2,13). High uptake was seen in the liver (likely
due to tracer catabolism) and spleen, where 8°Zr-durvalumab binds
to PD-L1 receptors on lymphocytes and dendritic cells. As there
are PD-L1-positive lymphocytes in the bone marrow, uptake there
was slightly higher than in the blood pool. Low uptake was
observed in the kidneys, lungs, and brain.

We showed the difference between 2 imaging acquisitions: one
without a predose and one with a therapeutic predose of unlabeled
durvalumab. The imaging series after the coinjection with unla-
beled durvalumab showed a much lower uptake in target tissues
(tumor, spleen, and bone marrow) than did the imaging series
without a predose, as was likely due to saturation of the available
PD-L1 receptors by a therapeutic dose much higher than the tracer
dose (750 mg vs. 2 mg). Further, likely because of saturation of
the catabolic capacity of the monoclonal antibody durvalumab, the
liver also showed lower uptake in the second imaging series. Con-
sequently, fewer tumor lesions were delineable on the PET scans
that were made after the coinjection with unlabeled durvalumab.

The use of this unlabeled durvalumab was intended to overcome
the so-called sink effect, wherein a substantial amount of the %Zr-
labeled tracer accumulates in nontumor tissues with high specific
(e.g., spleen) or nonspecific (e.g., liver) uptake. As a result, insuffi-
cient amounts of radiotracer are left in the circulation, available to
bind to PD-L1 receptors on tumor cells. We demonstrated, how-
ever, that the imaging series without the unlabeled predose identi-
fied more tumor lesions than the imaging series with the predose.
As aresult of coinjection of the tracer with a full dose of unlabeled
durvalumab, the latter occupies most PD-L1 receptors in normal
tissue and tumor lesions and a larger fraction of the tracer remains
present in the blood pool (Fig. 5B). This effect might also explain
why a large tumor in the lung was not visualized on the first imag-
ing series but showed higher uptake than the background in the
second series. On the basis of contrast-enhanced CT evaluation,
this was a well-vascularized tumor, and the tumor PD-L1 immuno-
histochemistry in this specific patient (patient 6) was 1%. The
tumor was visualized in the second series due to the higher amount
of tracer in the blood pool compared with the first series. Selection
of the optimal tracer strategy for imaging of tumor lesions remains
challenging. In this study, we showed adequate uptake in tumor
lesions and target tissues using the tracer-only strategy. However,
we studied only either a tracer-only dose or a coinjection with a
full dose of unlabeled durvalumab, and the optimal imaging strategy
might be coinjection of the tracer with a lower unlabeled dose. Fur-
ther research is needed to explore whether such a strategy is better.

Although tumor lesions could be visualized and quantified, not
every patient showed tracer uptake in tumor lesions. Absence of
tracer uptake, however, did not rule out a treatment response. For
example, the only tumor lesion of patient 12 did not show higher
uptake than background, and the availability of tracer was sufficient
(Fig. 3) and a partial response was achieved. Tumor uptake within
and between patients was heterogeneous. There are numerous causes
for this observation, such as a heterogeneous presence of
PD-L 1-positive malignant cells or a heterogeneous density of these
cells in the tumor stroma. Also, immune cells can be more prevalent
in one part of the tumor whereas the other part can be an immune
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desert. PD-L1 expression on these immune cells can also be hetero-
geneous (6-8). In our data, especially in larger tumor lesions, uptake
was more pronounced at the periphery of the tumor. This increased
peripheral uptake can be caused by the binding site barrier effect, by
which less penetration into the tumor mass occurs as a result of bind-
ing of the relatively large monoclonal antibody to receptors in the
periphery of tumor lesions. Further, a higher perfusion rate at the
edge of the tumor than at the center, or the higher prevalence of
immune cells at the periphery of immune-infiltrate—excluded tumor
lesions, could explain this observation (27).

Using the '®F-FDG PET/CT obtained at baseline as a reference,
we were able to differentiate between malignant and benign lesions
that were visualized on the 8°Zr-durvalumab PET. To interpret 8°Zr-
durvalumab PET results in future studies, we would advise use of an
8F_FDG PET scan as a reference. An interesting difference in %Zr-
durvalumab uptake by nonmalignant lesions, mostly lymph nodes,
was observed between the scans obtained at 72 and 120 h after injec-
tion. Some of these lesions showed higher uptake at 72 h after injec-
tion, whereas others showed higher uptake at 120 h after injection.
Since these lesions are lymphoid tissue, the change in uptake over
time might be related to the immune cells’ assembling in lymph
nodes at one point in time and leaving them at the next point in time.
Dendritic cells are known to travel from tissue to lymph nodes, and
T cells are known to travel the opposite way (28).

Three patients developed an adverse event attributed to durvalumab
treatment; predictive signs were not visible on %Zr-durvalumab PET/
CT. Two patients were diagnosed with pneumonitis, and 1 patient
experienced sicca symptoms. A higher 8Zr-durvalumab uptake was
not observed in the lung tissue of patients who developed pneumonitis
during durvalumab treatment than in patients who did not develop
pneumonitis. Further, the patient with sicca symptoms did not show
uptake in the parotid glands on ¥Zr-durvalumab PET/CT.

Previous studies showed a correlation between PFS and a high
tumor uptake on immuno-PET. In a clinical study with anti-PD-L1
'8F-BMS-986192, uptake expressed as SUV ey in tumors corre-
lated with PD-L1 expression significantly (/2). In the same study,
patients were scanned with 8°Zr-nivolumab, and tumor uptake was
significantly higher in patients whose tumor biopsies showed aggre-
gates of programmed death 1—positive tumor-infiltrating immune
cells. Further, uptake of ®°Zr-nivolumab and '*F-BMS-986192 was
higher in responding lesions than in lesions that were stable or
grew. A study of another 3°Zr-labeled drug was conducted with the
PD-L1 checkpoint inhibitor atezolizumab (/3). Comparable results
to those with the ¥Zr-nivolumab tracer were found: no correlation
with PD-L1 expression on tumor cells, but significantly higher
897r-atezolizumab uptake in responding patients. In our study, we
found no difference in median SUV ., between the PD-L1 TPS
groups (0%, 1%—49%, and =50%). However, for PD-L1 CPS
(both tumor and immune cell PD-L1 expression), a trend between
the PD-L1 CPS groups and SUV,., was found. Because of the
spatial resolution of PET, the SUV .., comprises tracer binding to
PD-L1-positive tumor and immune cells. Therefore, PD-L1 CPS
might be a better tissue correlative for PET than is PD-L1 TPS.

In our results, there was no significant correlation between
response and SUV,,., although a trend was seen. Since this study
was not powered for treatment outcome, as the sample size was too
small, future studies need to evaluate the predictive value of
897r-durvalumab for durvalumab treatment outcome. Also, a rela-
tively large number of patients deteriorated quickly. The clinical situ-
ation in patients with progressive NSCLC after a first line of
chemotherapy often declines rapidly. The study design might also
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have affected the clinical outcome. Because of the extensive imaging
protocol, there was a study-related delay in the start of treatment.
Immuno-PET is a promising step forward in predicting response
to checkpoint inhibitors. Identifying the best treatment strategy is of
great importance to prevent unnecessary toxicity and costs (29-31).
The group of patients who receive PD-L1 checkpoint inhibitors is
growing. Recently, adjuvant durvalumab at stage III has been app-
roved (/5,16) and neoadjuvant immunotherapy for early-stage
NSCLC might soon follow (32—34). However, in a substantial num-
ber of these patients, the disease will relapse. A one-size-fits-all strat-
egy feels like a step backward. Immuno-PET tracers such as ¥Zr-
durvalumab could potentially guide patient selection in the clinical
setting and assist in the development of new treatment strategies.

CONCLUSION

This study showed that 8Zr-durvalumab PET/CT imaging is safe
and feasible. Tumor lesions could be visualized and quantified, and
more tumor lesions could be delineated with only the tracer dose of
durvalumab than with the use of an unlabeled therapeutic predose of
durvalumab. $Zr-durvalumab uptake did not correlate with PD-L1
TPS. Nonsignificant correlations were found between clinical out-
come during durvalumab treatment and tracer uptake and between
PD-L1 CPS and tracer uptake. Further research is needed to investi-
gate the potential role and optimal dose of 3Zr-durvalumab as a bio-
marker in cancer patients treated with durvalumab.
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KEY POINTS

QUESTION: Is ®°Zr-durvalumab PET/CT a safe and feasible tool
to visualize and quantify PD-L1-positive malignant lesions in
NSCLC?

PERTINENT FINDINGS: In this single-arm, open-label exploratory
pilot study, 13 patients underwent one or more 8°Zr-durvalumab
PET/CT scans. There were no serious adverse events, and uptake
was visualized and quantified in malignant lesions. Uptake showed
heterogeneity within and between lesions and better correlated
with PD-L1 CPS than with PD-L1 TPS immunohistochemistry,
although neither was statistically significant.

IMPLICATIONS FOR PATIENT CARE: Further research is
needed to investigate the potential role of #Zr-durvalumab as a
biomarker in cancer patients treated with durvalumab.
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Biodistribution of '®F-FES in Patients with Metastatic ER+
Breast Cancer Undergoing Treatment with Rintodestrant
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16a-'8F-fluoro-17B-estradiol (*®F-FES) is a PET tracer characterizing the
expression of the estrogen receptor (ER). Because therapy can interfere
with the kinetics and biodistribution of '®F-FES, the aim of this study was
to describe the biodistribution of '8F-FES in patients with metastatic ER-
positive (ER+) breast cancer undergoing treatment with rintodestrant
(G1T48), a novel selective ER degrader. Methods: Eight patients under-
went '8F-FES PET/CT imaging at baseline, 4-6 wk during treatment with
rintodestrant (interim), and after treatment. After intravenous administra-
tion of 200 MBq (=10%) of ®F-FES, a 50-min dynamic PET/CT scan of
the thorax was obtained, followed by a whole-body PET/CT scan 60 min
after injection. Blood samples were drawn for measuring whole blood
and plasma activity concentration and the parent fraction of '8F-FES.
Volumes of interest were placed in the aorta ascendens and in healthy
tissues on both dynamic and whole-body PET scans. SUVs and target-
to-blood ratios (TBRs) were calculated. Areas under the curve (AUCs) of
input functions and time—activity curves were calculated as a measure of
uptake in different regions. Results: '®F-FES concentration in whole
blood (and plasma) significantly (P < 0.05) increased at interim with
median AUCs of 96.6, 116.6, and 110.3 at baseline, interim, and after
treatment, respectively. In ER-expressing tissues, that is, the uterus and
the pituitary gland, both SUV and TBR showed high '®F-FES uptake at
baseline, followed by a decrease in uptake at interim (uterus: SUV
—50.6% and TBR —58.5%; pituitary gland: SUV —39.0% and TBR
—48.3%), which tended to return to baseline values after treatment
(uterus: SUV —21.5% and TBR —37.9%; pituitary gland: SUV —14.2%
and TBR —26.0%, compared with baseline). In other healthy tissues,
tracer uptake remained stable over the 3 time points. Conclusion: The
biodistribution of '®F-FES is altered in blood and in ER-expressing
healthy tissues during therapy with rintodestrant. This indicates that rin-
todestrant alters the kinetics of the tracer, possibly affecting interpreta-
tion and quantification of '®F-FES uptake. Of note, 6 d or more after
treatment with rintodestrant ended, the biodistribution returned to base-
line values, consistent with recovery of ER availability after washout of
the drug.
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biodistribution
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Estrogen receptor—positive (ER+) breast cancer is the most
common diagnosed breast cancer type among women worldwide
(1,2). Patients with ER+ tumors can be treated with ER-targeted
therapy, also known as endocrine therapy. Endocrine therapies
include selective ER modifiers (SERMs) and degraders (SERDs)
(3). These therapies decrease ER availability by binding to the ER
to interfere with estrogen binding or degrading the ER, thus effec-
tively eliminating ER expression.

The most frequently prescribed SERD in clinical practice is fulves-
trant. However, its use is compromised by its poor bioavailability cou-
pled with its intramuscular route of administration. Therefore, novel
oral SERDs are being developed, including rintodestrant (G1T48),
which can be administered at (relatively) higher doses with less patient
discomfort (4).

For effective treatment of patients it is important to accurately
describe and evaluate the mode of action of these novel ER-targeted
therapies. PET/CT using ER-targeting tracers, such as 16a.-'*F—fluoro-
17B-estradiol (‘®F-FES), is a promising approach to investigate this
(5.6). '8F-FES uptake, as measured 60 min after tracer administra-
tion using SUVs, correlates strongly with ERa expression (as com-
pared with ER expression in tumor biopsies), with an overall
sensitivity and specificity of 84% (95% CI, 73%-91%) and 98%
(95% CIL, 90%—-100%), respectively (7). In addition to clinical studies
to identify patients likely to respond to endocrine therapy, '*F-FES
PET appears to be an interesting tool for response prediction and dose
finding for SERMs or SERDs (3,5,6—12). For patients receiving
SERMs or SERDs, such as tamoxifen or fulvestrant, respectively, it
is known that a decrease in '*F-FES uptake after start of therapy cor-
relates with response to these drugs (10,12). In addition, this during-
therapy '8F-FES PET imaging strategy can also help in dose-finding
studies with novel ER-targeting drugs to establish the optimal dose
to achieve maximum ER blockade (7).

However, to reliably assess changes in ER availability during
endocrine therapy, it is essential to investigate the biodistribution
of the tracer, that is, its uptake in blood pool and healthy tissues
(with and without target expression) under various conditions
(with and without therapy). In the case uptake changes during
treatment, one can conclude that the given therapy interferes with
the kinetics of the tracer. Therefore, the aim of this prospective
substudy was to describe the biodistribution of the '3F-FES tracer
in patients with metastatic ER+ breast cancer undergoing treat-
ment with rintodestrant.
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MATERIALS AND METHODS

Postmenopausal female patients with histologically proven metastatic
ER+/human epidermal growth factor receptor 2 (HER2)— breast cancer
were prospectively included in this study (substudy of a phase I trial,
NCT03455270) at the Amsterdam University Medical Centers — location
VUmc. Patients had progressive disease after having received a maximum
of 3 lines of cytotoxic chemotherapy and 3 lines of endocrine therapy in
the metastatic setting. Patients were excluded when they received treat-
ment with ER modulators (i.e., tamoxifen or fulvestrant) no more than
5wk before inclusion as these drugs interfere with the availability of ER.
All patients provided written informed consent in accordance with the reg-
ulations of the Medical Ethics Review Committee (METc no. 2018/085)
of the Universitair Medisch Centrum Groningen.

Treatment

Eligible patients received rintodestrant orally once a day. A 3 + 3
dose escalation design was used to determine the recommended phase
2 dose (based on the pharmacokinetic, antitumor activity, and toxicity
profile of the drug) (4). The starting dose in the first cohort was
200 mg, which could be escalated each time with 200 mg in the fol-
lowing cohorts, that is, cohort 2, 400 mg; cohort 3, 600 mg; and the
like. The dose could be maximally escalated up to 2,000 mg/d. Patients
would receive rintodestrant until clinically or radiographically progres-
sive disease had been determined or there was unacceptable toxicity.

PET Imaging

PET scans were obtained on an Ingenuity TF PET/CT scanner (Phi-
lips). Patients underwent dynamic and whole-body '®F-FES PET/CT
imaging at 3 different time points: at baseline, 4 wk during treatment
with rintodestrant (interim), and after treatment (scans were acquired
within 10 d of the last dose of rintodestrant). All patients were instructed
to fast for 4 h before the start of the scan to avoid high tracer uptake in
the hepatobiliary and gastrointestinal tracts as these are the metaboliza-
tion and elimination routes of the tracer. For each scan, patients received
2 venous cannulae, 1 for tracer injection and 1 for blood sampling. First,
a low-dose CT scan of the thorax was obtained for attenuation correction.
Next, a 50-min dynamic '®F-FES PET scan of the thorax (18.4 cm axial
field of view) was obtained, starting directly after intravenous administra-
tion of 200 (+10%) MBq of '®F-FES. Subsequently, a whole-body low-
dose CT scan was acquired for attenuation correction, followed by a
whole-body '8F-FES PET scan at 60 min after injection (skull vertex to
mid-thigh), with 2-3 min per bed position depending on patient weight
(2 min for 61-90 kg and 3 min for >90 kg).

PET data were normalized and corrected for dead time, randoms,
scatter, and decay. In combination with CT-based attenuation correc-
tion, both scans provided images with a final voxel size of 4 X
4 X 4 mm and a spatial resolution of 5~7 mm in full width at half max-
imum. Dynamic PET scans were reconstructed using a 3-dimensional
row action maximum-likelihood reconstruction algorithm (/3) into 27
frames (1 X 10,4 X 5,3 X 10,3 X 20,2 X 30,7 X 60,2 X 150, 3
X 300, and 2 X 600 s). The whole-body scans were reconstructed
using the BLOB-OS-TF reconstruction algorithm (/4).

Blood Sampling

Before tracer administration, a venous blood sample was taken to
determine estradiol and sex-hormone binding globulin (SHBG) levels,
as these could potentially affect '8F-FES uptake (/5). After tracer
administration, venous blood samples were collected at 5, 10, 20, 30,
40, 55, and =90 min after injection. Before each sample, 2-5mL of
blood were drawn, followed by drawing a 7-mL sample and flushing
of the cannula with 2.5 mL of saline afterward.

Blood was collected in a heparin tube and centrifuged for 5 min at
4,000 revolutions per minute (Hettich universal 16, Depex B.V.).
Plasma was separated from blood cells, and 1 mL was diluted with

2mL of 0.15 M HCI and loaded onto an activated tC2 Sep-Pak car-
tridge (Waters). The solid-phase extraction was washed with 5mL of
water. These combined fractions were defined as the polar radiolabeled
metabolite. Thereafter, the tC18 Sep-Pak cartridge was eluted with
1.5 mL of methanol followed by 1.5 mL of water. This eluate was defined
as the nonpolar fraction and was analyzed using high-performance liquid
chromatography. The stationary phase was a Phenomenex Gemini C18,
10 X 250 mm, 5 wm, and the mobile phase was acetonitril/0.1% ammo-
nium acetate in a mixture of 55/45 at a flow of 3 mL/min.

Whole-blood and plasma activity concentration and the parent frac-
tion of '8F-FES were measured. These data were used to correct the
image-derived (whole-blood) input function to acquire a metabolite-
corrected plasma input function.

Data Analysis: Dynamic and Whole-Body '®F-FES PET Data
Volumes of interests (VOIs) were defined on PET and CT images
using software developed in house (Accurate tool, Ronald Boellaard) (16).
For the whole-body scans, fixed-size spheric VOIs with a diameter of 1,
2, or 4cm (depending on the size of the organ) were placed in various
healthy organs, that is, white matter in the brain, pituitary gland, lung,
breast, bone, muscle, liver, spleen, subcutaneous fat, kidney, and uterus.
Furthermore, if applicable up to 5 metastatic bone lesions were defined
using a 40% isocontour of the max voxel value (/7). PET activity concen-
tration from these VOIs, both averaged SUVs and target-to-blood ratios
(TBRs), were calculated according to Equations 1 and 2, respectively.

activity concentration VOI (kBq/mL)

SUV =
administered dose (MBq)/patient weight (kg)

Eq. 1

activity concentration target (kBq/mL)
activity concentration blood (kBq/mL)

TBR = Eq. 2
Fixed-size VOIs were also defined in healthy organs that were visible on the
dynamic 18E_FES scans, that is, lung, breast, bone, muscle, and liver. For
these VOISs, time—activity curves were generated, which were corrected for
administered dose and body weight to generate SUV curves.

Image-derived input functions (IDIFs) were generated from dynamic
8E_FES scans, using the early frames (0-2.5 min) in which the first pass
of the bolus was best visualized. A fixed-size VOI of 1.5 cm was placed in
5 consecutive axial planes within the lumen of the ascending aorta on the
PET scan. The low-dose CT scan was used as a reference for anatomic
localization. These VOIs were then projected onto all image frames to gen-
erate a whole-blood IDIF. All IDIFs were calibrated using the radioactivity
concentrations in the venous blood samples. In addition, IDIFs were cor-
rected for both plasma-to-blood ratios and metabolites to obtain metabolite-
corrected plasma input functions. Furthermore, SUV input curves were
generated by normalizing the IDIFs for administered dose and body
weight. The area under the input curves (AUCs) was calculated to more
precisely describe the uptake over the duration of the dynamic scan.

Statistical Analysis

Statistical analyses were performed using SPSS Statistics 26 (IBM
Corp.). For blood sampling data, tracer uptake in the blood pool and
healthy organs and median and interquartile ranges (IQRs) were
reported. For assessing changes in clinical parameters and tracer
uptake in blood pool and healthy organs between the various scanning
time points, the Wilcoxon signed-rank test was used (paired testing).
Differences were considered significant for a P value of less than 0.05
for observing trends in data.

RESULTS

Patients

Eight female patients with metastatic ER+ breast cancer with
an average (=SD) age of 63 (*7.35) y (Supplemental Table 1;
supplemental materials are available at http://jnm.snmjournals.org)
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were included. Patients received various doses of rintodestrant
depending on the cohort in which they were included, ranging
from 400 to 1,000 mg per day (Supplementals Table 1 and 2). A
total of 20 dynamic and whole-body '®F-FES PET/CT scans were
obtained and evaluable: 8 scans were obtained at baseline, 7 scans
at interim, and 5 scans after treatment. All patients scanned after
treatment had discontinued treatment due to progressive disease
with an average (=SD) treatment duration of 4.5 (£2.6) mo (Sup-
plemental Table 1). After treatment, 3 scans were acquired at =2d
and 2 scans were acquired at =6 d after end of treatment (EoT).
For 2 patients, the interim scans were obtained at 6 wk (instead of
4 wk) due to logistical issues.

The median injected '3F-FES doses were 187 (IQR, 181-196),
187 (IQR, 180-195), and 183.2 (IQR, 177.4-188.2) MBq (Wil-
coxon test, P > 0.23) at baseline, interim, and after treatment,
respectively. Median body weight at baseline, interim, and after
treatment was 77 (IQR, 65-105), 81 (IQR, 66-114), and 81 (IQR,
64-108), respectively (Supplemental Table 2). Body weight decreased
significantly (maximum decrease in weight: 7.4%) between baseline
and after treatment (P = 0.04). This decrease was accompanied by a
significant increase in total body fat between baseline and after treat-
ment (P = 0.04), with total body fat volumes of 28.1 (IQR,
19.2-43.6), 32.1 (IQR, 19.5-50.0), and 32.2 L (IQR, 18.8-52.1) at
baseline, interim, and after treatment, respectively. However, the per-
centage injected dose of '®F-FES in total body fat did not vary over
the various time points (P > 0.05), with values of 24.2% (IQR,
19.7-28.4), 26.2% (IQR, 20.9-31.4), and 24.2% (IQR, 18.9-31.6)
at baseline, interim, and after treatment, respectively.

Blood Sampling

Blood sampling data demonstrated that median estradiol levels in
blood showed no difference over the various time points (P > 0.18),
whereas SHBG levels changed after start of therapy: 66.5 (IQR,
26.0-121.5), 95.0 (IQR, 45.0-232.0), and 97.0 (IQR, 53.0-210.0)
nmol/L at baseline, interim, and after treatment, respectively. SHBG
levels showed a significant increase in values between baseline and
interim (P < 0.02) and baseline and after treatment (P < 0.04; Sup-
plemental Fig. 1).

Blood sampling data (Fig. 1) showed that median whole-blood
activity concentrations, corrected for administered dose and patient
weight, varied between SUVs of 1.4-1.5, 1.5-2.0, and 1.5-1.8 at
baseline, interim, and after treatment, respectively (Fig. 1A). SUV
increased at interim and tended to normalize to baseline values
after treatment. The plasma—to—whole-blood ratios remained cons-
tant over the 3 different time points, ranging between 1.3 and 1.7
(Fig. 1B). The parent fraction of '*F-FES in plasma showed a sim-
ilar pattern over the 3 different time points: a rapid decrease to
~20% in the first 20 min after injection (Fig. 1C) was observed.

After the first 20 min, the parent fraction of '8F-FES decreased
quite slowly over time from 16% to 10%.

Tracer Uptake in Blood Pool

Median areas under the curve (AUCs) of the whole blood IDIFs
(corrected for administered dose and body weight) at baseline, interim,
and after treatment were 96.6 (IQR, 86.3-123.3), 116.6 (IQR,
112.5-144.9), and 110.3 (IQR, 97.9-132.1), respectively (Fig. 2A,
Supplemental Table 3), showing increased levels of the tracer in
blood at interim (Wilcoxon test, P < 0.05). These findings were
in accordance with the AUCs of the whole-plasma IDIFs (Fig. 2B,
P < 0.05). Median AUCs of the metabolite-corrected plasma input
functions also showed an increase at interim: 54.6 (IQR, 52.7-75.0),
63.6 (IQR, 57.6-77.8), and 63.6 (IQR, 53.4-90.9) at baseline, interim,
and after treatment (Fig. 2C). However, these differences at interim
were not significant. For the whole-blood, plasma, and metabolite-cor-
rected plasma input curves, no differences in AUCs could be seen in
patients scanned =2 d versus =6 d after EoT (Supplemental Table 3).

Visual Assessment of '®F-FES Uptake

Using the whole-body PET scans, '8F-FES uptake in most
healthy organs (except ER-expressing tissues such as the uterus
and pituitary gland) was visually similar at all the imaging time
points, with high tracer uptake in the liver, gallbladder, intestines,
kidneys, and bladder (Fig. 3). At baseline, high '8F-FES uptake
could be seen in the uterus and pituitary gland, which decreased at
interim. However, '8F-FES uptake could be seen again in patients
scanned several days after EoT. Patients scanned =2 d after EoT
showed uptake similar to that seen at interim. In breast tissue, '3F-
FES uptake remained visually similar at all time points.

Visual assessment of metastatic lesions showed '*F-FES uptake at
baseline in 6 of 8 patients. At interim, no lesions could be visualized
in 7 of 7 patients (Fig. 3). However, after treatment, lesions could be
visualized again but only in patients scanned =6 d after EoT (2/5
patients).

Quantification of '®F-FES Uptake
Using the dynamic scans, we generated SUV time—activity
curves for healthy breast, lung, liver, muscle, and bone as these
were located in the field of view of the dynamic scan (Fig. 4, Supple-
mental Table 4). For all these tissues, no changes in AUCs could be
observed over the 3 different time points (Wilcoxon test, P > 0.05).
Using whole-body scans, we assessed tracer uptake in healthy tis-
sues using SUV and TBR (Supplemental Figs. 2 and 3). For SUV
and TBR, in most healthy tissues including the bone, breast, kid-
ney, liver, lung, muscle, subcutaneous fat, and spleen, 'F-FES
uptake remained similar over the 3 different scanning time points.
Quantification of tracer uptake in the uterus and pituitary gland
confirmed the qualitative findings: for both SUV and TBR, '8F-FES
uptake decreased at interim (uterus: SUV

—50.6% and TBR —58.5%; pituitary gland:

A B‘_a Cmo SUV —39.0% and TBR —48.3%; compared
N - . asaing with baseline). No correlation could be found
" %1.& =% B between the various doses of rintodestrant

z1e) e g 15— | that patients received and changes in tracer
15 el = = . .

g By Be \ uptake in these tissues (Spearman p correla-

a4 43 a el . . .
12 — SS tion, P > 0.6), possibly suggesting that even
YR % W B s W @ 5 % % % s 5 w7 s s D M 20 0 4 S B 70 B0 e at the lowest dOSG, the blockade of these tis-
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sues was near 100% or at least sufficiently
: 18
FIGURE 1. Venous blood sampling data of all patients obtained at the 3 different time points. ~ high to reduce “F-FES uptake below the

(A) SUV whole blood data. (B) Plasma-to-whole blood ratios. (C) Parent fraction of 'F-FES in
plasma. Data represent median of all values, with their corresponding IQRs.
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level of detection. Interestingly after treat-
ment, '3F-FES uptake increased to baseline
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and tended to return to baseline values after
treatment. The increase in tracer activity
concentrations is most likely the result of
rintodestrant, which interferes with ER avail-
ability for binding '*F-FES (4). Therefore,
more free tracer will be available in the cir-
culation, resulting in higher whole-blood
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FIGURE 2. Tracer uptake in blood pool of each patient at 3 different time points. Whole blood cali-
brated with venous samples (A), plasma (B), and metabolite-corrected plasma (C) input curves. All
curves have been corrected for administered dose and weight. At time of progression, patients were

scanned =2 d (blue curves) or =6 d (green curves) after EoT. * P < 0.05

values in patients scanned several days after EoT (uterus: SUV
—2.4% and TBR —21.7%; pituitary gland: SUV —9.6% and TBR
—12.0%; compared with baseline) whereas it remained reduced in
patients scanned shortly after EoT (uterus: SUV —34.3% and TBR
—48.7%; pituitary gland: SUV —30.0% and TBR —47.2%; com-
pared with baseline).

At baseline, metastatic bone lesions showed significantly higher
tracer uptake than did healthy bone: median SUVs of 1.6 (IQR,
1.4-2.1) and 0.7 (IQR, 0.5-0.8) and TBR values of 1.2 (IQR,
1.1-1.6) and 0.5 (IQR, 0.4-0.5) for lesions and healthy bone, respec-
tively (Supplemental Fig. 4; P < 0.003). However, at interim, lesions
could not be detected whereas tracer uptake in healthy bone could be
quantified. After treatment, lesions could be visualized again but only
in patients scanned =6 d after EoT. Similar to baseline, these lesions
showed high tracer uptake compared with healthy bone: SUVs of 1.9
(IQR, 1.4-2.0) and 0.7 (IQR, 0.7-0.8) and TBR values of 1.1 (IQR,
0.8-1.2) and 0.5 (IQR, 0.4-0.5) for lesions and healthy bone, respec-
tively (P < 0.003).

DISCUSSION

In this study, dynamic and whole-body '®F-FES PET/CT imaging
was performed at baseline, interim and after treatment to determine
the effect of rintodestrant on the biodistribution of the '*F-FES tracer.

Blood Sampling and Input Data
Blood sampling and input data showed that whole-blood and
plasma activity concentrations of the tracer increased at interim

and plasma activity concentrations. How-
ever, other effects caused by the therapy
could also potentially lead to these increased
tracer concentrations in blood. We also
found increased levels of SHBG. SHBG is a
plasma glycoprotein that plays an important
role in the transport and bioavailability of steroid hormones, includ-
ing estradiol (8). It is known that therapies that increase the estra-
diol levels in circulation lead to an increase in SHBG levels (19,20).
We did not observe a change in estradiol levels during therapy; how-
ever, it might be possible that the SHBG levels increased as a
response to therapy with rintodestrant. Peterson et al. (15). showed
that SHBG levels are inversely associated with '8F-FES uptake and
subsequent higher levels of circulating 'SF-FES in blood, as also
observed in our study.

The tracer metabolism was similar for all time points. The parent
fraction of '8F-FES rapidly decreased in the first 20 min after injec-
tion, indicating rapid metabolization of the tracer, in accordance
with previous studies (5,27). After these 20 min, blood levels of
radioactivity decreased quite slowly or remained fairly constant.
Plasma—to—whole-blood ratios were constantly high over time, for
all 3 time points. It is known that 35%-45% of the '8F-FES tracer
is plasma protein—bound and that red cell binding is low, which
might explain these constant high ratios over time (21).

Visual Assessment and Quantification of '®F-FES Uptake in
Healthy Tissues
As seen in previous publications, our study confirmed physiologic
high tracer uptake in the hepatobiliary, gastrointestinal, and urinary
tract (5,22). This pattern was consistent over all time points. Addi-
tionally, in metastatic lesions and in ER-expressing healthy tissues
(i.e., uterus and pituitary gland) high 'F-FES uptake could be seen
at baseline, which is in accordance with previous studies (22,23).
Tracer uptake decreased at interim, most likely due to the down-reg-
ulatory effect of rintodestrant or the ER-

C After treatmant

B Interim
|

A Baseline

blocking effect of the drug. Interestingly,
after treatment '8F-FES uptake returned to
near baselines levels, specifically in patients
scanned =6 d after EoT. In these cases, it is
reasonable to assume that most of the

L :r::l administered drug is eliminated (half-life of

Liver rintodestrant: ~16 h) (4) and that the ERs in

© Intestines lesions and in the uterus and pituitary gland
Hidder are accessible for the tracer again. Indeed, in

29 patients who were scanned shortly after EoT
22 the uptake was still reduced, supporting that
14 ER availability is still compromised due to
07 the presence of the drug. These changes in
0.0 8F_FES uptake could not be observed in

sy

breast tissue, which is also known to have ER

FIGURE 3. Visual assessment of '8F-FES uptake in various healthy tissues in 1 patient at baseline
(A), interim (B), and after treatment (C). This patient underwent interim scanning 10 d after EoT.
Uterus, an ER-expressing organ, is not visible in these images as it is located behind bladder.

Images are maximal-intensity projections.

expression. Breast tissue constantly showed
low '8F-FES uptake over the different time
points. Compared with other ER-expressing
tissues, for instance the uterus, the ER density
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blockage or degradation of the ER during treat-
ment can be demonstrated by the absence of
visual uptake in lesions. However, for quantifi-
cation of more subtle changes in !'8F-FES
uptake as a measure for ER availability and
predictor of response to therapy with SERMs/
SERDs, caution should be taken because our
data show that during therapy the kinetics and

b biodistribution of the tracer are altered, possi-
i bly affecting interpretation.
= Afvar treatment.
CONCLUSION

The biodistribution of the '3F-FES tracer
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high ER expression during therapy with
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FIGURE 4. SUV time-activity curves (derived from dynamic scans) for various healthy tissue
regions ([A] breast, [B] liver, [C] muscle, [D] bone. and [E] lung) of all patients at 3 different time

points. Curves represent median of all values, with their corresponding IQRs.

in breast is significantly lower (24). Therefore, it can be
expected that changes in uptake, potentially caused by therapy,
are less prominent. In other healthy tissues, hardly any changes
in tracer uptake could be detected, probably because in these tis-
sues ER receptor expression is minimal or absent and thus the
I8F_FES uptake is aspecific (24,25).

For quantification of tracer uptake in healthy tissues at the various
imaging time points, AUCs of the SUV input functions (derived from
the dynamic scans) and TBR and SUV (derived from the whole-body
scans) were used. In general, in all healthy tissues (except the uterus
and pituitary gland), AUCs, TBR, and SUV showed that tracer uptake
remained similar over the different time points. TBR seems to be
slightly more sensitive than SUV for assessing changes in biodistribu-
tion, probably as it also takes into account changes in tracer concentra-
tion in the blood pool (which do occur during therapy as can be seen
in the sampling data and input functions).

Visualization of lesions was only possible at baseline and after treat-

rintodestrant. This indicates that rintodes-
trant alters the kinetics of the tracer, which
could affect interpretation and quantifica-
tion of '"®F-FES uptake. Of note, =6 d after
ending treatment with rintodestrant, the biodistribution returned to
baseline values, consistent with recovery of ER availability after
washout of the drug.
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ment, the latter only in patients scanned =6 d after EoT, most likely KEY POINTS

related to recovery of the ER availability after washout of the drug as
mentioned earlier. Overall, bone lesions showed higher 'SF-FES
uptake than healthy bone. These lesions are expected to have high ER
expression causing more targeted uptake of the tracer, which is also
more affected by ER degradation during treatment with rintodestrant.
In healthy tissue the uptake is lower, consistent with aspecific uptake.

Limitations

Although the sample size may seem small, the strength of this
study is that we collected dynamic and whole-body scans at 3 time
points per patient, allowing a direct comparison of changes in bio-
distribution in a repeated measure design within 1 patient. As we
investigated tracer uptake in healthy tissues, we expect that there
will be limited variation between patients, which has been shown
in similar previous PET biodistribution studies with comparable
small sample sizes and which is also found in our study. More-
over, most quantitative PET study sample sizes are small, espe-
cially in the case in which an intensive scanning protocol is
required, as was the case in this study.

Future Directions

8F.FES imaging performed before the start of therapy can identify
ER+ disease to select patients for ER-targeted therapy. Complete

698

QUESTION: How is the biodistribution of the '®F-FES tracer and
is it altered in patients with metastastic ER+ breast cancer under-
going treatment with rintodestrant?

PERTINENT FINDINGS: The biodistribution of the '8F-FES tracer
is altered in blood and in healthy tissues with high ER expression
during therapy with rintodestrant. This indicates that rintodestrant
affects the kinetics of the tracer, possibly affecting interpretation
and quantification of '8F-FES uptake.

IMPLICATIONS FOR PATIENT CARE: Changes in ER availability
due to therapy that result in partial blockage or degradation of
ER can potentially be quantified with '®F-FES uptake. However,
caution should be taken when doing so, because our data show
that during therapy the kinetics and biodistribution of the tracer
are altered, potentially affecting the interpretation.
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INVITED PERSPECTIVE

ER Imaging for Estrogen-Related Tumors Is Bothersome

but Useful
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Recent developments in molecular imaging methods have
greatly contributed to the field of clinical nuclear medicine in terms
of personalized cancer therapy as well as appropriate diagnosis of
various diseases. Theranostics, the combination of therapy and
diagnosis, is now not just a concept but a fusion of biologic diagno-
sis and its therapeutic application aiming at the goal of molecular
imaging in oncology. The basics of theranostics are to elucidate
specific biologic events or phenomena using molecular probes
developed by molecular imaging technology. Conventional meth-
ods of assessing glucose metabolism and perfusion can be used to
delineate the features of alteration in energy metabolism and
blood flow; however, these are the results of pathophysiologic
alterations caused by various diseases. Because the targets of
molecular imaging are disease-specific biomarkers and pheno-
typic changes, the images delineate pathologic features of the
disease. Imaging of amyloid and tau for diagnosis of Alzheimer
disease is a good example of molecular imaging for pathogenic
substances. Prostate-specific membrane antigen imaging and
nuclear medicine therapy, a representative example of radio-
theranostics, is now available in many hospitals and cancer cen-
ters for treatment of prostate cancer.

Estrogen receptor (ER) imaging, used for breast cancer and uter-
ine tumors, is also a good example of molecular imaging that can
well delineate features of cancers. In breast cancer studies, ER
expression in cancer is important information not only for diagnosis
but also for determining the suitability of hormone therapy (7). Con-
ventional CT and MRI diagnosis can detect the size of lymph nodes,
and '"®F-FDG PET can delineate the glucose avidity of tumors and
metastatic lesions; however, these images cannot differentiate
lymph node metastases from reactive lymphadenopathy. 16c-'3F-
fluoro-17B-estradiol ('8F-FES) is a representative PET ligand for ER
imaging and has been applied for decades in the diagnosis of breast
cancers (2). Many studies have shown the usefulness of '|F-FES
PET, and its accumulation correlated well with ER expression in
tumor tissue (2—4). 'F-FES accumulation in enlarged lymph nodes
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indicates the presence of ER, that is, metastatic lesions from an
ER-positive breast cancer, which improves the diagnostic ability in
terms of staging of breast cancer. F-FES has a 6.3-fold absolute
affinity preference for ERa over ERB (5), which is important infor-
mation to estimate the prognosis of ER-related malignancies.

I8F_FES PET is also useful in diagnosis of uterine tumors such
as endometrial cancer and leiomyosarcomas (4,6). Previous studies
have shown its beneficial application for differential diagnosis and
for prediction of prognosis (3,4,6). Since '|F-FES accumulation
correlates well with ER expression in endometrial cancer and sar-
coma (3,4), SUVs can detect ER density in tumors. However, ER
expression tends to be decreased in malignant tumors (4,6), and
accumulation of '8F-FES alone cannot improve the ability to diag-
nose malignancy because negative accumulation cannot distinguish
between normal tissue and high-grade malignancy. Since this ten-
dency is the same as for metastatic lesions, the diagnostic ability of
I8E_FES PET for metastasis is not so sufficient. Furthermore, in the
endometrial tissue of a normal uterus, substantial '®F-FES accumu-
lation is observed in premenopausal women, and the intensity of
accumulation varies according to menstrual cycle (7). Therefore,
I8E_-FES PET scans in premenopausal patients should be performed
during the secretory phase of the menstrual cycle to minimize the
effect of normal endometrial uptake (8). Another problem with '3F-
FES PET in abdominal-to-pelvic scanning is excretion of the tracer
to the intestine. The tracer shows high accumulation in the liver,
where '8F-FES is metabolized and excreted into the bile ducts.
PET scans are usually performed about 60 min after the tracer
injection, as is the case with '8F-FDG PET scans. During this wait-
ing time, '3F-FES is metabolized and excreted into the intestine.
Patients often show a strong intestinal accumulation of '3F-FES
due to excretion of metabolites, which may sometimes prevent
observation of abdominal and pelvic lesions. This '8F-FES accu-
mulation in the abdomen and pelvic cavity has made it difficult to
apply the useful tracer to gynecologic tumors. However, in previ-
ous '8F-FES PET studies for these tumors, scans were performed
after a substantial fasting time, and clear images were obtained in
the pelvic regions (3,4,6,8). The combination of '¥F-FDG and !®F-
FES PET can provide useful information for evaluation of progno-
sis (8,9). In clinical practice, additional MR scanning is essential to
delineate features of the primary tumor (/0), because it is difficult
to make a correct radiologic diagnosis of gynecologic tumors on
the basis of PET/CT findings alone.

To improve image quality and contrast for assessment of ER
expression, a new PET ligand, 4-fluoro-11B-methoxy-16a-'8F-flu-
oroestradiol ('F-4FMFES), has been developed as a homolog of
18F_FES and applied to diagnosis of breast cancer (/7). Paquette
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et al. compared '8F-FES and !'8F-4FMFES PET images directly in
a phase II clinical trial study for breast cancer and found that
SUV,ax Was similar and image quality was better with '3 F-4FMFES
PET than with '8F-FES PET. Because of the improved tumor-to-
background ratio with the new tracer, the image contrast has been
improved, compared with the conventional one. Therefore, the
new tracer seemed to be promising for diagnosis of ER expres-
sion of breast cancer. They also applied '®F-4FMFES PET to
endometrial cancer of the uterus and compared its diagnostic
ability with that of '3F-FDG PET (/2). After tumor biopsy,
patients with ERa-positive endometrial cancer were enrolled in
the study and underwent '3F-FDG and '3F-4FMFES PET within
an interval of less than 2 wk. They compared the diagnostic per-
formance between '®F-4FMFES and !8F-FDG PET. Since high-
grade endometrial cancers tend to reduce or lose ERa expression
(3,6), the diagnostic performance of '3F-FES or '3F-4FMFES
PET alone is not expected to be superior to that of '3F-FDG
PET. However, SUVs and diagnostic performance were pre-
served or surpassed in this study because only the ERa-positive
cancers after tumor biopsy were enrolled. If PET scans are per-
formed without tumor biopsy, the '8F-FDG/'®F-4FMFES ratio
would be the most sensitive parameter to determine the grade
and prognostic value of the tumor (6,8,9,12). The investigators
added an evaluation of the effects of loperamide or butylbromide
administration before tracer administration to reduce tracer
excretion to the intestine. In the study of gynecologic tumors,
the intense abdominal uptake may affect the diagnosis of uterine
tumors, including metastatic lesions. Allowing for a substantial
fasting period before scanning may be a more effective and less
invasive method for improving image quality than is administration
of antimotility medicine. The timing of the scan should also be
chosen appropriately according to the patient’s menstrual cycle so
as to minimize normal endometrial uptake, which may impair dis-
crimination between normal tissue and cancer. Since breast cancer
and gynecologic tumors have different features, the study protocol
should be determined in accordance with the tumor characteristics.
8F_4FMFES PET has shown good image quality in breast cancer
studies and would be promising for uterine cancer or sarcoma stud-
ies with proper preparation and scanning protocols using PET/CT

plus MRI or PET/MRI. Information on ERa expression is essential
for application of hormonal therapy aimed at theranostics.
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13F_4FMFES and '®F-FDG PET/CT in Estrogen
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This article reports the preliminary results of a phase Il clinical trial investi-
gating the use of the estrogen receptor (ER)}-targeting PET tracer 4-fluoro-
11B-methoxy-16a-'8F-fluoroestradiol ('*F-4FMFES) and '®F-FDG PET in
endometrial cancers. In parallel, noninvasive interventions were attempted
to slow progression of "®F-4FMFES metabolites in the intestines to reduce
abdominal background uptake. Methods: In an ongoing study, 25 patients
who received prior pathologic confirmation of an ER-positive endometrial
cancer or endometrial intraepithelial neoplasia agreed to participate in
the ongoing clinical trial. Patients were scheduled for '®F-FDG and
8F-4FMFES PET/CT imaging in random order and within 2 wk. Patients
were administered either 4 mg of loperamide orally before '8F-4FMFES
tracer injection or repeated intravenous injection of 20 mg of hyoscine
N-butylbromide during "®F-4FMFES PET/CT. Regions of interest covering
the whole abdomen and excluding the liver, bladder, and uterus were
drawn for the "®F-4FMFES PET images, and an SUV threshold of more
than 4 was applied. The volume of the resulting region was compared
between the different interventions to estimate the extent of the intestinal
background uptake. Results: Repeated injection of hyoscine N-butyl-
bromide substantially reduced the intestinal background volume,
whereas loperamide had a significant but moderate effect. '®F-4FMFES
tumor SUVmax ranged from 3.0 to 14.4 (9.4 * 3.2), whereas '®F-FDG
SUVax ranged from 0 to 22.0 (7.5 = 5.1). Tumor-to-background ratio
was significantly higher for '®F-4FMFES (16.4 + 5.4) than for '8F-FDG
(7.4 = 4.6). Significant differences were observed between grade 1 and
higher-grade tumors concerning '®F-4FMFES uptake and contrast,
8F_FDG uptake, and the '®F-FDG/'®F-4FMFES uptake ratio. Conclu-
sion: It is possible to improve ®F-4FMFES abdominal background
using hyoscine N-butylbromide. Both '®F-FDG and '®F-4FMFES PET
are suitable for detection of ER-positive endometrial cancers, although
18F_AFMFES yielded a better tumor contrast than did ®F-FDG.

Key Words: endometrial carcinoma; '8F-4FMFES; abdominal
background
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Endometrial cancers affected 382,069 women worldwide in
2018, and 89,929 died from the disease (/). About two thirds of
endometrial cancers are diagnosed at an early, localized stage, for
which prognosis is very favorable. The estrogen receptor (ER) is
expressed in nearly 80% of uterine tumors (2), a patient subset that
has an improved 5-y disease-free survival compared with ER-nega-
tive disease (3,4). Moreover, the success rate of adjuvant hormone
therapies was shown to be dependent on ER status for endometrial
cancers (3,6). As such, knowledge of ER status is increasingly evi-
denced to be crucial for this disease, both for prognosis and for
therapy management.

Current diagnostic tools for endometrial cancers include trans-
vaginal echography, CT, and MRI (7). More recently, the use of
8F.FDG PET imaging has been spreading and has contributed
to the detection and staging of those cancers (8,9). However,
8F_FDG indicates only the relative avidity of tissues and tumors
for glucose and as such is prone to false-negatives (hypometabolic
tumors) and false-positives such as inflammation and physiologic
uptake (10,11). As such, even if it supplements anatomic imaging
such as CT and MRI, '8F-FDG PET has a sensitivity and specific-
ity ranging from poor to moderate for endometrial cancers (8).

To improve imaging of endometrial cancers and at the same
time allow noninvasive assessment of ER status, a few groups
have explored the use of the estrogenlike '®F-16a-fluoroestradiol
(*®F-FES) PET tracer in the clinical setting. '*F-FES tumor uptake
was shown to correlate well with the biopsy-determined ER status
in endometrial cancers (12,13). The successive use of '3F-FDG
PET and '3F-FES PET enabled discrimination between low- and
high-grade endometrial carcinomas (/4). The '3F-FDG/'®F-FES
tumor uptake ratio also correlated well with progression-free and
overall survival in uterine sarcomas (/5,16).

More recently, '8F-FES PET was shown in a prospective study
to be better than '®F-FDG PET in evaluating endometrial cancer
patient outcome, further displaying the potential of ER imaging
for this disease (/7). Despite those successes, '*F-FES PET has
some shortcomings, including slow blood clearance and rapid
metabolization (18,19), both of which are factors increasing non-
specific signal and hence reducing tumor detectability.

To palliate the main weaknesses of '®F-FES, our group developed an
alternative ER-targeting molecule, 4-fluoro-11B-methoxy-16a-'8F-fluo-
roestradiol (‘SF4FMFES) (20,21), that was shown to resist hepatic
metabolism in humans. Its very low binding to plasma globulins resulted
in a 5-fold reduction of tracer in the blood pool in the clinical setting

THE JourRNAL OF NUCLEAR MEDICINE * Vol. 63 ¢ No.5 « May 2022



(22,23). Combined, those 2 factors substantially reduced 'SF4FMFES
accumulation in nonspecific organs, compared with '*F-FES, resulting
in a much lower background signal (23). Consequently, '*F-4FMFES
generated a significantly better tumor contrast than did '8F-FES in a
phase II clinical study on a breast cancer cohort, allowing detection of
more ER-positive (ER+) tumors than was previously possible (23).
Preliminary reports indicated that '¥F4FMFES complements standard
8F_FDG PET imaging in breast cancer patients (24).

The recent success of SF-4FMFES PET in ER+ breast cancers
in the clinical setting foretells its usability for ER+ endometrial
cancers as well. Given the high prevalence of ER (2) and the
importance of ER status (3,4) in endometrial cancers, this novel
ER-targeting PET imaging modality might improve the diagnostic
determination and the noninvasive ER status determination of those
cancers. '8F-FDG tumor uptake was shown to follow an inverse
relationship with ER expression in breast cancers (25,26), and com-
bined 'F-FDG and '8F-FES PET was shown superior to each
tracer alone in breast cancers (27) and endometrial cancers (/4,15).
As such, the '®F-4FMFES PET procedure was paired and com-
pared with '8F-FDG PET within a 2-wk interval to evaluate their
complementarity for this new indication.

Hence, this report shows the preliminary trends and observations of
a phase II clinical trial evaluating '®F-4FMFES and '®F-FDG PET in
an endometrial cancer cohort. In parallel, we investigated the impact
of using drugs to slow intestinal transit in combination with diuretics,
as the hepatobiliary and urinary metabolites of '®F-4FMFES generate
an intense lower-abdomen background signal that could impair endo-
metrial cancer assessment.

MATERIALS AND METHODS

The study was approved by the Sherbrooke University Hospital clinical
research ethics committee and institutional board, performed under the
authority of Health Canada and registered on ClinicalTrials.gov with the
identifier NCT04823065. All patients signed an informed consent form,
and the procedure was explained in lay terms by the investigators. Eligible
patients were recruited after biopsy and as recommended by the gyneco-
logic oncologists. Eligibility criteria included patients with newly diag-
nosed endometrial cancer, with a positive ERa status histologically
confirmed. Exclusion criteria included pregnancy and concomitant endo-
crine therapy. In this ongoing study aiming to recruit 72 patients with ovar-
ian and uterine cancers of various origins, the first 25 endometrial cancer
patients recruited were examined using both 'SF-FDG and 'SF-4FMFES
PET, as planned. Among them, 23 patients had ER+ endometrial carci-
noma (including 16 who had the endometroid endometrial adenocarcinoma
subtype), and 2 were diagnosed with endometrial intraepithelial neoplasia.
Four of those patients were premenopausal, and 21 patients were postmen-
opausal. The gynecologic oncology team staged the patients according to
the postsurgery pathology report. Table 1 summarizes the patient character-
istics in more detail.

Radiochemistry

I8F was prepared by the '30(p,n)'®F reaction on '®0-enriched water
as target material using the TR-19 or TR-24 cyclotron (Advanced
Cyclotron Systems, Inc.) of the Sherbrooke Molecular Imaging Center.
18E_4FMFES precursor synthesis (20); its labeling (27) using an opti-
mized automated procedure (28); and its preparation, formulation, and
quality control procedures (23) were as described previously. Apparent
molar activity for '®F-4FMFES ranged from 20 to 123 GBg/wmol and
was similar to what has been reported in the literature (23,24).

Pharmacologic Interventions to Slow Intestinal Transit
Patients were not allowed to drink from the time the '8F-4FMFES
was injected until the end of the imaging procedure. In addition, for

'E_4FMFES anp '*F-FDG PET -

18E_4FMFES examinations, patients received either 4 mg of lopera-
mide orally 15 min before injection (» = 12) or 20 mg of the anticho-
linergic drug hyoscine N-butylbromide intravenously at 0, 20, and
40 min after tracer administration (» = 11). Two patients received no
additional intervention and were pooled with the '®F-4FMFES PET
scans previously performed on breast cancer patients (n = 31) for the
intestinal transit assessment analysis (23).

PET Imaging

A catheter was placed in the arm, and patients were injected intra-
venously with 210.6 = 20.5 MBq of '®F-4FMFES in a total volume
of 10 mL of physiologic saline (0.9% NaCl). Thereafter, the line was
flushed with 20 mL of saline. Within less than 2 wk, the same patients
were injected with 320.3 = 102.7 MBq of '8F-FDG. The scans
occurred in random order. For both imaging procedures, patients were
injected with 40 mg of the diuretic furosemide shortly after tracer
injection to clear the tracer via the urine.

All acquisitions were performed using a Discovery MI PET scanner
(GE Healthcare) from mid thigh to vertex, including the upper limbs.
One hour after injection, a low-dose CT acquisition was initiated, fol-
lowed immediately by a PET acquisition (3—5 overlapping bed positions,
2 min each). All PET images were reconstructed using a 3-dimensional
time-of-flight weighted line-of-response row-action maximum-likelihood
algorithm, with attenuation correction derived from the CT attenuation
map. The accuracy of the absolute count calibration of the scanner was
validated against a uniform phantom containing '*F at a known concen-
tration. The measured activity was expressed as SUV for each voxel.

Image Analysis

Images were visualized and analyzed using MIM software, version
6.0 (MIM Software Inc.). Images were qualitatively evaluated with a
focus on the apparent extent of the lower-abdomen background uptake
emanating from the intestinal radioactive content by a nuclear medi-
cine specialist. A region of interest (ROI) covering the whole abdomen
and excluding the liver, bladder, and uterus was drawn. An arbitrary
SUV threshold of more than 4, corresponding to a background value
for which 80% of primary tumors observed during this study would be
undetected or equivocal with 4FMFES PET, was applied to the ROI,
and the volume of the resulting contour was extracted.

A volumetric ROI was drawn on each detectable tumor focus, and ROIs
were also drawn in the area surrounding tumors (tumor background). The
maximum-intensity voxel (SUV ) was taken for tumor and uterine ROI
quantification, whereas the averaged value of the voxels included in the
ROIs (SUV pean) Was used for background regions. Tumor contrast was
evaluated by the ratio of tumor uptake to its proximal background (T/B).
Tumors with a T/B of less than 3.0 were considered equivocal.

Statistical Analysis

Data were reported as mean * SD for patient numbers of 3 or more
or as mean only for patient numbers of less than 3. Statistical analyses
were performed using Prism software, version 7.0.4 (GraphPad Soft-
ware Inc.). One-way ANOVA using the Tukey method for multiple
comparisons was applied to compare 'SF-4FMFES and '8F-FDG
uptake, 8E_FDG/'8F-4FMFES uptake ratio, and T/Bs in tumors. The
threshold for significance was set a priori to a P value of less than
0.05 for each compared group.

RESULTS

Drug-Induced Intestinal '®F-4FMFES Slowdown

As was observed in the past with breast cancer patients (23,24),
the natural elimination pathway of 'F-4FMFES generated extensive
abdominal contamination without any additional intervention (Fig.
1A). Both the use of 4 mg of loperamide 5 min before '*F-4FMFES
injection and the use of repeated injection of 20 mg of hyoscine
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TABLE 1
Patient Characteristics

Parameter Data
Patients (n) 25
Mean age = SD (y) 63.4 = 10.5
(median, 66;
range, 41-79)
Premenopausal (n) 4
Postmenopausal (n) 21
Histology (n)
Endometrial carcinoma 23
Endometrial intraepithelial neoplasia 2
Grade (n)
1 5
2 12
3 8
Treatment (n)
Loperamide (4 mg) 12
Hyoscine N-butylbromide (3 X 20 mg) 11
None 2 (plus 31

breast cancer
patients (23))

N-butylbromide at 0, 20, and 40 min after '®F-4FMFES injection
appeared to be successful to slow progression of the radioactive
intestinal bolus. The use of the diuretic furosemide along with
8F_4FMFES injection reduced the bladder volume and uptake in
most patients. Together, the combination of furosemide and hyoscine
N-butylbromide improved the diagnostic quality of 'SF-4FMFES
PET for endometrial cancers (Fig. 1A).

Application of an SUV threshold of more than 4 on an abdomi-
nal ROI allowed standardized estimation of the intestinal volume
containing significant contamination with '*F-4FMFES radiometa-
bolites (Fig. 1B). In the absence of intervention, the measured vol-
ume reached 1,117.8 * 413.4 mL, which was significantly reduced

by the administration of either loperamide (677.9 * 471.2 mL;
P < 0.01) or hyoscine N-butylbromide (495.7 = 341.9 mL;
P < 0.001). However, the background '®F-4FMFES uptake in the
immediate vicinity of the primary endometrial tumor was not sig-
nificantly different between the control (SUV ean, 0.66 = 0.12),
loperamide (SUV ean, 0.58 = 0.13), and hyoscine N-butylbromide
(SUVineans 0.63 = 0.15) groups.

PET Image Qualitative Assessment

Both '8F-FDG and 'F-4FMFES PET were able to produce high-
contrast visualization of endometrial carcinoma (Fig. 2). Two patients
had sentinel node involvement, with sizes ranging from 2 to 5 mm in
diameter according to pathology and lymphoscintigraphy. Those tumors
could not be detected by PET imaging with either tracer and were
considered within the reference range by CT. One patient had an endo-
metroid endometrial adenocarcinoma that was detectable only using
18F_4FMFES PET; the '®F-FDG PET examination had negative results
(Fig. 3). Pathologic examination of the surgical specimen confirmed the
presence of a 2-cm grade 1 endometroid tumor. Two patients yielded a
ubiquitous '8F-FDG uptake (I/B, 1.9 and 2.2, respectively) that was
clearly detected using '8F-4FMFES PET (SUVja 11.1 and 8.5,
respectively; T/B, 19.9 and 18.9, respectively). Two other patients har-
bored subcentimeter endometrial intraepithelial neoplasia tumors, both
of which were better visualized using '*F-4FMFES (average SUV .y,
5.7; T/B, 11.7) than '8F-FDG (average SUV .y, 3,1; T/B, 4.8).

In 1 patient, '*F-FDG PET spotted an inguinal node focus (SUV ax,
5.2; T/B, 7.2) that was '®F-4FMFES-negative, but control *F-FDG
PET/CT at a later time showed reduced uptake and a stable size
reminiscent of a benign node (Fig. 4). '8F-FDG PET was thus consid-
ered false-positive for this node assessment. Another patient had an
BB 4FMFES-positive (SUVjax 3.0; T/B, 5.0), F-FDG-negative
right iliac sentinel node (Fig. 5). Ten nodes were dissected at surgery
(including the suspected one); all were negative on pathologic exami-
nation, and a control '®F-FDG PET examination at 9 mo after the ini-
tial assessment showed no abnormal uptake at this site, indicating a
false-positive result for '®F-4FMFES for this patient.

Semiquantitative Assessment
Average endometrial tumor uptake on 'F-4FMFES PET (SUV,pax,
94 £ 3.2; range, 3.0-14.4) was slightly
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higher than on '8F-FDG PET (SUVax 7.5
+ 5.1; range, 0-22.0), but the difference was
not significant. Uptake did not significantly
differ between endometroid tumors and
endometrial carcinomas with either tracer
(Fig. 6A). '8F-FDG uptake followed a contin-
uous increase according to grade, with a sig-
nificant difference between grade 1 tumors
(SUViax, 4.0+2.0) and grade 2 tumors
(SUV nax 8.0 £ 4.9; P < 0.05) and between
grade 1 tumors and grade 3 tumors (SUV s
9.7 = 3.0; P < 0.01). '"8F-4FMFES uptake

FEkk
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FIGURE 1.

background volume. **P < 0.01. ***P < 0.001.
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(A) Qualitative maximum-intensity-projection whole-body assessment of effect of phar-
macologic interventions to slow progression of radioactive intestinal bolus. Without use of any inter-
vention (left panel), '®F-4FMFES PET typically produces intense abdominal uptake caused by
progression of radiometabolites excreted by gallbladder in intestines. Ingestion of 4 mg of lopera-
mide 15 min before injection of radiotracer yielded mitigated results (center panel). Repeated intrave-
nous injection of 20 mg of hyoscine N-butylbromide at 0, 20, and 40 min after '®F-4FMFES injection
apparently reduced lower-abdomen background and slowed transit of radioactive intestinal bolus
(right panel). (B) Measured volume extracted from application of SUV threshold of >4 on abdominal
ROI. Both use of loperamide and use of hyoscine N-butylbromide significantly reduced intestinal

peaked in grade 2 tumors at an SUV ,,, of
11.4 = 2.3, which was significantly higher
than in grade 1 tumors (SUV .y, 6.9 £ 2.6;
P < 0.05) but was not significantly different
from grade 3 tumors (SUV 10, 9.2 £ 3.1; P =
0.53) (Fig. 6A).

Contrast values, as defined by T/Bs, were
2.3-fold higher (P < 0.0001) for 'F-4FMFES
than for '*F-FDG (16.9 + 6.3 and 7.4 + 4.6,
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FIGURE 2. Representative case of endometrial carcinoma (arrows)
imaged with "®F-FDG PET/CT (top row) and '®F-4FMFES PET/CT (bottom
row), displayed in frontal maximum-intensity projection (MIP) and in sagit-
tal views.

respectively). T/Bs significantly differed between grade 1 tumors (10.5
+ 3.8) and grade 2 tumors (18.0 = 4.4; P < 0.01) and grade 3 tumors
(17.5 + 5.6; P < 0.05) using 'SF-4FMFES PET (Fig. 6B). Such T/B
relationships according to grade were not found for '*F-FDG PET
(Fig. 6B), as the slight differences observed were not significantly
different.

The '8F-FDG/'®F-4FMFES uptake ratio was also measured
according to grade (Fig. 6C), similarly to previous publications
(13-15,17). Although the 'SF-FDG/'®F-4FMFES ratio was similar
between grade 1 and 2 tumors (0.65 = 0.35 and 0.77 * 0.40, respec-
tively), a significant increase (P < 0.05) over grade 1 was observed
for grade 3 tumors, with a value of 1.25 = 0.64.

MIP PET PET/CT CT
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-
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18F-4FMFES

FIGURE 3. A 69-y-old endometroid adenocarcinoma patient with "®F-FDG-
negative, '®F-4FMFES—positive primary tumor. '®F-FDG PET did not yield
any abnormal uptake in uterus, whereas '®F-4FMFES PET revealed intense
signal (SUVpnax, 9.6; arrows) over 44 X 32 X 25 mm region. Postsurgery pathol-
ogy report measured size of tumor to be 20 mm in its long axis, meaning
"8F_4FMFES overestimated size of tumor in this case.
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DISCUSSION

In this preliminary assessment, the use of combined '8F-FDG and
8F4AFMFES PET imaging was investigated in recently diagnosed
ER+ endometrial cancer patients. At first, the application of interven-
tions aiming to slow progression of the radioactive intestinal bolus after
8F4FMFES injection to improve image quality in the abdomen pro-
duced variable results. Baseline 'SF-4FMFES image quality in the
abdominal region was relatively poor because of the abundant presence
of radioactive intestinal content. Predosing with loperamide, a peripheral
opioid used mainly for control of diarrhea, moderately reduced the dis-
tribution of the abdominal contamination. Increasing the dosage of
loperamide might yield better results, at the cost of the associated dis-
comfort of prolonged constipation for the patient. In contrast, repeated
injection of hyoscine N-butylbromide during tracer administration, a rou-
tine procedure for radiologic assessment of the intestines, substantially
slowed transit of the intestinal content and improved overall abdominal
8F_4FMFES image quality in assessed patients. Even if the PET/CT
assessment of anatomic planes usually allows distinction between the
uterus and the intestines, and even if the pharmacologic interventions do
not impact the uterine region background, such an intervention might
be useful for nonambiguous diagnosis of locoregional metastases using
8F-4FMFES PET in advanced-stage patients.

Although both tracers yielded similar uptake overall in endometrial
tumors, detectability was noticeably improved using '*F4FMFES over
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FIGURE 4. A 75-y-old endometroid adenocarcinoma patient with '®F-FDG
false-positive inguinal node. (A) Endometroid adenocarcinoma primary
tumor, with SUVax Uptake of 12.3 for '®F-FDG and 8.9 for "8F-4FMFES
(black arrows). The "®F-FDG PET also revealed a suspected right inguinal
node metastasis (red arrow), which yielded SUVn.x of 5.2 (T/B, 7.2). (B)
Transaxial slices of the suspected inguinal node metastasis (red arrows). The
"8F-FDG-positive node was '®F-4FMFES-negative and of normal appear-
ance in CT image. Pathology examination considered inguinal node as nor-
mal, meaning '®F-FDG signal was false-positive.
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and '®F-4FMFES+, with CT and surgi-
cal-sample examination instead showing
the presence of a 20-mm tumor and confirm-
ing a false-negative result for '*F-FDG. One
patient presented with suspected sentinel
0 node uptake on '8F-FDG PET that was neg-
ative on '8F-4FMFES PET, but its subse-
quent biopsy invalidated the presence of
cancer in the assessed tissue, meaning a
false-positive result for 'F-FDG. Only 1
confirmed false-positive case was found
for '8F-4FMFES PET, in which a node

4
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FIGURE 5. A 67-y-old endometrial carcinoma patient with '®F-4FMFES false-positive iliac node. (A)
Endometrial carcinoma primary tumor, with SUV ., Uptake of 12.9 for '8F-FDG and 12.7 for '8F-4FMFES
(arrows). (B) Coronal (top) and transaxial (bottom) views centered on suspected left iliac sentinel node
metastasis with "®F-4FMFES (arrows), which was of normal aspect in CT images. Pathology examination
after surgery considered iliac node normal, confirming false-positive result for '®F-4FMFES.

8E_FDG, as measured by the increased T/B obtained. As a result, all pri-
mary tumors assessed were clearly visualized using '*F-4FMFES PET,
whereas 2 patients obtained a ubiquitous signal (T/B < 3) at the tumor
site using '®F-FDG PET. Moreover, 1 patient was '*F-FDG-negative
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FIGURE 6. Semiquantitative "®F-FDG and '®F-4FMFES uptake and T/Bs.
(A) "®F-FDG and "®F-4FMFES uptake (SUVmay) for whole sample (left) and
according to grade (right) (B) "®F-FDG and '®F-4FMFES T/Bs for whole stud-
ied sample (left) and according to grade (right). (C) '®F-FDG and "®F-4FMFES
T/Bs according to grade. *P < 0.05. **P < 0.01. ***P < 0.001.
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with substantial '®F-4FMFES uptake
(and '8F-FDG-negative) was exempt
from cancer cells in the pathologic examina-
tion. Although anecdotal, those few exam-
ples in our relatively modest sample size
might suggest a better overall sensitivity and
specificity for '®F-4FMFES over '®F-FDG in ER+ endometrial can-
cers, as well as a good complementarity between the 2 tracers.

The 2 cases of endometrial interepithelial neoplasia observed so far
in our study showed a slightly higher uptake for '*F-4FMFES than for
8F_FDG, along with a 2.4-fold higher T/B, and as such it could be
interesting to investigate further the use of '®F-4FMFES PET for this
hard-to-detect small-sized subclass of endometrial tumor. Of equal
interest would be other less frequent uterine cancers that were previ-
ously investigated with '8F-FES PET, including ER+ mesenchymal
(13) and sarcoma (/5) tumors, and our group will actively seek to
recruit patients harboring those subtypes during the ongoing trial.

A significantly higher tumor uptake of '*F-4FMFES was observed
for grade 1 tumors than for grade 2 tumors, whereas '*F-FDG PET
uptake was significantly different between grade 1 and grade 2 and 3
tumors. This trend contradicts a previously published result showing
that grade 1 cancers yielded significantly higher '8F-FES uptake than
higher-grade tumors (/2)—a result that will need to be further inves-
tigated. T/Bs for '®F-FDG were unable to discern between grades. In
contrast, '8F-4FMFES T/Bs were able to properly differentiate low-
grade tumors from grade 2 and 3 tumors. As such, both '*F-4FMFES
uptake and T/Bs can be useful to distinguish between low- and high-
grade endometrial tumors.

The ¥F-FDG/'®F-4FMFES uptake ratio was also measured. A
significantly higher '8F-FDG/!3F-4FMFES ratio was measured for
grade 3 than for grade 1 tumors, similar to what was previously
observed for the 'F-FDG/'®F-FES ratio in endometrial cancers
(12,14,15,17). A higher '8F-FDG/'8F-FES ratio also correlated
with worse progression-free and overall survival (/7). As such, the
I8F_FDG/'"®F-4FMFES ratio could equal the usefulness of the pre-
viously evaluated '®F-FDG/'®F-FES ratio in differentiating tumors
of different grades or patient outcomes.

So far, all recruited patients have been newly diagnosed and at
an early stage, thus disabling any comparison of 'F-FDG and
8F_4FMFES according to stage. In view of a previous study (/2) in
which a nonsignificant trend toward lower 'F-FES uptake and higher
BF_FDG uptake was observed for advanced endometrial cancers, the
same tendency is expected using the similar 'SF-4FMFES tracer. A
related drawback of this low-stage patient sample is the lack of meta-
static disease in this study. Although the assessment of primary tumors
with 8F-4FMFES PET was an essential first step in evaluating the
endometrial tumor—targeting properties of the tracer, PET imaging pro-
cedures are expected to reach their full usefulness on patients with
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disseminated diseases that are more challenging to adequately assess
using standard procedures. Further studies will be needed to evaluate
I8F_4FMFES PET in advanced endometrial cancer.

CONCLUSION

It is possible to lessen '*F-4FMFES abdominal background uptake
using hyoscine N-butylbromide. Both '*F-FDG and 'SF-4FMFES
PET are suitable for detection of ER+ endometrial cancers, although
tumor contrast is better with '*F-4FMFES than with '®F-FDG.
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KEY POINTS

QUESTION: Will "®F-4FMFES PET, along with pharmaceutic
interventions to reduce abdominal background uptake, improve
the detection of ER+ endometrial cancers and allow grade
segmentation in combination with '8F-FDG PET?

PERTINENT FINDINGS: The use of hyoscine N-butylbromide in
repeated intravenous injection significantly reduced the extent of
the abdominal background uptake resulting from the natural
elimination of "8F-4FMFES. "®F-4FMFES PET yielded better tumor
contrast than did '®F-FDG PET in ER+ endometrial cancers. Both
tracers succeeded in distinguishing between low- and high-grade
cancers.

IMPLICATIONS FOR PATIENT CARE: Because of the high tumor
contrast it displays, '®F-4FMFES PET in combination with
repeated injection of hyoscine N-butylbromide may improve the
locoregional and whole-body assessment of advanced ER+
endometrial cancers, compared with '®F-FDG PET.
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3F_FLT PET/CT as a Prognostic Imaging Biomarker
of Disease-Specific Survival in Patients with Primary
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The purpose of this study was to evaluate '®F-FLT PET/CT as an early
prognostic imaging biomarker of long-term overall survival and dis-
ease-specific survival (DSS) in soft-tissue sarcoma (STS) patients
treated with neoadjuvant therapy (NAT) and surgical resection. Meth-
ods: This was a 10-y follow-up of a previous single-center, single-arm
prospective clinical trial. Patients underwent '8F-FLT PET/CT before
treatment (PET1) and after NAT (PET2). Posttreatment pathology
specimens were assessed for tumor necrosis or fibrosis and for Ki-67
and thymidine kinase 1 expression. Maximally selected cutoffs for
PET and histopathologic factors were applied. Survival was calculated
from the date of subject consent to the date of death or last follow-up.
Results: The study population consisted of 26 patients who under-
went PET1; 16 of the 26 with primary STS underwent PET2. Thirteen
deaths occurred during a median follow-up of 104 mo. In the overall
cohort, overall survival was longer in patients with a low than a high
PET1 tumor SUV,,.« (dichotomized by an SUV,.x of =8.5 vs. <8.5:
not yet reached vs. 49.7 mo; P = 0.0064). DSS showed a trend
toward significance (P = 0.096). In a subanalysis of primary STS,
DSS was significantly longer in patients with a low PET1 tumor
SUVax (dichotomized by an SUV.x of =8 vs. <8; P = 0.034).
There were no significant '8F-FLT PET response thresholds corre-
sponding to DSS or overall survival after NAT at PET2. Conclusion:
8F_FLT PET may serve as a prognostic baseline imaging biomarker
for DSS in patients with primary STS.

Key Words: '®F-FLT PET; sarcoma; imaging biomarker
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Soft—tissue sarcomas (STSs) comprise approximately 1% of
adult cancers (/) but constitute a family of more than 50 histotypes
(2) that present quite differently in biologic characteristics and
clinical behavior.
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Histologic tumor grading by the French Federation of Cancer
Centers Sarcoma Group (FNCLCC) is regarded as the gold standard
for prognostication and guides the clinical management of STS
patients (3). The distinction between low, intermediate, and high
grade is determined by 3 parameters: differentiation, mitotic activity,
and the extent of tumor necrosis. However, the FNCLCC system has
several limitations, including lack of applicability to all sarcoma
histotypes, inherent difficulty in reproducibly assessing sarcoma
differentiation, and undersampling from core-needle biopsy (4,5). In
addition, the FNCLCC system was developed on untreated tumors.
Grading on post-neoadjuvant therapy (NAT) resections in STS is
not advised since tumor necrosis cannot be distinguished from NAT-
induced necrosis.

Genomic tests might in the future replace or complement cur-
rent histologic grading in STS (6). The complexity index in sarco-
mas is a prognostic gene expression signature that comprises 67
genes involved in pathways of mitosis control and chromosome
segregation (7). The complexity index in sarcomas has been iden-
tified as a better prognostic factor of metastasis-free survival than
the FNCLCC system, irrespective of the STS histotype (7).

Proliferative activity—dependent accumulation of 3'-deoxy-3'-
fluorothymidine (!8F-FLT) has been demonstrated for a variety of
solid and hematologic neoplasms; however, varying degrees of
correlation between '®F-FLT uptake and histologic markers of pro-
liferation, such as Ki-67, have been reported (8,9).

In the current study, we correlated '8F-FLT uptake at pre- and
post-NAT PET, changes in '8F-FLT uptake, and post-NAT histo-
logic variables (percentage tumor necrosis, Ki-67, and thymidine
kinase 1 [TK1] expression) with overall survival and disease-
specific survival (DSS) in patients previously enrolled in a prospec-
tive single-center, single-arm exploratory study. The hypothesis was
that '8F-FLT PET might be used as a prognostic imaging biomarker
of DSS in patients with STS.

MATERIALS AND METHODS

Study Design and Patients

Between October 2008 and September 2009, 26 patients with high-
grade STS and 1 patient with osteosarcoma were enrolled in a prospec-
tive single-center, single-arm exploratory study that investigated the
cell proliferation response to NAT as measured by '*F-FLT PET/CT
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TABLE 1

TABLE 2

Clinical and Pathologic Characteristics (n = 26) Treatment Characteristics (n = 26)
Characteristic Data Characteristic Data
Median age (y) 63 (range, 26-94) NAT
Sex CTx (including Gleevec) 11 (42%)

Male 13 (50%) CRTx 10 (38%)
Female 13 (50%) RTx 2 (8%)
Site No neoadjuvant 3 (12%)

Extremity 12 (46%) Surgery 24 (92%)
Chest/trunk 8 (31%) Adjuvant therapy
Retroperitoneal/abdominal 6 (23%) CTx 11 (42%)
Presentation status CRTx 3 (12%)
Primary 17 (65%) RTx 2 (8%)
Primary + contemporary history 2 (8%) No adjuvant therapy 6 (23%)
of secondary malignancy Incomplete records 4 (15%)
Recurrent or residual 7 (27%) Recurrent therapy
Tumor size CTx 3 (12%)
<5 cm 6 (23%) Surgery 3 (12%)
=LY S 13 (50%) Surgery + CTx 2 (8%)
>10 cm 7 (27%) Surgery + RTx 1 (4%)
Histology Surgery + CRTx 1 (4%)
NOS 7 (27%) Recurrence with incomplete 7 (27%)
MPNST 3 (12%) records of retreatment
Gastrointestinal stromal tumor 3 (12%) Incomplete records of 3 (12%)
Angiosarcoma 2 (8%) recurrence/retreatment
Leiomyosarcoma 5 (19%) holeumence 6 (23%)
Fibromyxoid sarcoma 3 (12%) Pathologic
Pleomorphic liposarcoma 1 (4%) Responder 3 (13%)
Dedifferentiated liposarcoma 1 (4%) Nonresponder 21 (87%)
Synovial sarcoma 1 (4%)

NOS = sarcoma not otherwise specified; MPNST = malignant
peripheral nerve sheath tumor.

Data are number followed by percentage in parentheses,
except for age.

(Institutional Review Board [IRB] trial 07-03-110) (8). This previous
study enrolled adult patients (=18 y) who were scheduled to undergo
NAT before surgical resection of a biopsy-proven sarcoma. Exclusion
criteria were unresectable disease, performance status preventing the
initiation of NAT, systemic therapy within 6 mo of study participation,
a synchronous second malignancy, and the inability to tolerate a
PET/CT study. For the purpose of the current study, the patient with
osteosarcoma was excluded; therefore, the current study population
consisted of 26 patients; 19 of the 26 (73%) had primary disease, and
7 (27%) had recurrent or residual disease. Two of the 19 patients with
primary disease had a contemporary history of a secondary malignancy
(hepatocellular carcinoma and breast cancer).

All 26 patients underwent '8F-FLT PET/CT before initiation of
NAT, and 20 patients (77%), after completion of NAT. Six patients
did not undergo 'SF-FLT PET/CT after NAT (PET2): two of these
patients exhibited a low SUV ., at '3F-FLT PET/CT before treatment
(PET1) (SUVnax, 1.7 and 2.0), two had a further diagnostic workup
after PET1 that revealed unresectable disease, one had a synchronous
secondary malignancy at the time of PET 1 (hepatocellular carci-
noma), and one declined to undergo PET2.

IE_FLT as EARLY IMAGING BIOMARKER IN STS -

CTx = chemotherapy; CRTx = chemoradiation therapy; RTx =
radiation therapy.

Data are number followed by percentage in parentheses,
except for age.

The median interval between treatment initiation and PET1 and
between PET1 and PET2 was 0.7 wk (interquartile range [IQR], 0.1-1.5
wk) and 11 wk (IQR, 10-16.7 wk), respectively. The patient demo-
graphics and clinical characteristics are summarized in Tables 1 and 2.

Follow-up of patients previously enrolled in IRB trial 07-03-110
was approved by the UCLA IRB, and the necessity for outcome-
specific consent was waived by the IRB for the current trial (IRB
study 20-001899).

18F_FLT PET/CT Imaging and Analysis

Of the 46 '8F-FLT PET/CT scans, 43 (93%) were performed on a
Siemens Biograph 64 TruePoint PET/CT scanner and 3 (7%) on a Sie-
mens Emotion Duo PET/CT scanner approximately 1 h after a median
injected activity of 247.9 MBq (IQR, 229.4-255.3 MBq). Intravenous
and oral contrast media were administered in 33 scans (72%) and 36
scans (78%), respectively.

Several SUV parameters were assessed on PET 1 and PET2: SUV,;ux,
SUVpeak> SUVinean, and SUV for total-lesion FLT with a 40%, 50%,
60%, and 80% cutoff of SUV .. Because SUV ., proved to be equal
or superior to the other PET parameters, we selected SUV ., for further
analyses. '8F-FLT PET/CT images were interpreted by 1 reader. The
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reader was aware of the sarcoma diagnosis but not of the treatment regi-
men or other clinical and outcome data.

Posttreatment pathology specimens were assessed by tumor necrosis
or fibrosis and by Ki-67 and TK1 expression as described previously (8).

Treatment

Twenty-three of 26 patients (88%) underwent NAT followed by
complete surgical resection. Ten patients (38%) underwent neoadju-
vant ifosfamide-based treatments, 5 patients (19%) had gemcitabine-
based therapy, 1 patient (4%) underwent treatment with doxorubicin
(75 mg/m?), 1 patient (4%) was treated with paclitaxel (175 mg/m?)
and bevacizumab, and 1 patient (4%) was treated with ridaforolimus
as part of a phase II clinical trial. Standard chemotherapy administra-
tions were previously reported (8). Gastrointestinal stromal tumors
(n = 3; 12%) were treated with imatinib at a dose of 400 mg orally per
day. Two patients (8%) received neoadjuvant external-beam radiation
only. Ten patients (38%) underwent neoadjuvant chemoradiation ther-
apy. Adjuvant and recurrent treatment regimens are listed in Table 2.

Histopathology
Pathology specimens were reviewed by a pathologist with expertise
in sarcoma pathology, as reported previously (8).

Statistics

Quantitative variables are presented as median and IQR or as mean
and SD when appropriate. Statistics were performed using R, version
4.0.2 (R Core Team 2020). SUV cutoffs were delineated using maxi-
mally selected rank statistics as implemented in the maxstat R package
(http://cran.r-project.org/web/packages/maxstat/index.html). Maximally
selected rank statistics evaluated the log-rank comparisons of survival
along the continuous absolute SUV .« spectrum. Selected cutoffs repre-
sent the defined highest threshold for statistical discrimination between
values along the SUV,,,,« spectrum. Dichotomization via median SUV-
max Was not included because the maximally selected SUV,,,, of 8.5
was equivalent to the median SUV,,,,, of 8.7 with low (n = 7) and high
(n = 10) groups for both. Changes in SUV,,,,, between PET1 and PET2
were dichotomized at a threshold of 60%. Post-NAT tumor necrosis,
Ki-67, and TK1 expression were dichotomized at thresholds of at
least 95%, 50%, and 18%, respectively. Survival was calculated
from the date of subject consent to the date of death or last follow-
up. Deaths included in the survival analysis were categorized as
disease-specific death or all-cause mortality, which entailed
non—disease-specific death and unknown causes of death. Survival
was estimated using the method of Kaplan and Meier. A P value less
than 0.05 was considered to indicate statistical significance.

RESULTS

Outcome Assessment

The cutoff for last follow-up was January 21, 2021. The median
follow-up was 104 mo (maximum, 144.8 mo). The median overall
survival was 106 mo (95% CI, 31.9-not yet reached [NYR]).

Eleven patients (42%) had no evidence of disease, 10 patients
(38%) died of disease, 2 (8%) were alive with disease, and 3
(12%) died of another cause. The median follow-up in patients
alive at the last follow-up date was 104 mo (IQR, 27.8-141.1 mo).

Imaging Characteristics

The tumor SUV,,,, of all patients averaged 6.6 = 3.7 (median,
7.1; range, 1.7-16.1) and 3.6 = 2.1 (median, 3.4; range, 0.9-7.9)
at PET1 and PET2, respectively (Fig. 1).

The tumor SUV,,,, of primary STS averaged 8.1 = 4.3 (median,
8.7; range, 1.7-17.5) and 2.8 * 2.4 (median, 2.3; range, 0-6.9) at
PET1 and PET2, respectively.
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FIGURE 1. Waterfall diagram of SUV .« at PET1 (A) and PET2 (B). Pri-
mary tumors are depicted in blue, recurrent or residual tumors in red, and
patients with history of secondary malignancy in purple. Red line indicates
maximally selected SUV,,,,« cutoff of 8.5 to dichotomize patients into low
and high baseline "8F-FLT uptake.

The tumor size of all patients averaged 8 = 5 cm (median, 6.4 cm;
range, 1.2-20.6 cm) at baseline and decreased to 6.9 £ 3.4 cm
(median, 6.1 cm; range, 1.7-14.5 cm) at PET2.

Imaging Biomarkers

PET]I. Overall survival was significantly longer in patients with a
low than a high tumor SUV,,,, (dichotomized by an SUV,,,, of
=8.5 vs. <8.5: NYR vs. 49.7 mo; P = 0.0064) (Fig. 2A). DSS
showed a trend toward significance (NYR vs. 49.7 mo; P = 0.096)
(Fig. 2B).

In a subanalysis of primary STS (17/26 patients), DSS was sig-
nificantly longer in patients with a low than a high tumor SUV .«
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FIGURE 2. Kaplan-Meier curves for overall survival (A) and DSS (B) in all

patients (n = 26) dichotomized by SUV o« of =8.5 vs. <8.5 at PET1.
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FIGURE 3. Kaplan-Meier curves for DSS in primary STS (17/26 patients)
dichotomized by SUV,,,, of =8.5 vs. <8.5 at PET1.

(dichotomized by an SUV,,, of =8 vs <8: NYR vs. NYR; P =
0.034) (Fig. 3).

PET2 and Changes Between PETI and PET?2. In primary-STS
patients who underwent PET2 (n = 16/17), neither absolute PET2
tumor SUV,,,« (dichotomized by an SUV . of =5 vs. <5: NYR
vs. 20.4 mo; P = 0.25) nor decreases in SUV,,, of at least 60%
between PET1 and PET2 (NYR vs. NYR; P = 0.56) were signifi-
cantly correlated with DSS survival.

Histopathologic Biomarkers

DSS in primary-STS patients (16/26 patients) with a histopatho-
logic response in the resected specimens after NAT (n = 3) did
not significantly differ from that in patients without a post-NAT
histopathologic response (n = 13) (dichotomized by tumor necro-
sis and fibrosis of =95% vs. <95%: NYR vs. NYR; P = 0.86).

Ki-67 expression was available in 14 of 17 primary-STS patients.
DSS showed a trend toward being prolonged in patients with a low
(n = 11) versus a high post-NAT Ki-67 expression (n = 3) (dichot-
omized by an Ki-67 of =50% vs. <50%: 27.5 mo vs. NYR; P =
0.057) (Supplemental Fig. 1; supplemental materials are available at
http://jnm.snmjournals.org).

TK1 expression was available in 14 of 17 primary-STS patients.
DSS did not significantly differ between patients with a low post-
NAT TKI1 expression (n = 4) and those with a high post-NAT
TK1 expression (n = 10) (dichotomized by an TK1 of =18% vs.
<18%: NYR vs. NYR; P = 0.25).

DISCUSSION

In this post hoc analysis of patients with STS, low pretreatment
I8F_FLT uptake served as an early prognostic imaging biomarker
of long-term survival. The prognostic value of '8F-FLT uptake at
initial diagnosis has been reported for several malignancies, such
as lymphoma (/0), non—small cell lung cancer (/7), and pancreatic
cancer (/2). Here, we report the first—to our knowledge—long-
term outcomes predicted by baseline '|F-FLT uptake in STS
patients who underwent NAT.

Because 'F-FLT uptake in other tumors has frequently been
associated with the proliferation rate of cancer cells, therapy-
induced alterations in intratumoral '8F-FLT uptake have been pro-
posed as an early imaging biomarker for therapy response and
outcome (6-8). However, in this study '®F-FLT uptake after NAT
and changes in '"8F-FLT uptake across treatment did not signifi-
cantly correlate with improved survival.

IE_FLT as EARLY IMAGING BIOMARKER IN STS -

Recent literature surrounding the application of '®F-FLT illustrates
that '®F-FLT accumulation is not solely a correlate of tumor cell pro-
liferation rate (13,14). 'F-FLT is a substrate for TK1, a proximal
mediator of the pyrimidine salvage pathway that functions in parallel
with the de novo pathway to produce deoxythymidine triphosphate
for DNA replication and repair (15). Thus, ‘®F-FLT avidity is influ-
enced by the relative activity of de novo and salvage pathways,
which are in turn regulated by substrate abundance, gene expression,
and oncogene or tumor suppressor activity (/5,16). Uptake of
E_FLT is not solely isolated to tumor cells and is impacted by the
active proliferation of T cells after removal of cytotoxic T-lympho-
cyte—associated antigen 4 checkpoint inhibition (/7). More recently,
8E_FLT uptake in tumors has been shown to be elevated alongside
interferon signaling—driven thymidine phosphorylase expression in
preclinical xenograft models (/8,19). Given that innate and adaptive
immune cells are a dominant source of interferon, 'F-FLT uptake
could also reflect intratumoral immune cell infiltration and elevated
cytokine signaling.

An additional potential reason for discordant '3F-FLT PET find-
ings after NAT in the current study might be the late timing of
PET2 12 wk after the start of NAT. The low '8F-FLT uptake at
PET2 might in part not represent a cytotoxic treatment effect but
viable tumor with low '3F-FLT uptake due to restricted tracer
delivery, internalization, and trapping. All considered, future stud-
ies investigating 'SF-FLT should integrate clinical observations
with a detailed molecular and cellular assessment of biopsy tissue,
which could enable the identification of molecular mechanisms
driving PET probe accumulation.

Several potential limitations of our study merit consideration.
First, this was a small pilot study; therefore, it was not adequately
powered to detect small differences. For example, patients with a
low post-NAT Ki-67 (=50%) and a low post-NAT TK1 (=18%)
showed a trend toward a prolonged DSS, but the significance of
this finding needs further evaluation. Second, imaging cutoffs
were not predefined but maximally selected. Third, patients with a
variety of sarcoma subtypes were included in this study.

CONCLUSION

The current study demonstrates that low '®F-FLT uptake at ini-
tial diagnosis correlates with long-term survival in primary STS
and may be useful in determining treatment strategies. 'SF-FLT
uptake at post-NAT PET does not improve outcome prediction.
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KEY POINTS

QUESTION: Can '8F-FLT PET/CT be used as a prognostic imag-
ing biomarker of DSS in patients with STS?

PERTINENT FINDINGS: We report the first long-term outcomes
(median follow-up, 104 mo) predicted by '®F-FLT PET/CT before
initiation of NAT in patients with STS.

IMPLICATIONS FOR PATIENT CARE: Pretreatment tumor grad-
ing guides clinical decision making and prognostication of STS
patients. However, given that standard histopathologic grading of
STSs has its limitations, new biomarkers are needed to improve
clinical management and prognostication and to serve as predic-
tive factors for treatment response.
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Detection of Additional Primary Neoplasms on
3F_Fluciclovine PET/CT in Patients with Primary
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The aim of this study was to evaluate the detection rate of incidental
second primary neoplasms in patients with prostate cancer on "8F-flu-
ciclovine PET/CT. Methods: Imaging reports and patient demographic
data were retrospectively reviewed from 663 clinical '®F-fluciclovine
PET/CT studies, performed in 601 patients for the assessment of their
prostate cancer (643 — recurrence evaluation, 20 - initial staging) from
August 2016 to April 2021. Maximum SUV (SUV,,,ax) of the suspected
second neoplasms was determined. The results of '®F-fluciclovine
PET/CT were correlated with clinical and radiologic studies to deter-
mine the nature of the suspected second neoplasms. Results: Fifty-
five patients (9.1%) had findings suggestive of a second neoplasm.
Thirty-nine of 55 had a known second neoplasm diagnosed before the
PET/CT. An incidental second primary neoplasm was first suspected
on "8F-fluciclovine PET/CT in 16 of 601 patients (2.7%). Three of the 16
patients had PET/CT suggestive of a meningioma that was corrobo-
rated on MRI. Of the remaining 13 patients, 11 had a tissue diagnosis
confirming a malignancy. Second malignancies included renal cell car-
cinoma (RCC; 5/11; 45.5%), urothelial carcinoma (n = 2), multiple mye-
loma, chondrosarcoma, cutaneous squamous cell carcinoma, and
squamous cell carcinoma of the esophagus and lung (n = 1, each;
except for 1 patient with both esophageal and lung carcinomas).
Among histopathologically confirmed malignancies, clear-cell RCC had
the lowest uptake (SUVhax 3.4), and cutaneous squamous cell carci-
noma had the highest uptake (SUVax 13.6). Of the 2 patients with no
histopathologic confirmation, 1 had ultrasound and MRI findings cor-
roborating the diagnosis of RCC. The other patient had a solitary lung
nodule suggestive of primary lung carcinoma and elected to undergo
observation. Conclusion: Incidental findings consistent with a second
primary neoplasm are not infrequently seen on "8Ffluciclovine PET/CT
performed for assessment of prostate cancer (9.1%). Of the incidentally
detected primary cancers, RCC was the most common (45.5%). These
findings indicate the need for a careful analysis of '®F-fluciclovine PET/
CT images, due to the broad tumor imaging capabilities of this
radiotracer.

Key Words: '®F-fluciclovine; Axumin; FACBC; second malignancy;
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SEcOND CANCERS ON '®F-FrucicLoving PET

Anti- 1-amino-3-'8F-fluorocyclobutane- 1-carboxylic acid (*3F-
fluciclovine) is a radiolabeled, synthetic amino-acid analog that
was initially developed for the evaluation of cerebral gliomas,
mainly because of its negligible uptake in the normal brain paren-
chyma (). The uptake of !'8F-fluciclovine is mediated by the
amino-acid transporters, primarily by the sodium-dependent ala-
nine-serine-cysteine transporter-type 2, ASCT-2, along with the
sodium-independent large neutral amino-acid transporter-type 1,
LAT-1 (2). The uptake of '3F-fluciclovine was incidentally noted
in primary and metastatic sites of prostate cancer, leading to fur-
ther studies and subsequent U.S. Food and Drug Administration
approval of '®F-fluciclovine for suspected recurrence of previously
treated prostate cancer (3).

The amino-acid transporters are overexpressed in several malig-
nancies because of the increased nutrient demands of the cancer
cells (4). The overexpression of amino-acid transporters formed the
basis of exploring the role of ¥F-fluciclovine PET/CT in nonpros-
tate malignancies such as breast and lung cancers, renal cell carci-
noma (RCC), and gliomas (5-8). The detection of additional
primary neoplasms on '8F-fluciclovine PET/CT has several impli-
cations. First, the understanding that most, if not all, radiotracers
are nonspecific to a single cancer type, alerts the reader to the pos-
sibility of a second neoplasm when the pattern of disease involve-
ment is discordant with the primary malignancy. Second, raising
the suspicion of an additional neoplasm can prompt further investi-
gations, including laboratory workup, imaging, and where appro-
priate, tissue analysis. Third and most importantly, identification of
a second neoplasm can lead to significant changes in management,
and prognosis—both in the case of a benign diagnosis, where the
management of the primary malignancy can change to a less radi-
cal one (especially when the second lesion is the solitary suspected
metastatic site) and in the case of a malignant diagnosis, where the
treatment would need tailoring to fit in the second malignant diag-
nosis (and possibly an associated worsening of prognosis) (9).

Several single-case reports and short case series have documented
the uptake of '®F-fluciclovine PET/CT in multiple nonneoplastic, and
nonprostate neoplastic (benign and malignant) entities (/0,11). This
nonspecificity to a single cancer type is not unique to '*F-fluciclovine
but is an attribute of most radiopharmaceuticals. Previous studies
have described the detection of second primary neoplasms with '8F-
FDG, '8F-choline, ®®Ga-prostate-specific membrane antigen (PSMA),
and several other radiotracers (/2—16). In the absence of a planned
prior study in this space, we performed the present study to evaluate
the detection rate of additional primary neoplasms in patients with
prostate cancer on '®F-fluciclovine PET/CT.
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MATERIALS AND METHODS

Imaging reports and patient demographic data from 663 clinical
'®F_fluciclovine PET/CT studies, performed in 601 patients for the
assessment of their prostate cancer (643, recurrence evaluation; 20,
initial staging) from August 2016 to April 2021, were retrospectively
reviewed for the diagnosis of a second neoplasm. The timeline of
PET/CT and clinical/laboratory/other imaging studies was reviewed to
ascertain the previously unknown neoplasms that were incidentally
detected on '®F-fluciclovine PET/CT. PET/CT images of these patients
with incidentally detected second neoplasms were reviewed, and regions
of interest were drawn to determine the maximum SUV (SUV,,,,) of
the suspected lesions and average SUV (SUV,,can) of the blood pool
(descending thoracic aorta) and bone marrow (L3 vertebra; L2 vertebra
if L3 had disease involvement) for comparability. The results of
'8F_fluciclovine PET/CT were correlated with clinical and radio-
logic studies to determine the nature of the suspected second neo-
plasms. The study was approved by the institutional review board,
and the need for written informed consent was waived.

RESULTS

Fifty-five of the 601 patients (9.1%) were diagnosed with a sec-
ond neoplasm, at any time during their disease course, of which
39 had the diagnosis established before the '®F-fluciclovine PET/
CT (Supplemental Table 1; supplemental materials are available
at http://jnm.snmjournals.org). An incidental second primary neo-
plasm was first suspected on !'8F-fluciclovine PET/CT in 16 of
601 patients (2.7%), with all 16 studies being performed for
recurrence evaluation. Patient and imaging characteristics and
management of the second neoplasms are shown in Table 1.
Three of the 16 (18.7%) patients had '®F-fluciclovine PET/CT
results suggestive of a meningioma (Supplemental Fig. 1) that
was corroborated on MRI. Of the remaining 13 patients, 11 had
a tissue diagnosis confirming a malignancy. Second malignan-
cies included RCC (n = 5; Fig. 1), urothelial carcinoma (n = 2;
Fig. 2), multiple myeloma, chondrosarcoma, cutaneous squa-
mous cell carcinoma, and squamous cell carcinoma of the
esophagus and lung (n = 1, each; except for 1 patient with both

TABLE 1
Incidentally Detected Neoplasms on '8F-Fluciclovine PET/CT: Patient and Imaging Characteristics

PSA Site of second SUVax of SUVinean 0f SUVean Of Management of
SN Age* (ng/mL)* neoplasm Histopathology lesion blood-pool  marrow second neoplasm
1 73 0.81  Left lung - upper Not done 1.5 1.3 2.7 Observation
lobe
60 2.59 Right kidney Not done 3.3 1 4.3 Observation
61 3.8 Left kidney Clear-cell RCC 3.4 1.3 2.4 Partial nephrectomy
4 77 154 1. Right lung Squamous cell 3.4 (lung); 9.2 1.5 3.6 Chemotherapy
- lower lobe; carcinoma’ (esophagus) (carboplatin), radiation
2. Esophagus therapy
65 1.73 Left kidney Clear cell RCC 3.7 1.1 3.2 Partial nephrectomy
6 76 0.5 Left kidney Papillary RCC 3.7 1.3 2.3 Radical nephrectomy,
IVC thrombectomy
7 67 6 Proximal right Urothelial 4.1 1.6 4.1 Chemotherapy
ureter carcinoma (carboplatin,
gemcitabine)
8 72 1.9 Left kidney Clear cell RCC 4.9 1.7 4.4 Partial nephrectomy
63 2.7 Left acetabulum  Chondrosarcoma 5.8 1.3 2 Chemotherapy
(cisplatin, Adriamycin)
10 74 6.7 Left kidney Clear-cell RCC 6.2 1.3 3.8 Partial nephrectomy
11 61 0.2 Sella Not done 8.9 1.6 B85 Observation
(meningioma - MRI)
12 88 3.3 Extensive skeletal Multiple myeloma 9.2 14 5.1 Chemotherapy
involvement (bortezomib,
lenalidomide)
13 48 1.2 Right frontal Not done 9.3 14 4.4 Observation
convexity (meningioma - MRI)
14 63 0.93 Urinary bladder Urothelial 9.8 1.5 3.7 Resection, BCG
carcinoma therapy
15 81 1.44 Right sphenoid Not done 12.1 1.2 3.6 Observation
(meningioma - MRI)
16 72 2.7 Cutaneous lesions  Squamous cell 13.6 1.8 5.6 Excision

carcinoma

*Age and PSA reflect values at the time of imaging.

TSquamous cell carcinoma of the lung and esophagus were of separate origin.
BCG = Bacillus Calmette—Guérin; MRI = magnetic resonance imaging; PSA = prostate-specific antigen; RCC = renal cell carcinoma.

714

THE JoUuRNAL OF NUCLEAR MEDICINE * Vol. 63 + No.5 « May 2022



FIGURE 1. A 74-y-old man with adenocarcinoma of the prostate (Glea-
son score 4 + 3 = 7) after radical prostatectomy 19 y earlier presented
with rising PSA (6.7 ng/mL). 8F-fluciclovine PET/CT performed for restag-
ing of biochemical recurrence showed intensely tracer avid left external
iliac lymph node (thick arrow; maximume-intensity-projection image in pos-
terior view [A]) likely suggesting metastatic prostate carcinoma. Addition-
ally, a tracer-avid (SUVhax 6.2) exophytic soft-tissue mass was noted in
lower pole of left kidney (thin arrows; transaxial PET [B], CT [C], fused
PET/CT [D)) that raised suspicion for primary renal malignancy. Patient
underwent laparoscopic left partial nephrectomy, and histopathologic
diagnosis was clear-cell RCC. PSA = prostate-specific antigen.

esophageal and lung carcinomas — Fig. 3). Among histopathologi-
cally confirmed malignancies, clear-cell RCC had the lowest uptake
(SUVnax 3-4; SUVean blood-pool 1.3; SUV pea, bone-marrow 2.4),
and cutaneous squamous cell carcinoma had the highest uptake
(SUVnax 13.6; SUV pean blood-pool 1.8; SUV ean bone-marrow 5.6)

(Fig. 4). Of the 2 patients with no histopathologic confirmation
(Table 1, patients 1 and 2), 1 had ultrasound and MRI findings cor-
roborating the diagnosis of RCC. The other patient had a solitary
lung nodule suggestive of primary lung carcinoma and elected to
undergo observation.

All the 11 patients with a tissue diagnosis confirming a malig-
nancy had a significant change in management with regards to
standard treatment for prostate cancer (Table 1), with the majority
(7/11; 63.6%) undergoing a primary surgical treatment with/with-
out additional medical therapy.

DISCUSSION

Overall, 55 (9.1%) of 601 prostate cancer patients who under-
went '8F-fluciclovine PET/CT had a second neoplasm (48, malig-
nant; 7, benign) detected at any time during the disease course,
and 2.7% had a neoplasm that was first suspected on the PET/CT
study. A Surveillance, Epidemiology, and End Results Medicare
registry—based study of patients with prostate cancer treated with
localized therapy showed that 9.9% patients had a second malig-
nancy diagnosed after prostate cancer. The most common second
malignancy was that of the lungs and bronchus (1.8%), followed
by that of the urinary bladder (1.1%) (/7). Among the 601 patients
in the present study, a urinary bladder carcinoma (n = 12; ~2%)
was the most common second malignancy diagnosed at any time
during their disease course (11, before PET/CT; 1, on PET/CT),
whereas RCC was the most common second malignancy first
detected on PET/CT.

The detection of a second neoplasm on '8F-fluciclovine PET/
CT has several important implications. About 1 in 12 patients
diagnosed with one of the common cancers develops a second
malignancy, and mortality in approximately 55% patients is
because of the second malignancy (/8). The diagnosis of a second
malignancy can often lead to a drastic change in the overall prog-
nosis, morbidity, and mortality parameters and necessitates a
change of the management (Table 1). It is important to consider
the reader’s experience in interpreting PET/CT studies with a
specific radiotracer. Experienced readers
categorizing incidental findings as requir-

ing further workup have a high probability
of detecting a second neoplastic entity. A
study of 1,727 patients with '*F-FDG PET/
CT showed that actively investigated extra-
thyroidal lesions based on the readers’ rec-
ommendations were subsequently confirmed
as neoplastic in more than 60% patients
(19). In this context, knowledge of the
common second malignancies detected
with '3F-fluciclovine PET/CT can help the
readers in being aware and facilitating addi-
tional investigations whenever appropriate.
The uptake of '8F-fluciclovine has been
demonstrated in several physiologic and
pathologic processes. Table 2 summa-
rizes the previously described '8F-fluci-

FIGURE 2. A 63-y-old man with adenocarcinoma of the prostate (Gleason score 4 + 3 = 7) after
radical prostatectomy 7y earlier presented with rising PSA levels (0.93 ng/mL). '8F-fluciclovine PET/
CT performed for restaging of biochemical recurrence showed multifocal tracer-avid (SUV ,,ax 9.8)
soft-tissue nodules in wall of urinary bladder (arrow; maximum-intensity-projection image [A], coronal
fused PET/CT [B], transaxial fused PET/CT [C], and CT [D]). Transurethral resection of nodules was
performed, and histopathology showed high-grade papillary urothelial carcinoma. Patient was
started on intravesical BCG (Bacillus Calmette-Guérin) therapy. PSA = prostate-specific antigen.

SEcoND CANCERS ON '®F-FrucicLoving PET

clovine—avid nonprostate pathologies on
PET/CT, including benign, malignant, and
nonneoplastic entities.

PET imaging is used to target specific
components of the tumor microenvironment,
such as metabolic handling of various
substrates (e.g., glucose, amino acids,
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FIGURE 3. A 77-y-old man with adenocarcinoma of the prostate (Gleason score 4 + 3 = 7) after
radical prostatectomy 4 y earlier with subsequent biochemical failure (15.4 ng/mL). '®F-fluciclovine
PET/CT performed for restaging of biochemical recurrence showed tracer-avid presacral lymph
node (dashed arrow; maximum-intensity-projection image in posterior view [A]) suggestive of meta-
static prostate cancer. Additionally, linear increased tracer uptake (SUVnmax 9.2) was noted in asym-
metric mural thickening involving mid and distal esophagus (solid thick arrows [A], transaxial fused
PET/CT [B], and CT [C]) and a soft-tissue nodule (SUV,,ax 3.4) in superior segment of right lung lower
lobe (solid thin arrows [A], transaxial fused PET/CT [D], and CT [E]). Biopsy of esophageal lesion
showed squamous cell carcinoma and biopsy of lung lesion showed distinct squamous cell carci-
noma (not metastasis from esophageal primary). This patient was thus diagnosed with 3 distinct pri-
mary malignancies (prostate, esophagus, lung) with ongoing disease activity. Patient was started on
carboplatin-based chemotherapy and external-beam radiation therapy.
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FIGURE 4. A 72-y-old man with adenocarcinoma of the prostate (Gleason score 5 + 5 = 10) after
intensity-modulated radiation therapy to pelvis and prostate 3 y earlier and currently on hormonal
therapy presented with increasing PSA levels (2.7 ng/mL). '®F-fluciclovine PET/CT performed for
restaging of biochemical recurrence showed multiple osseous lesions suggestive of metastatic dis-
ease and markedly tracer-avid (SUV,.x 13.6) subcutaneous soft-tissue nodule in posterior right
shoulder region (arrows; maximum-intensity-projection image in posterior view [A], transaxial PET
[B], CT [C], fused PET/CT [D]), which is an atypical site for metastatic prostate cancer. Subsequent
biopsy of soft-tissue lesion was performed, and histopathology showed poorly differentiated squa-
mous cell carcinoma. Patient underwent complete excision of lesion. PSA = prostate-specific
antigen.

716  THE JOURNAL OF NUCLEAR MEDICINE + Vol. 63 « No.5 « May 2022

fatty acids) by the tumor cells, hypoxia, per-
fusion, angiogenesis, expression of receptors
on the cell membrane, proliferation, apopto-
sis, and nontumor immune cells among
others (20-23). The premise of targeted
PET/CT imaging is based on the typical
microenvironment and preferential metabolic
features of different tumor lineages. It is
known that a wide variety of tumors overex-
press ASCT2 and LAT] transporters because
of their high nutritional demands. Glutamine
and leucine, transported by ASCT2 and
LATI, respectively, contribute to the ana-
plerotic pathways feeding the Krebs cycle.
The expression of LAT1 is also upregulated
by hypoxia inducible factor HIF2« and the
oncogene c-Myc (4). Because ASCT2 and
LATI1 are involved with both influx and
efflux of amino acids, the intratumoral
retention of '®F-fluciclovine, and subsequent
tumor detection, is dependent on the regional
blood flow (for tracer delivery) and the rela-
tionship among the active amino acid trans-
porters, yielding either a net influx or efflux
of the radiotracer.

A lesion in an atypical location for the
metastatic pattern of prostate cancer, differ-
ent tracer avidity with respect to the primary
cancer, disease bulk not correlating with the
tumor markers (prostate-specific antigen),
and morphologic findings on CT can often
act as indicators suggestive of a second neo-
plastic site. Figure 3 shows a patient with 3
concurrent malignancies for which the avid-
ity of the esophageal and lung lesions was
markedly distinct, pointing toward a possi-
ble separate origin of these 2 lesions; this
separate origin was subsequently confirmed
on histopathology.

In this regard, '®F-fluciclovine PET/CT,
with the advantage of whole-body survey,
can act as an indirect screening modality for
second malignancies in these patients, espe-
cially in those who are already at a higher
risk due to familial, genetic, or environmen-
tal predispositions (24). The confirmation of
a second benign neoplasm is also helpful as
these lesions might be suspected for meta-
static prostate carcinoma. In these cases, a
knowledge of the benign neoplasms that are
known to demonstrate avidity on '$F-fluci-
clovine PET/CT can be helpful (Table 2).
Although the site and pattern of involvement
can often point toward the possibility of a
nonprostatic disease, the distinction between
benign, malignant, and nonneoplastic entities
might not always be straightforward. This is
especially true of focal, tracer-avid lesions
when the location and anatomic features are
noncontributory in making a definitive diag-
nosis, and a tissue analysis is required.



TABLE 2
"8F_Fluciclovine Uptake in Nonprostatic Disease Sites: Review of Published Literature

Site Diagnosis Nature SUVmax Additional treatment Reference
Adrenal Adenoma Benign N/A N/A 87)
Brain Meningioma Benign N/A N/A (32
Pituitary adenoma Benign 7.5 Resection (33)
Oligodendroglioma Low-grade 6.5 N/A (34)
Gliomas Low/High grade —* —* ()]
Breast IDC, ILC Malignant = = ®)
Gastrointestinal Gastrointestinal stromal tumor Malignant 23 Imatinib (85)
Rectal carcinoid (metastatic) Malignant 1.9 N/A (36)
Colorectal carcinoma Malignant N/A N/A 37)
Acute appendicitis Nonneoplastic 5.4 Laparoscopic (38)
appendectomy
Genitourinary Urothelial carcinoma Malignant N/A 89)
Penile SCC (metastatic) Malignant N/A Excision (40)
Cervical SCC Malignant 5.1 N/A 47)
RCC Malignant = = (7)
Head and neck Oropharyngeal SCC Malignant 10.8 Excision, adjuvant 42)
radiation therapy
Warthin tumor Benign 7.4 N/A 43)
Hematolymphoid Multiple myeloma Malignant N/A (44)
Lymphoma Malignant N/A N/A 37)
Small lymphocytic leukemia Malignant 11.1 N/A (44)
Liver Hepatocellular carcinoma Malignant N/A 90Y_radioembolization (45)
Lung NSCLC - sarcomatoid differentiation Malignant 7.2 N/A (44)
NSCLC - adenocarcinoma Malignant 5.9 Carboplatin + (46)
paclitaxel, radiation
therapy
Miscellaneous Neurofibroma Benign N/A N/A 87)
Neuroendocrine neoplasm Grade 1 N/A Somatostatin analog 47)
therapy
Neuroendocrine carcinoma Malignant 7.3 Carboplatin/etoposide (48)
(metastatic)
Desmoid tumor Benign 3.3 N/A 49)
Musculoskeletal Melanoma (metastatic) Malignant 4.3 Resection (50)
Liposarcoma Malignant N/A Resection (57)
Paget disease Nonneoplastic 4.6 N/A (52)
Osteoid Osteoma Benign N/A N/A 37)
Pancreatic Pancreatic adenocarcinoma Malignant N/A Gemcitabline + (53)
(metastatic) paclitaxel
Thymus Thymoma Benign 7.1 Excision 54)

*Planned prospective studies with '8F-fluciclovine PET/CT in nonprostate malignancies.
IDC = infiltrative ductal carcinoma; ILC = infiltrative lobular carcinoma; N/A = details not available; NSCLC = non-small cell lung
carcinoma; SCC = squamous cell carcinoma.

Conversely, diffuse tracer uptake in the lungs with obvious CT find-
ings of pneumonia or diffuse tracer activity in an overactive muscle
group can be easily interpreted.

Although the current literature does not have these data for '8F-
fluciclovine PET/CT, a prior study on '®F-FDG PET/CT reported
the detection rate of histopathologic proven second malignancy to

SEcoND CANCERS ON '®F-FrucicLoving PET

be 1.2%, which is similar to 1.8% (11/601) in our study (/2). Spe-
cifically in prostate cancer, 1.5% patients were reported to have a
second malignancy on !'C-choline PET/CT, with primary lung
carcinoma being the most commonly diagnosed (25). A study of
764 patients with prostate cancer reported the presence of a syn-
chronous primary malignancy on %Ga-PSMA-11 PET/CT in
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5 (0.7%) patients (26). Of note, an additional 12 patients had sus-
picious lesions for which the final diagnosis was not reached. The
relatively higher detection rate of second malignancies in our
study could be attributed, at least in part, to the more ubiquitous
expression of amino-acid transporters on tumor cells of different
lineages, in comparison to PSMA. The most common incidentally
detected second malignancy on '3F-fluciclovine PET/CT in the
present study was RCC. A pilot study on the use of '8F-fluciclo-
vine PET/CT in RCC found that most of the lesions had a low-
grade tracer avidity, with the clear-cell variants showing tracer
avidity equal to or less than the normal parenchyma whereas the
avidity of 2 papillary RCC in a single patient was higher than the
uptake in the background renal parenchyma (7). Four of the 5 his-
topathologically proven RCC in our study were clear-cell variants,
with 2 of them showing avidity higher than the normal renal
parenchyma (Fig. 2; SUV . higher than the SUV ., of blood
pool and bone marrow), which could be easily appreciated on the
maximum-intensity-projection images. The single papillary RCC
lesion had a lower tracer avidity, which notably has been shown to
be relatively hypovascular on contrast CT studies in comparison to
clear-cell RCC (27). The discrepancy of degree of tracer uptake
between the different histologies of RCC may be better reviewed
in prospective studies with a larger cohort. However, a distinct
renal mass with any degree of avidity on '8F-fluciclovine PET/CT
should raise suspicion and prompt further workup (7).

Meningioma was the only benign neoplasm first suspected on '3F-
fluciclovine PET/CT (and confirmed on subsequent MRI), forming
18.7% of all 16 neoplastic entities. Prior studies have reported that
approximately 2% patients with prostate cancer have an incidentally
detected meningioma on '8F-fluciclovine PET/CT, forming one of
the most common benign diagnoses (28). Meningiomas also show
radiotracer uptake on somatostatin receptor imaging for neuroendo-
crine tumors, such as with ®%Ga-tetraazacyclododecanetetraacetic
acid-[1-Nal3]Joctreotide PET/CT, and on prostate cancer imaging
with %Ga-PSMA PET/CT (26,29). Meningiomas, especially when
tracer-avid, can mimic metastases on a 'SF-fluciclovine PET/CT
(with non—contrast-enhanced CT), although the brain is a rare site for
prostate cancer metastases (30). MRI of the brain is helpful in uncer-
tain diagnoses.

One of the limitations of the present study is its relatively lower
sample size in comparison to other similar studies performed with
8E.FDG PET/CT, although it is still the largest cohort reporting
these findings on '8F-fluciclovine PET/CT. Another limitation is
the retrospective design of the study, which did not permit review
of all the imaging studies to identify the separate contributions of
the PET and CT components. One of the main strengths of this
study is the availability of tissue diagnosis or an MRI correlate in
most of the patients with suspected second neoplasms. Future
studies can be prospectively planned in a larger patient cohort,
assessing possible factors (such as genotype, environmental fac-
tors, toxins) that could predispose to synchronous malignancies
and identifying robust imaging-based features that can distinguish
metastatic prostate cancer from second neoplasms, either benign
or malignant.

CONCLUSION

8F_fluciclovine PET/CT identified a second neoplasm in 2.7% of
the patients with prostate cancer, and 1.8% of all patients had a his-
topathologically confirmed second primary malignancy that was first
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detected on '8F-fluciclovine PET/CT. The most common second
malignancy detected on '8F-fluciclovine PET/CT was RCC.
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KEY POINTS

QUESTION: What is the detection rate of second neoplasms in
patients with prostate cancer on "8 _fluciclovine PET/CT?

PERTINENT FINDINGS: In this retrospective study, we showed
that "8F-fluciclovine PET/CT detected a second neoplasm in 2.7%
of patients with prostate cancer. Of these, the histopathology
yielded the diagnosis of a second malignancy in 68.7% patients;
the most common diagnosis was RCC.

IMPLICATIONS FOR PATIENT CARE: The study shows that
second neoplasms are not uncommon in patients with prostate
cancer, and '8F-fluciclovine PET/CT can aid in their detection,
which is vital for appropriate further management.
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There is a need for in vivo diagnostic imaging probes that can nonin-
vasively measure tumor-infiltrating CD8+ leukocytes. Such imaging
probes could be used to predict early response to cancer immuno-
therapy, help select effective single or combination immunotherapies,
and facilitate the development of new immunotherapies or immuno-
therapy combinations. This study was designed to optimize condi-
tions for performing CD8 PET imaging with Zr-Df-IAB22M2C and
determine whether CD8 PET imaging could provide a safe and effec-
tive noninvasive method of visualizing the whole-body biodistribution
of CD8+ leukocytes. Methods: We conducted a phase 1 first-in-
humans PET imaging study using an anti-CD8 radiolabeled minibody,
897r-Df-IAB22M2C, to detect whole-body and tumor CD8+ leukocyte
distribution in patients with metastatic solid tumors. Patients received
111 MBq of 39Zr-Df-IAB22M2C followed by serial PET scanning over
5-7 d. A 2-stage design included a dose-escalation phase and a
dose-expansion phase. Biodistribution, radiation dosimetry, and
semiquantitative evaluation of 8°Zr-Df-IAB22M2C uptake were per-
formed in all patients. Results: Fifteen subjects with metastatic mela-
noma, non-small cell lung cancer, and hepatocellular carcinoma were
enrolled. No drug-related adverse events or abnormal laboratory
results were noted except for a transient increase in antidrug antibod-
ies in 1 subject. 8Zr-Df-IAB22M2C accumulated in tumors and CD8-
rich tissues (e.g., spleen, bone marrow, nodes), with maximum uptake
at 24-48 h after injection and low background activity in CD8-poor tis-
sues (e.g., muscle and lung). Radiotracer uptake in tumors was noted
in 10 of 15 subjects, including 7 of 8 subjects on immunotherapy, 1 of
2 subjects on targeted therapy, and 2 of 5 treatment-naive subjects.
In 3 patients with advanced melanoma or hepatocellular carcinoma
on immunotherapy, posttreatment CD8 PET/CT scans demonstrated
increased 2°Zr-Df-IAB22M2C uptake in tumor lesions, which corre-
lated with response. Conclusion: CD8 PET imaging with 39Zr-Df-
IAB22M2C is safe and has the potential to visualize the whole-body
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biodistribution of CD8+ leukocytes in tumors and reference tissues,
and may predict early response to immunotherapy.

Key Words: 8°Zr-Df-IAB22M2C; PET imaging; CD8+ T cell; minibody;
immunotherapy
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Immunotherapy has become standard of care for the treatment
of many malignancies. Various strategies for enhancing the imm-
une response to tumor antigens have been developed, most notably
checkpoint inhibitors, as well as cancer vaccines, oncolytic viruses,
and bispecific T-cell engager antibodies. In 2018, almost 44% of
all cancer patients were eligible for treatment with checkpoint
inhibitors based on U.S. Food and Drug Administration—approved
regimens, but only a subset of patients respond (/-3).

T cells play a central role in the immune response to cancer,
and tumor infiltration by CD8+ T cells, either on pretreatment
biopsies or during the course of therapy, has been associated with
response to immunotherapy (4—8). However, biopsies to assess
T-cell infiltration are invasive and subject to sampling error, both
within a lesion and across the entire burden of disease. Thus, a
noninvasive method of visualizing CD8+ T-cell whole-body traf-
ficking and tumor infiltration has the potential to play a pivotal
role in guiding patient management by serving as an early measure
of response, helping to select effective single or combination
immunotherapies and facilitating the development of new immu-
notherapies by indicating pharmacodynamic activity. CD8 imag-
ing may even play a role in identifying patients with tumors likely
to be resistant to immunotherapy as well as in understanding
immune-related adverse events resulting from immunotherapy.

TAB22M2C is a humanized 80-kDa minibody genetically engi-
neered from the parent murine OKTS8 antibody that targets human
CD8 with high affinity. IAB22M2C is biologically inert, due to a
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lack of Fc receptor interaction domains, and has more rapid clear-
ance than a full-sized antibody, giving it favorable properties
for in vivo imaging. In vitro and in vivo preclinical studies with
897r-Df-IAB22M2C have shown that the probe does not impair
CD8+ T-cell proliferation, activation, or cytotoxicity (9,10). In
addition, preclinical PET imaging studies demonstrated the ability
of 8°Zr-Df-IAB22M2C to detect infiltrating CD8+ T cells in a
variety of mouse models (9—11).

On the basis of these preclinical data, we initiated a first-in-humans
study to evaluate 3°Zr-Df-IAB22M2C in patients with solid tumors.
An earlier report analyzed the data from the first 6 patients enrolled in
the dose-escalation phase of the trial (/2). Here, we report the results
from the dose-expansion phase of the trial, which was designed to fur-
ther explore minibody mass doses of the active pharmaceutical ingre-
dient (API) for PET imaging and provide the final results of the
safety, pharmacokinetics, biodistribution, and radiation dosimetry of
897r-Df-IAB22M2C in all patients enrolled in the phase 1 trial.

MATERIALS AND METHODS

A prospective phase 1, open-label, nonrandomized, PET imaging
study with $Zr-Df-IAB22M2C was performed under an investiga-
tional new drug application (IND 127861). The protocol was approved
by the Institutional Review Board, and all patients provided written
informed consent (ClinicalTrials.gov identifier NCT03107663).

Patients

Patients with histologically confirmed small cell or non—small cell
lung cancer, squamous cell carcinoma of the head and neck, mela-
noma, Merkel cell carcinoma, renal cell carcinoma, bladder cancer,
hepatocellular carcinoma, triple-negative breast cancer, gastroesopha-
geal cancers, or Hodgkin lymphoma with at least 1 measurable lesion
per RECIST 1.1 were eligible. Patients were either treatment-naive or
receiving standard-of-care therapy (without radiation therapy). All
patients underwent baseline imaging, including CT or MRI performed
as standard of care within 4 wk of ¥Zr-Df-IAB22M2C administration.
The study was conducted in 2 stages. During stage 1 of the trial, the
total TAB22M2C mass dose was escalated, starting with 0.2 mg of
API and increasing to 0.5, 1.0, 1.5, 5, and 10 mg of API consecutively
for the first 6 patients. In stage 2 (dose-expansion), an additional 9
patients were randomly assigned to receive either 0.5 mg (n = 4) or
1.5 mg (n = 5), given the results from the dose-escalation cohort sug-
gesting that lower minibody masses provided better visualization of
CD8-rich tissues and tumor lesions (/2). All patients underwent serial
PET imaging for biodistribution and dosimetry analysis.

89Zr-Df-1AB22M2C Minibody Formulation

IAB22M2C minibody, obtained from ImaginAb, Inc., was conjugated
to Good Manufacturing Practice—grade deferoxamine from Macrocyclics
at the Radiochemistry and Molecular Imaging Core Facility at Memorial
Sloan Kettering Cancer Center. Sterile Df-IAB22M2C was stored at 4°C
for up to 2 wk before radiolabeling. ¥Zr production and subsequent radio-
labeling of Df-IAB22M2C were performed as previously described for
other antibodies (/3—15). Approximately 0.2—1 mg of Df-IAB22M2C was
labeled with ¥Zr and purified by a PD-10 column. The final product was
supplemented with cold IAB22M2C minibody and diluted with formula-
tion buffer, as needed. Before release, the final radiolabeled product was
tested for appearance, pH, radiochemical identity, and purity by size-
exclusion high-performance liquid chromatography and instant thin-layer-
chromatography; for radionuclidic purity by y-spectroscopy; for endotoxin
level by portable test system reader; and for immunoreactivity by the bead
method. Sterility testing was performed after release. The radiolabeling
efficiency was >80%, radiochemical purity was >95% (as determined by
instant thin-layer-chromatography), and minibody binding was >90%.

CDS8 PET IMAGING wiTH S°Zr-DF-IAB22M2C  +

89Zr-Df-IAB22M2C Administration

A dose of 111 MBq (3 mCi) + 20% of ¥Zr-Df-IAB22M2C, in combi-
nation with cold IAB22M2C to make up the designated total mass bal-
ance, was administered intravenously over 5-10 min. No premedications
were administered. Patients were monitored and vital signs measured for
1-2 h after injection, and also during additional imaging visits up to 48
h after injection. Electrocardiograms were recorded before and 10 min
after injection. Side effects and reactions were graded per the Common
Terminology Criteria for Adverse Events, version 4.0.

Blood samples were evaluated for antidrug antibodies (ADAs) at
baseline, 3—4 wk after injection, and 8—12 wk after injection by BioA-
gilytix. Blood samples were evaluated for cytokines at baseline, and 4
and 24 h after injection by Charles River Laboratories.

89Zr-Df-IAB22M2C PET/CT Imaging and Analysis

Images were acquired at 3 centers using a Discovery 710 PET/CT
scanner (GE Healthcare), a Discovery STE PET/CT scanner (GE Health-
care), or an Ingenuity PET/CT scanner (Phillips Medical Systems). Each
patient underwent 45 whole-body PET/CT scans from the vertex of the
skull to feet at 24, 24 * 4, 48 * 4, and 92148 h after injection. If the
patient agreed, an additional scan was acquired between the first and sec-
ond scans at 6-8 h after injection. Emission scans were acquired in
3-dimensional mode at variable times per field of view (3 min on the
day of injection, extending to 7 min at 92—148 h). PET/CT scans were
acquired with low-dose CT for attenuation correction and lesion localiza-
tion. A single low-dose CT scan at 24 h after injection was obtained with
a 80 mA tube current (120 kVp; estimated radiation dose 9.0 mGy),
whereas all other low-dose CT scans were obtained with a 10 mA cur-
rent (120kVp; estimated radiation dose 1. mGy). Images were recon-
structed with a 70-cm field of view into a 128 X 128 matrix using
iterative ordered-subset expectation maximization (16 subsets; 2 itera-
tion). All corrections recommended by the manufacturer were applied.

897r-Df-IAB22M2C PET/CT images were analyzed by Imaging
Endpoints, LLC. Volumes of interest were drawn on PET/CT images
over the lung, liver, spleen, kidney (left), muscle (paraspinal), aorta,
bone marrow (L3 vertebrae), lymph nodes, and tumor lesions using
dedicated software (mintLesion 3.2 software). All tumor lesions iden-
tified on baseline imaging studies were measured. For comparison of
uptake trends, up to 3 target lesions per patient were analyzed; if more
than 3 lesions were present, the largest lesions were selected. SUV
was quantified using SUVypan (normal tissues), SUVpgax (tumor
lesions), or SUVyjax (tumor lesions) normalized to lean body mass.

Serum and Whole-Body Clearance Measurements

Multiple blood samples were obtained for assessment, including a
baseline sample before ¥°Zr-Df-IAB22M2C infusion, followed by
sampling at 5, 30, 60, 120, and 240 min after injection, and subse-
quently at the time of each PET scan, totaling 9-10 samples. Aliquots
of serum were analyzed for radioactivity using a Nal (TI) y-well-type
detector (Wallace Wizard 1480 automatic y-counter; Perkin Elmer);
measured activity concentrations were decay-corrected and converted
to percentage injected dose per liter. Aliquots of serum were also ana-
lyzed for 3°Zr-Df-IAB22M2C using a validated enzyme-linked immu-
nosorbent assay method by Charles River Laboratories. Activity in the
whole body was determined on the basis of whole-body PET scans.

A biexponential function was fitted to the serum data, and a monoex-
ponential function was fitted to the whole-body data using GraphPad
Prism (version 8.4.3; GraphPad Software Inc.). Biologic clearance rates
and corresponding half-times were derived from the fitted curves.

Normal-Organ (Tissue) Dosimetry

Radiation dosimetry analysis on all 15 patients was conducted by
CDE Dosimetry Services, Inc. Volumes of interest were drawn on PET
images for all organs, showing uptake above general body uptake,
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including heart, lung, liver, gallbladder, spleen, bone marrow, kidney,
small intestine, large intestine, salivary gland, testis, and urinary bladder.
Data modeling, estimation of normalized number of disintegrations, and
production of dosimetry estimates were performed using the RADAR
(RAdiation Dose Assessment Resource) method for internal dosimetry as
implemented in the OLINDA/EXM (version 1.1) software (/6). All of
these methods, including the image quantification, were also in general
concordance with the methodology and principles as presented in MIRD
pamphlet no. 16 (17). The effective dose (ED) was determined using the
methodology as described in International Commission of Radiological
Protection (ICRP) publication 103 (18). Additional details for the dosim-
etry analysis are provided in the supplemental materials (supplemental
materials are available at http://jnm.snmjournals.org).

Statistical Analysis

For patient demographics, medians and ranges were used to summa-
rize continuous variables and percentages were used to summarize cate-
goric variables. GraphPad Prism (version 8.4.3; GraphPad Software
Inc.) was used for all statistical analyses. The results are indicated as
mean = SD, and P values less than 0.05 were considered significant;
some results are shown as medians and interquartile ranges.

RESULTS

Fifteen patients were enrolled (Table 1); 6 patients were enrolled
in the initial dose-escalation phase (12) followed by an additional 9
patients in the dose-expansion phase. In the dose-escalation phase,
1 patient was enrolled in each of the following API dose groups:
0.2, 0.5, 1, 1.5, 5, and 10 mg; in the dose-expansion phase, 4
patients were enrolled in the 0.5-mg API dose group and 5 patients
enrolled in the 1.5-mg API dose group. At the time of imaging,
8 patients were on immunotherapy, 2 patients had discontinued
prior treatment with last dose > 5 mo before imaging, 3 patients
were treatment-naive, and 2 patients were receiving targeted ther-
apy. The mean injected activity was 106 MBq (2.87 mCi), with a
range of 93-121 MBq (2.52-3.26 mCi). The minibody mass of the
radiolabeled product was 0.12 mg for the 0.2-mg dose level; for
other levels, the mean (£SD) mass was 0.34 (=0.02) mg.

Safety and Tolerability

Injections were well tolerated, with no infusion site reaction
higher than grade 1 reported. No adverse events related to the study
drug were observed. There were no clinically significant changes in
vital signs, blood chemistry and hematology, blood cytokines, or
electrocardiograms. ADA analysis demonstrated transient immuno-
reactivity to $°Zr-Df-IAB22M2C in 1 of 15 patients at 3—4 wk after
infusion, which became undetectable by 8-12 wk after infusion
and was unaccompanied by symptoms or laboratory abnormalities.

Pharmacokinetics

Serum clearance was biexponential and dependent on the mass
of minibody administered, with more rapid clearance at lower
masses (Fig. 1A) likely due to a greater proportion of target-
mediated clearance. For the dose-expansion cohort in which
patients received 0.5 or 1.5 mg of minibody, the biologic half-times
were 0.33 = 0.10 h (range, 0.17-0.46 h) for the fast component («
phase, 61.5%) and 14 = 7.0 h (range, 2.7-25 h) for the slow com-
ponent (3 phase, 38.5%), based on serum radioactivity, and 0.38 =
0.29 h (range, 0.12—1.1 h) for the fast component (o phase, 75.5%)
and 6.4 = 3.4 h (range, 0.83—-11 h) for the slow component (3
phase, 24.5%), respectively, based on enzyme-linked immunosor-
bent assay measurements of 3°Zr-Df-IAB22M2C. At mass doses of
1.5 mg and lower, there was no detectable minibody in serum by
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TABLE 1
Patient Characteristics

All patients

Characteristic (n = 19)

Median age (y) 64 (range, 30-81)

Sex (n)
Male 9 (60)
Female 6 (40)
Tumor type (n)
Melanoma 8 (53)
Non-small cell lung carcinoma 6 (40)
Hepatocellular carcinoma 1(7)
Treatment profile at the time of imaging (n)
On immunotherapy (<2 mo) 3 (20)
On immunotherapy (>2 mo) 5 (33)
On targeted therapy (1-6 mo) 2 (13)
Discontinued prior treatment (=5 mo) 2 (13)
Treatment naive 3 (20)

Data in parentheses are percentages unless otherwise
indicated.

48 h after injection (Fig. 1A). Whole-body clearance for the dose-
expansion cohort conformed to monoexponential kinetics, with a
mean whole-body biologic half-life of 233 h (range, 71-341 h).

Biodistribution and Normal-Tissue Uptake

In the dose-expansion cohort, 3°Zr-Df-IAB22M2C cleared rap-
idly from the blood, with very low activity by 24 h after injection.
The highest uptake was seen in the spleen, followed by bone mar-
row and liver (Fig. 1B). Liver uptake remained fairly constant over
the imaging interval, whereas bone marrow and spleen uptake grad-
ually decreased over time. The gallbladder had minimal to no
uptake in most patients; in a few patients, the gallbladder was visu-
alized at 2—6 h after injection, and cleared on later images. Uptake
in the gastrointestinal tract was variable but generally peaked at
624 h and decreased thereafter, consistent with hepatobiliary
clearance. Renal uptake was primarily cortical and increased over
time, with similar activity compared with liver from 6 h after injec-
tion onward. Low-level activity was seen in the bladder in most
patients at early time points, with minimal activity on later images.

897Zr-Df-IAB22M2C accumulated in CD8-rich tissues (e.g.,
spleen, bone marrow, and lymph nodes), with maximum uptake at
24-48 h after injection (Fig. 2A) along with low background activ-
ity in CD8-poor tissues such as muscle and lung (Fig. 2B). Normal
lymph nodes were ¥Zr-Df-IAB22M2C-avid in all patients, pri-
marily in the cervical, axillary, and inguinal regions, but also in
the mediastinum, hila, abdomen, and pelvis. Lymph nodes as
small as 3 mm in short-axis diameter had an SUVyax of up to
6.9, and lymph nodes measuring 4 and 5 mm had an SUVyax of
up to 11.8 and 17.4, respectively. Comparison of subjects in the
dose-expansion cohort who were given 1.5 or 0.5 mg of API dem-
onstrated reduced uptake in bone marrow and spleen at 1.5 mg of
API but similar uptake in lymph nodes (Fig. 2A). In CD8-poor tis-
sues (e.g., muscle and lung), no differences in uptake were noted
between the 1.5- and 0.5-mg groups.
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FIGURE 1. Serum clearance and biodistribution of 89Zr-Df-IAB22M2C. (A) Serum clearance of 89Zr-Df-IAB22M2C based on enzyme-linked immuno-
sorbent assay measurements (limit of detection = 5 ng/mL). No minibody was detected in serum at the 0.2-mg dose. (B) Whole-body PET images of a
patient at various times after injection of #Zr-Df-IAB22M2C (1.5-mg minibody dose) demonstrating the distribution of 2°Zr-Df-IAB22M2C in normal tis-
sues and uptake in a nodal metastasis in the right neck (arrow), with good visualization of uptake in the nodal metastasis at 24-48 h after injection.

Normal-Tissue Dosimetry

The average absorbed dose estimates for normal tissues are pro-
vided in Supplemental Table 1. The organs receiving the largest
dose were the spleen at 12 *= 4.9 mGy/MBq followed by the kid-
neys at 2.3 * 0.62 mGy/MBq and liver at 1.9 = 0.50 mGy/MBgq.
The mean ED (effective dose, ICRP 103 (/8)) was 0.65 = 0.080
mSv/MBq. Comparison of groups in the dose-expansion cohort
revealed similar dosimetry in subjects who received 1.5 mg of mini-
body compared with 0.5 mg, with a trend toward lower absorbed
doses in the spleen (11 vs. 15 mGy/MBgq, respectively) and bone
marrow (0.68 vs. 0.81 mGy/MBgq, respectively) and a lower mean
ED (0.64 vs. 0.67 mSv/MBq, respectively) at the higher mass dose.

Lesion Targeting and Uptake

Tumor lesion uptake data are listed in Supplemental Table 2.
897r-Df-IAB22M2C accumulated in tumor lesions, with maximum
values 2448 h after injection (Fig. 2C), similar to CD8-rich tis-
sues. Radiotracer uptake in tumors was variable and noted in 10 of
15 (67%) patients, favoring slightly higher tumor uptake on aver-
age in the 1.5-mg cohort compared with the 0.5-mg cohort although
this was not statistically significant (Fig. 2D). Tumor uptake above
background was observed in 7 of 8 (88%) patients receiving immu-
notherapy, 1 of 2 (50%) patients who had discontinued therapy, 1
of 3 (33%) patients who were treatment-naive, and 1 of 2 (50%)
patients on targeted therapy. When Zr-Df-IAB22M2C uptake
was analyzed by tumor type, the 2 largest cohorts (melanoma and
non—small cell lung cancer) had similar ranges of tumor uptake
with similar time—activity curves (results not shown). Several tumor
lesions that were quite large had uptake at background (similar to
blood pool), including metastatic lymph nodes measuring up to
5.4cm and lung nodules measuring up to 4.7 cm (Supplemental
Fig. 1). In addition, some tumor lesions that were small had signifi-
cant uptake, such as a 0.7-cm metastatic lymph node with an SUV-

This trial was not designed to correlate tumor uptake with
response to therapy; however, clinical follow-up was available for 3
patients. In 1 patient with regionally advanced melanoma, a CDS8
PET/CT scan acquired 28 d after initiating immunotherapy (pembro-
lizumab) demonstrated marked 5°Zr-Df-IAB22M2C uptake in 2
nodal metastases in the left axilla (SUVyax of 9.5 and 10.0)

CDS8 PET IMAGING wiTH S°Zr-DF-IAB22M2C  +

(Fig. 4), suggesting that the patient had a high degree of CD8+ leu-
kocyte infiltration in the tumor; follow-up CT imaging in this patient
demonstrated a complete response to therapy, which has lasted 2.3+
years. In another patient with metastatic melanoma, an '8F-FDG
PET/CT acquired at approximately 8 mo after immunotherapy (pem-
brolizumab) initiation demonstrated '*F-FDG-avid metastases in the
right neck with slightly increased size compared with prior studies
that still qualified as stable disease. Subsequent CD8 PET/CT imag-
ing, performed 1 mo after the 'F-FDG PET/CT, demonstrated
marked 3°Zr-Df-IAB22M2C activity in both metastases (SUVyax
of 5.4 and 14.6) (Fig. 3), suggesting that the tumor had a high degree
of CD8+ leukocyte infiltration; follow-up imaging over the next
6 mo supported the possibility this reflected a productive antitumor
immune response because the patient experienced stable disease in
these lymph nodes. In a third patient with metastatic hepatocellular
carcinoma who progressed on sorafenib, CD8 PET/CT imaging
performed 14 d after starting nivolumab demonstrated markedly
increased %°Zr-Df-IAB22M2C activity in the primary tumor
(SUVpmax = 19.3) (Supplemental Fig. 2), suggestive of tumor infil-
tration by CD8+ leukocytes; follow-up CT imaging demonstrated a
partial response to therapy, which has lasted 3+ y. In addition, the
patient had an associated drop in a-fetoprotein from 33.2 ng/mL
(pretreatment) to 1.4 ng/mL (3 y after initiation of therapy).

DISCUSSION

A noninvasive method of visualizing CD8+ T-cell whole-body
biodistribution and tumor infiltration, both before and during ther-
apy, has the potential to play a pivotal role in guiding patient man-
agement. In this first-in-humans trial, CD8-targeted PET imaging
with 8°Zr-Df-IAB22M2C, a humanized anti-CD8 minibody, was
demonstrated in patients with a variety of malignancies. An earlier
report analyzed the data from the first 6 patients enrolled in the
dose-escalation phase of the trial (/2). Here, we report the final
results from the trial, including results from the dose-expansion
phase, which was designed to identify the optimal minibody mass
dose for PET imaging. In this study, 3°Zr-Df-IAB22M2C was
found to be safe and well tolerated, with no infusion reactions
higher than grade 1 and no drug-related adverse events. ADAs
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FIGURE 2. %°Zr-Df-IAB22M2C uptake in normal tissues and tumor lesions versus time. (A) 3°Zr-Df-
I1AB22M2C uptake in CD8-rich reference tissues in patients administered 0.5 and 1.5 mg of minibody
mass. (B) 89Zr-Df-IAB22M2C uptake in CD8-poor reference tissues in patients administered 0.5 and
1.5 mg of minibody mass. (C) Box and whisker plots of 89Zr-Df-IAB22M2C uptake in tumor lesions
from all subjects (n = 15). Boxes outline first and third quartile values. Median SUVjax values are
indicated by horizontal line and mean SUV\ax values are indicated with +. Outlier values are indi-
cated by dots. (D) 8°Zr-Df-IAB22M2C mean tumor uptake in patients who received 0.5 and 1.5 mg
of minibody mass. BM = bone marrow; LN = lymph nodes.

expected, as these are common sites for reac-
tive processes due to infectious or environ-
mental stimuli. Even very small lymph nodes
(measuring 3 mm in short-axis diameter)
were radiotracer-avid, suggesting that the
imaging probe has high sensitivity for CD8+
leukocytes. In addition, 3°Zr-Df-IAB22M2C
uptake in CDS8-rich tissues was saturable,
with lower uptake in the spleen and bone
marrow in the 1.5-mg cohort than in the 0.5-
mg cohort. No differences in lymph node
uptake were seen between the 1.5- and 0.5-
mg cohorts, possibly due to greater blood
flow to, and availability of, target sites in the
spleen and bone marrow relative to lymph
nodes. In CD8-poor tissues (e.g., muscle and
lung), no differences in uptake were noted
between the 1.5- and 0.5-mg groups.
Although there were differences in uptake
over time, and in the 1.5- versus 0.5-mg
cohorts, these differences were fairly small,
suggesting that 3°Zr-Df-IAB22M2C will pro-
vide a relatively stable signal despite variabil-
ity in uptake time and minibody mass doses
that can occur during clinical studies.

were detected in 1 patient at 3—4 wk after infusion, which became
undetectable by 8—12 wk after infusion.

The biodistribution of %Zr-Df-IAB22M2C was consistent with
CD8+ leukocyte targeting: not all CD8+ leukocytes are T cells, with
robust uptake of °Zr-Df-IAB22M2C in CDS8-rich tissues (e.g., spleen,
bone marrow, and lymph nodes) with maximum uptake at 24-48
h after injection, and relatively low uptake in CDS8-poor tissues (e.g.,
muscle and lung). Radiotracer-avid normal lymph nodes were fre-
quently seen in the neck, axilla, and inguinal regions, which is

The radiation exposure for $Zr-Df-
IAB22M2C, with an effective dose (ICRP 103 (18)) of 0.65 = 0.080
mSv/MBq, was comparable to that for other ¥Zr-labeled imaging
probes (19-23). The relative organ doses from %°Zr-Df-IAB22M2C
were also comparable to other #*Zr-labeled imaging probes, although
the spleen dose for 3°Zr-Df-IAB22M2C was higher. Comparison of
groups in the dose-expansion cohort revealed similar dosimetry in
subjects who received 1.5 mg of minibody compared with 0.5 mg,
with a trend toward lower absorbed doses in the spleen (11 vs. 15
mGy/MBgq, respectively) and bone marrow (0.68 vs. 0.81 mGy/

18F-FDG PET/CT CD8 PET/CT

FIGURE 3. A 77-y-old man with metastatic melanoma treated with pembrolizumab. CT and fused
"8F_FDG PET/CT images (left) acquired at approximately 8 mo after initiation of immunotherapy
demonstrate 2 "®F-FDG-avid nodal metastases in right neck (SUVuax = 8.0, top image; SUViax =
16.8, bottom image), which could represent viable metastases. Corresponding CT and fused CD8
PET/CT images (right) obtained at 1 mo after '®F-FDG PET/CT demonstrate significant tracer activity
in both metastases (SUVyax = 5.4, top image; SUVax = 14.6, bottom image), which suggests that
some of the '®F-FDG activity could be due to tumor-infiltrating CD8+ T cells rather than tumor cells.
Follow-up imaging over the next 6 mo demonstrated stable disease, supportive of this hypothesis.
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MBgq, respectively) and a lower effective
dose (0.64 vs. 0.67 mSv/MBgq, respectively)
at the higher mass dose.

Analysis of ¥Zr-Df-IAB22M2C uptake in
tumor lesions revealed maximum uptake at
2448 h after injection, with slightly higher
uptake in the 1.5-mg cohort than in the
0.5-mg cohort, similar to CDS8-rich tissues.
Although the number of patients was small,
most (88%) tumor lesions were radiotracer-
avid in patients on immunotherapy, which
may reflect the modulation of the immune
system and infiltration of tumor lesions by
CD8+ leukocytes. A variety of different
lesions (lung nodules, nodal metastases,
liver metastases), including large lesions,
had radiotracer activity at background,
demonstrating that 3°Zr-Df-IAB22M2C
has low nonspecific uptake and thus has
the potential to quantify CD8+ leuko-
cytes across a wide dynamic range, in-
cluding those with few to no CD8+ cells,
often termed “immune desert” on histo-
logic appearance (24). Although this trial
was not designed to correlate tumor



28 d after treatment
(CD8 PETI/CT)

Baseline
('®F-FDG PET/CT)

3 mo after treatment

CD8-poor (SUVyax range, 0.35-0.60) tis-
sues (based on known histology of these tis-
sues rather than directly on biopsy material
from study patients) from 24 h onward. An
additional limitation of this study is a lack of
correlative biopsy data, although the biodis-
tribution of %°Zr-Df-IAB22M2C aligned
with the expected distribution of CD8+ leu-
kocytes, with saturable signal in CDS8-rich
tissues at higher doses of cold minibody. An
ongoing phase 2 trial (NCT03802123) will
test both the diagnostic performance and
the predictive performance of 8°Zr-Df-
IAB22M2C, by correlating CD8 signal on
PET/CT imaging to CD8+ T-cell infiltration
from biopsy samples, and response to cancer
immunotherapy, respectively.

(CT)

CONCLUSION

FIGURE 4. A 71-y-old man with locally advanced stage Il melanoma treated with pembrolizumab.
Baseline CT and fused '®F-FDG PET/CT images (left) demonstrate 2 '®F-FDG-avid metastases in
left axilla (SUVyax = 10.0, medial node; SUVpax = 7.6, lateral node). CT and fused CD8 PET/CT
images (middle) obtained at 28 d after start of immunotherapy demonstrate increased tracer activity
in both metastases (SUVyax = 9.5, medial node; SUVuax = 10.0, lateral node), suggestive of tumor
infiltration by CD8+ T cells. Follow-up imaging with contrast-enhanced CT (right) demonstrated

complete response to therapy.

uptake with response to therapy, clinical follow-up was avail-
able for 3 patients with metastatic melanoma or hepatocellular
carcinoma on immunotherapy (pembrolizumab or nivolumab).
All 3 patients demonstrated increased 3°Zr-Df-IAB22M2C
uptake in tumor lesions after initiation of immunotherapy, indi-
cating the presence of CD8+ tumor—infiltrating leukocytes, and
correlated with subsequent benefit from immunotherapy. Inter-
estingly, all 3 patients had variable uptake at sites of metastases
(Supplemental Table 2), with some lesions demonstrating
marked uptake (SUVyax = 10) and other lesions near back-
ground activity, suggesting that the kinetics of response might
vary between lesions and the presence of one or more PET-
positive lesions might be enough to predict response. Although
formal study in larger cohorts is needed, these cases illustrate
the potential CD8 PET/CT imaging could ultimately have in
clinical care to help assess response to immunotherapy.

8F_.FDG and '3F-FLT PET/CT have also been used to assess
response to immunotherapy (25-32). However, these probes do
not specifically target the immune system, so changes in organ
and tumor uptake can be difficult to interpret. Recently, the results
from a PET imaging trial with 3°ZED88082A, a CDS8-targeted
probe, were presented (33). °ZED88082A demonstrated uptake
in the spleen, lymph nodes, and bone marrow similar to that of
897r-Df-IAB22M2C; however, comparison of tumor uptake is dif-
ficult given differences in patient populations.

One limitation of this study is the heterogeneous, small patient
population, with different tumor types, tumor burden, and treatment
history. However, despite these differences the scans were remark-
ably similar, with comparable normal-tissue biodistribution and
stable uptake in both CDS8-rich (SUVyax range, 3.7-58) and

CDS8 PET IMAGING wiTH S°Zr-DF-IAB22M2C  +

This first-in-humans study demonstrated
that PET imaging with ¥Zr-Df-IAB22M2C
is safe and well tolerated, and has the
potential to visualize the whole-body bio-
distribution of CD8+ leukocytes in tumors
and reference tissues, which may predict
response to immunotherapy. The results
from this study, including the optimal scan
timing (24 h after injection) and minibody
mass dose (1.5 mg), are being used in the phase 2 study of ¥Zr-
Df-IAB22M2C, which is currently under way.
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KEY POINTS

QUESTION: Is it feasible to image CD8+ leukocytes in patients
with cancer using ®°Zr-IAB22M2C PET/CT?

PERTINENT FINDINGS: 2°Zr-Df-IAB22M2C was found to be safe
and well tolerated, with tumor uptake spanning a wide dynamic
range. Additionally, the optimal scan timing (24 h after injection)
and minibody mass dose (1.5 mg) were selected. In 3 cases with
clinical follow-up, increased #9Zr-Df-IAB22M2C uptake in tumor
lesions correlated with response.

IMPLICATIONS FOR PATIENT CARE: CD8 PET/CT imaging with
897r-Df-IAB22M2C is currently being studied as a predictor of or
early measure of response to cancer immunotherapy.
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Fibroblast activation protein (FAP) is overexpressed in several solid
tumors and therefore represents an attractive target for radiotheranos-
tic applications. Recent investigations demonstrated rapid and high
uptake of small-molecule inhibitors of FAP ((®Ga-FAPI-46) for PET
imaging. Here, we report our initial experience of the feasibility and
safety of ®°Y-FAPI-46 for radioligand therapy of extensively pretreated
patients with solid tumors. Methods: Patients were considered for
S0Y_FAPI-46 therapy if they showed both an exhaustion of all approved
therapies based on multidisciplinary tumor board decision, and high
FAP expression, defined as SUV o« greater than or equal to 10 in more
than 50% of all lesions. If tolerated, *°Y-FAPI-46 bremsstrahlung scin-
tigraphy was performed after therapy to confirm systemic distribution
and focal tumor uptake, and *°Y-FAPI-46 PET scans were performed
at multiple time points to determine absorbed dose. Blood-based
dosimetry was used to determine bone marrow absorbed dose.
Adverse events were graded using Common Terminology Criteria for
Adverse Events (version 5.0). Results: Nine patients either with meta-
static soft-tissue or bone sarcoma (n = 6) or with pancreatic cancer
(n = 3) were treated between June 2020 and March 2021. Patients
received a median of 3.8 GBq (interquartile range [IQR], 3.25-5.40 GBq)
for the first cycle, and 3 patients received subsequent cycles with a
median of 7.4 GBq (IQR, 7.3-7.5 GBq). Posttreatment *CY-FAPI-46
bremsstrahlung scintigraphy demonstrated sufficient CY-FAPI-46
uptake in tumor lesions in 7 of 9 patients (78%). Mean absorbed dose
was 0.52 Gy/GBq (IQR, 0.41-0.65 Gy/GBq) in the kidney, 0.04 Gy/GBq
(IQR, 0.03-0.06 Gy/GBq) in bone marrow, and less than 0.26 Gy/GBq
in the lung and liver. Measured tumor lesions received up to 2.28 Gy/
GBq (median, 1.28 Gy/GBq). New laboratory G3 or G4 toxicities were
noted in 4 patients (44%, n = 2 patients with thrombocytopenia
only, n = 2 patients with new onset of thrombocytopenia and anemia).
Other G3 or G4 laboratory-based adverse events occurred in 2 patients
or fewer. No acute toxicities attributed to *°Y-FAPI-46 were noted.
Radiographic disease control was noted in 4 patients (50%).
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Conclusion: FAP-targeted radioligand therapy with *°Y-FAPI-46 was
well tolerated, with a low rate of attributable adverse events. Low radia-
tion doses to at-risk organs suggest feasibility of repeat cycles of *°Y-
FAPI-46. We observed signs of tumor response, but further studies are
warranted to determine efficacy and the toxicity profile in a larger
cohort.

Key Words: FAPI; theranostics; fibroblast activation protein; solid
tumors
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The fibroblast activation protein (FAP) is expressed by cancer-
associated fibroblasts as well as cancer cells such as sarcoma and
mesothelioma (/-3). Therefore, FAP is an attractive target for
both imaging and radionuclide therapy of solid tumors. Previously,
several groups have described high tumor uptake for ®Ga- or 8F-
labeled PET compounds (4—9). For imaging, we used the FAP-
targeted inhibitor FAPI-46 for diagnostic work-up of cancer types
such as pancreatic cancer and sarcoma (/0,11).

Recently, FAP-targeted radioligand therapy (RLT) has been
described in several case reports (/2—14); however, feasibility has
not yet been systematically analyzed. In this case series, *°Y-
labeled FAPI-46 (°°Y-FAPI-46) RLT was offered to patients with
advanced-stage solid tumors who have exhausted all established
lines of treatment. °°Y features high-branching-ratio 3~ emission
(99.99%) with an endpoint energy of 2.280 MeV, allowing high
dose deposition within defined tumor lesions. Its relatively short
half-life of 64.1 h makes it appropriate for therapeutic combina-
tions in which the biochemical vector exhibits a short target reten-
tion time. Preclinical studies on FAPI-46 have demonstrated a
decrease to 30% of tumor uptake from 1 to 24 h after injection
(14). Posttreatment *°Y-FAPI-46 scintigraphy is performed by
measuring the 3 emission—associated bremsstrahlung radiation.
90y decays by internal conversion (0.0032%), emitting a positron
with a total kinetic energy of 0.760 MeV. Positron emission ena-
bles PET quantitative data for dosimetry (15).
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In this study, we report on the safety, dosimetry, and response for
repeat “°Y-FAPI-46 RLT in patients with advanced solid tumors.

MATERIALS AND METHODS

This was a monocentric, retrospective study of 9 patients with pro-
gressive, advanced-stage solid tumors receiving *°Y-FAPI-46 under
compassionate access for a clinical indication. Radionuclide treatment
was recommended by a multidisciplinary tumor board. All patients
either had previously progressed during established treatment options
or were not eligible to receive other treatments. This study was
approved by the institutional review board (reference 21-9842-BO).
All patients provided written informed consent to undergo clinical
RLT and for retrospective analysis of clinical data. All patients under-
went PET imaging with ®*Ga-FAPI-46 before treatment to confirm the
FAP positivity of tumor lesions, defined as an SUV,,,, greater than or
equal to 10 in more than 50% of all lesions (Fig. 1). Imaging proce-
dures were described previously (/0); in brief, patients received a
median of 103 MBq of ®®Ga-FAPI-46 (interquartile range [IQR],
87-133.5 MBq) intravenously and were scanned at a median of
37 min (IQR, 24.5-60 min) after injection. To be eligible for treat-
ment, patients needed adequate bone marrow function (i.e., leukocytes
> 2.5/nL, hemoglobin > 7.0 mg/dL, and thrombocytes > 75/nL),
with exceptions for patients receiving regular transfusions. Before
treatment, renal scintigraphy with *°™Tc-MAG3 was performed to
rule out urinary tract obstruction.

90Y.FAPI-46 Synthesis

90Y_FAPI-46 was synthesized using the Easyone synthesis module
(Trasis) connected to shielded *°Y-YCl; solution (Yttriga; Eckert and
Ziegler). Before the automated synthesis started, the cassette was pre-
loaded with FAPI-46 precursor (ABX, 8 wg/GBq), ascorbic acid, and
sodium acetate buffer saline vials. The synthesis was fully automated
using a good-manufacturing-practice—grade reagent and controlled by a
preprogrammed sequence. The *°Y-YCl; solution was transferred into
the reactor, followed by the precursor and buffer mixture. For radiolab-
eling, the reaction mixture was heated to 90°C for 20 min. Afterward,
the product was transferred into the bulk vial through a sterile filter and
formulated with pentetic acid (1 mL, Ditripentat-Heyl; Heyl), ascorbic
acid (~40 mg/GBq, vitamin C; Rotexmedica), and saline. The quality
control procedures included reverse-phase—high-performance liquid

chromatography, instant thin-layer chromatography, pH, endotoxin, and
sterility testing. The average yield was 88% =+ 7%, reverse-phase—
high-performance liquid chromatography radiochemical purity was
98% = 1%, concentration was 883 * 70 MBg/mL, and shelf life
was 24 h.

90Y-FAPI-46 Administration

Patients underwent inpatient treatment to ensure radiation safety. Vital
signs were monitored before and after administration of *°Y-FAPI-46.
Patients 1 and 2 received a planned activity of 7.4 GBq of *°Y-FAPI-46
for the first cycle. All other patients received a planned first activity
(scout dose) of 3.8 GBq of °Y-FAPI-46 with dosimetry. Focal *°Y-
FAPI-46 uptake was noted in more than 50% of tumor lesions on post-
treatment *°Y-FAPI-46 bremsstrahlung scintigraphy (Fig. 1), and if clini-
cally indicated, patients were eligible to receive further cycles with 2
doses of 3.8 GBq of *°Y-FAPI-46 (high dose), given on the same therapy
day but 4 h apart. We chose fractionated applications to optimize pro-
longed radiation delivery on the basis of the observed short biologic half-
life during scout cycles, which appeared to be less than 24 h. A therapeu-
tic solution was administered intravenously with 500 mL of saline.
Bremsstrahlung scintigraphy was performed approximately 24 h or,
if possible, 0.5 h after therapy to confirm systemic distribution and focal
tumor uptake. Whole-body planar imaging was performed at a scan
speed of 10 cm/min, with an energy window of 90 — 125 keV and using
a medium-energy collimator. All patients were discharged 48 h after
administration, in accordance with radiation protection regulations.

Dosimetry

If tolerated, patients underwent dosimetry after therapy. *°Y-FAPI-
46 PET scans were not performed in cases of severe pain, a long
acquisition (n = 3 during cycle 1 and n = 1 during cycle 2), or inabil-
ity to tolerate or allow repeated blood sampling (» = 4). Bone marrow
dosimetry was measured using repeated blood samples (0.5, 1, 2, 4,
24, 36, and 48 h after injection) and estimated according to OLINDA/
MIRD recommendations. Dose absorbed by tumor lesions and kidneys
was estimated using PET acquisitions. PET images were acquired
at multiple time points (0.5, 3, and 18-24 h after injection) after
%0Y-FAPI-46 application. Data from at least 2 time points were neces-
sary to determine lesion dose. Tumor and organ dosimetry was
assessed by analyzing the respective regions of interest in the PET
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FIGURE 1. Pretreatment ®Ga-FAPI-46 PET images and posttreatment °°Y-FAPI-46 bremsstrahlung scintigraphs after first cycle of °°Y-FAPI-46 RLT.
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images, from which the pharmacokinetic behavior was fitted to mono-
exponential functions. Images were acquired in a Siemens mCT or
Biograph Vision scanner, following an optimized protocol for quantifi-
cation (/6). PET quantification accuracy was validated in a National
Electrical Manufacturers Association phantom, being considered most
favorable when scanned in a silicon photomultiplier PET/CT scanner.
Maximum liver and lung doses were assessed individually on the basis
of minimum measurable *°Y-FAPI-46 uptake in prior PET phantom
studies. We considered the number of disintegrations that would take
place in the organ, assuming the minimum detectable activity concen-
tration of 100 kBg/mL and the pharmacokinetics observed in blood
dosimetry at the standard organ volumetry stated in the OLINDA.

Outcomes and Statistical Analysis

Toxicity was recorded as per the Common Terminology Criteria for
Adverse Events (version 5.0). Clinical, laboratory, and imaging follow-
up was performed as per clinical routine, with laboratory and clinical
visits every 2—4 wk and imaging within 1-2 mo. Imaging response
was defined as per RECIST (version 1.1) for CT and PERCIST for
E_.FDG PET/CT (I7,18). Disease control was defined as complete
(metabolic) response, partial (metabolic) response, or stable (metabolic)
disease. All patients received baseline imaging with '*F-FDG PET/CT
to rule out sites of discordant disease. '*F-FDG PET/CT was performed
2 wk after the first cycle in 7 patients (78%) (Supplemental Figs. 1-9;
supplemental materials are available at http://jnm.snmjournals.org). For
overall response rate, response was defined as complete (metabolic)
response or partial (metabolic) response. Descriptive statistics were
used to present data; median and IQR were used for continuous meas-
ures, and absolute number and percentage were used for categoric data.
No statistical tests were used for this study. All statistical analysis was
performed using R statistics (version 3.4.1, www.r-project.org).

RESULTS

Patient Characteristics

Nine patients either with metastatic soft-tissue or bone sarcoma
(n = 6) or with pancreatic cancer (n = 3) were treated between
June 2020 and March 2021 (Table 1). The median age was 57 y
(IQR, 55-62 y). At baseline, most patients had a median of
6 (IQR, 2-6.5) previous systemic treatment lines (Table 1) and
were progressive during their last regimen. The Eastern Coopera-
tive Oncology Group score for most patients was greater than or
equal to 2 (n = 6; 67%), and only 3 patients had an Eastern Coop-
erative Oncology Group score of 1 at baseline (Table 1).

Treatment and Dosimetry

Patients received a median dose of 3.8 GBq (IQR, 3.25-5.40 GBq)
for the first cycle and 7.4 GBq (IQR, 7.3-7.5 GBq) for any subsequent
cycle. Patient 3 received 3 cycles of °Y-FAPI-46 with a cumulative
activity of 18.3 GBq. Patients 8 and 9 each have received 2 cycles of
%0Y-FAPI-46 for a total of 11.2 and 10.0 GBq, respectively. All other
patients (n = 6) stopped treatment after the first cycle because of lack
of focal *°Y-FAPI-46 uptake based on posttreatment *°Y-FAPI-46
scintigraphy in the tumor after the first cycle (n = 2) or rapid deterio-
ration or death before the second cycle (n = 4).

Median renal absorbed dose was 0.52 Gy/GBq (IQR, 0.41-0.65
Gy/GBq; n = 4) per cycle. A median bone marrow absorbed dose of
0.04 Gy/GBq (IQR, 0.03-0.06 Gy/GBq; n = 5) was observed over
all cycles. Liver and lung dosimetry was considered only for those
patients on whom bone marrow dosimetry was performed. The maxi-
mum observed dose in liver and lung was less than or equal to 0.26
Gy/GBq, based on the assumptions presented in the methodology
section.
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TABLE 1
Patient Characteristics
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Tumor sites (primary and metastatic)
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Male
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chondrosarcoma

Follow-up 36

28

Kidney, liver, lung pleura

Spindle cell sarcoma

Male

56
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pancreatic ductal adenocarcinoma; GNET = gastrointestinal neuroectodermal tumor.
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sion, the median time until progression or
death was 18.5 d (IQR, 14.8-38.5 d). There
were no acute or allergic reactions observed
immediately after infusion of *°Y-FAPI-46.
One patient, with advanced pulmonary
metastasis and progressive intratumoral arte-
riovenous shunts, died because of acute
respiratory failure attributed to tumor pro-
gression shortly after receiving his second
cycle. Another patient developed a fever
shortly after her first cycle, which was likely

FIGURE 2. Posttreatment “°Y-FAPI-46 PET images 4 h after injection with corresponding

absorbed dose estimates for 4 lesions in patient 2.

Lesion dosimetry was available for 9 lesions in 6 patients,
exemplarily shown for patient 2 (Fig. 2). Median tumor effective
half-life was 8.7 h (range, 5.5—18 h). Median dose absorbed by
tumor lesions after the first cycle was 1.28 Gy/GBq (IQR,
0.83-1.71 Gy/GBq) per cycle for target lesions and 0.95 Gy/GBq
(IQR, 0.74-1.32 Gy/GBq) for secondary lesions. The highest
doses were observed in patients 6 (1.37 Gy/GBq), 3 (1.23 Gy/
GBq), and 9 (2.28 Gy/GBq). For subsequent cycles in patients 3
and 9, a median lesion dose of 1.28 and 2.04 Gy/GBq per cycle
was measured, respectively. Table 2 outlines the dosimetry results.

Adverse Events and Follow-up

The median follow-up time was 44 d (IQR, 36-83.5 d). Three
patients are still receiving RLT and had received 2 or 3 cycles at that
point. Five patients died during follow-up. All 5 deaths were consid-
ered to be due to tumor progression and not related to *°Y-FAPI-46

due to acute urinary tract infection and non-
compliance with antibiotic medication. At
baseline, 5 patients had one or more ongoing
toxicities greater than or equal to grade 3.
These were anemia (n = 2), increase of alkaline phosphatase (n =
1), or increase of y-glutamyltransferase (n = 3) (Table 3). During
follow-up, 4 patients showed new grade 3 or grade 4 laboratory tox-
icities (Table 3; Fig. 3). These 4 new adverse events were grade 3
thrombocytopenia (n = 4) possibly related to *°Y-FAPI-46 and were
also in temporal relation to either tumor progression or initiation of
other concomitant systemic therapy (Fig. 3). One patient showed
new grade 3 anemia, and 2 patients showed new increases of hepatic
or pancreatobiliary serum markers greater than or equal to grade 3
(Table 3). All 3 of these new adverse events were rated as disease
progression, given that all 3 of these patients had pancreatic cancer
(Fig. 3). A detailed course of the relevant laboratory parameters is
shown in Supplemental Figure 10.

Response Evaluation
Radiologic response as per RECIST (version 1.1) was available
for 8 patients. The median time between imaging and the first

TABLE 2
90Y-FAPI-46 Administered Activity and Absorbed Doses Per Cycle

Radiation dose (Gy/GBq)

Patient no. Cycle no.  Activity (GBg)  Tumor lesion 1 Tumor lesion 2 Kidney Liver and lung®  Bone marrow
1 1 7.1 0.74 0.63 — — =
1 7.0 - - - - -
1 3:5 1.23 1.23 0.75 <0.18 0.06
2 7.3 1.28 0.95 0.41 <0.19 0.04
3 7.5 1.47 1.35 0.61 <0.15 0.04
4 1 3.8 — — — — —
5] 1 3.8 — — — <0.16 0.06
6 1 3.0 1.37 - - - -
7 1 B85 0.91 0.84 0.52 <0.16 0.03
8 1 3.8 0.49 — 0.11 <0.26 0.08
2 7.4 — — — — 0.08
9 1 2.6 2.28 — 0.65 <0.21 0.04
2 7.4 1.79 — 0.45 <0.25 0.02
Median 1.28 0.95 0.52 <0.19 0.04
IQR 0.83-1.71 0.74-1.32 0.41-0.65 <0.16-0.24 0.04-0.07

*Estimation based on maximum detectable activity concentration and blood tracer kinetic.
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had to have focal uptake on the first posttreat-
ment °Y-FAPI-46 bremsstrahlung scintigra-
phy (Fig. 1; Supplemental Figs. 1-9). Patients
had exhausted all available on-label or
evidence-based treatment options, and the
> most prevalent Eastern Cooperative Oncology
Group score was 2 or higher. Treatment with
0Y-FAPI-46 was offered under compassion-
ate use with the intent of achieving antitumor

0 25 50 75
Time after first cycle of 9°Y-FAPI (d)

S0Y-FAPI New therapy

90Y-FAPI % Tox M Progression 4 Death

o effect with manageable toxicity. On the basis

of the biodistribution observed on ®Ga-
FAPI-46, PET RLT using *°Y-FAPI-46 was

FIGURE 3. Swimmer plot of patients who received °°Y-FAPI-46. Arrows indicate patients continu-
ing ®°Y-FAPI-46 RLT at time of analysis. *Any new onset of toxicity greater than or equal to grade 3

according to Common Terminology Criteria for Adverse Events (version 5.0).

cycle of *°Y-FAPI-46 was 16 d (IQR, 15-41 d). Disease control
(stable disease) was noted in 4 of 8 patients (50%). No responses
had been observed by the time of analysis. However, patient 3 had
marked regression of a target lesion (—28%; Supplemental Fig. 3)
after the first cycle with 3.5 GBq. Metabolic response as per PER-
CIST (version 1.0) was available for 7 patients. Disease control
was noted in 2 of 7 patients (29%), consisting of stable metabolic
disease in one patient (14%; Supplemental Fig. 3) and partial met-
abolic response in the other (14%; Supplemental Fig. 9). Radio-
logic responses are outlined in Table 4.

DISCUSSION

We here report the first case series of patients with advanced-stage
solid tumors treated with *°Y-FAPI-46 RLT. Repeated “°Y-FAPI-46
applications with individual dosimetry were used to ensure the safety
of each patient and a maximum likelihood of treatment effect. For
treatment initiation, patients had to have high uptake on ®*Ga-FAPI-46
PET in most tumor lesions, and for treatment continuation, patient

expected to deliver therapeutic radiation doses
to the tumor while sparing organs at risk
(4,11). Acute toxicities or immediate (e.g.,
allergic) reactions to RLT were not observed.
During follow-up, adverse events began in
almost all patients. However, only a small proportion was attributed to
90Y-FAPI-46, given that most adverse events occurred after tumor
progression or the switch of systemic therapy (Fig. 3). Additionally,
we noted that toxicity in 1 patient who had received multiple RLT
cycles with a cumulative activity of 18.3 GBq was limited to G1
thrombocytopenia. Ultimately, randomized trials on patients with
symptomatic disease are needed for more detailed assessment of toxic-
ity. Data from previous randomized trials evaluating !7’Lu-PSMA-617
or 7"Lu-DOTATATE identified hematotoxicity, especially thrombo-
cytopenia, as a relevant (i.e., frequently occurring as grade 3/4) side
effect (19,20). On the basis of our data, we expect a similar toxicity
profile for °Y-FAPI-46. Therefore, repeated cycles of *°Y-FAPI-46
RLT seem feasible, because the doses absorbed by the kidneys, bone
marrow, liver, and lungs were low and comparable to those of other
small-ligand *°Y therapies (21). In our cohort, 3 patients received mul-
tiple cycles with a maximum cumulative activity of up to 18.3 GBq.
When all other available therapeutic options fail, achieving disease
control is the primary goal for a novel therapy. Previously, Kratochwil
et al. reported on a patient with spindle cell soft-tissue sarcoma who had

TABLE 4
Radiologic and Metabolic Best Overall Response
CT PET SUVax SUVmax

CT target nontarget RECIST PET target  nontarget PERCIST "8F-FDG 8F-FDG
Patient no. response response response response response response baseline follow-up
1 SD SD SD PMR SMD PMD 14.8 21.8 (+47%)
2 PD SD PD PMD PMD PMD 28.6 22.3 (—22%)
3 SD SD SD SMD SMD SMD 6.5 4.9 (—25%)
4 PD PD PD SMD PMD PMD 5.1 3.8 (—26%)
5) PD PD PD SMD PMD PMD 18.9 17.2 (—9%)
6 SD SD SD - - - 6.1 —
7 — — — - — — 14.3 —
8 SD PD PD PMD SMD PMD 12.5 13.3 (+6.4%)
) SD SD SD PMR SMD PMR 18 10.1 (—44%)
DCR (%) 4/8 (50%) 2/7 (29%)
ORR (%) 0/8 (0%) 1/7 (14%)

SD = stable disease; PMR = partial metabolic response; SMD = stable metabolic disease; PMD = progressive metabolic disease;
PD = progressive disease; DCR = disease control rate; ORR = overall response rate.
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a long period of stable disease under FAPI-46 RLT (/2). Although the
follow-up time is still short, we observed radiographic disease control in
about half the patients, along with signs of tumor response. Patient 3
experienced meaningful benefit in the form of stable disease for over
4 mo, with regression of a large pancreatic tumor mass. Patient 9
showed a partial metabolic response and achieved the highest lesion
dose with 13.2 Gy during cycle 2. Patients 3, 8, and 9 had additional
cycles pending at the time of analysis. Interestingly, 3 of the 4 patients
with disease control were patients with soft-tissue (» = 2) or bone (n =
1) sarcoma. The fourth patient had pancreatic cancer and received con-
comitant treatment with the tyrosine kinase inhibitor afatinib, which was
well tolerated, therefore indicating the potential feasibility of combina-
tion therapy. In the quest to provide the most efficacious therapy with
acceptable toxicity, especially in nonresponders, 2 future strategies
should be considered: first, a more intense treatment regimen (i.e., short
intercycle intervals or higher activities) and, second, RLT drug combina-
tion therapy. FAP and cancer-associated fibroblasts are drivers of
immune escape (22,23); therefore, immunotherapy might be a rationale
companion for FAP-targeted RLT. Preclinical studies in several cancer
types suggest a synergistic effect of FAP targeting and immunotherapy
(24-27). Recently, a case report showed good tolerance of !7’Lu-PSMA
RLT in combination with pembrolizumab or sequentially after olaparib
(28), which is currently being investigated in ongoing prospective phase
1/2 trials (NCT03874884, NCT03805594).

9OY-FAPI-46 has a shorter half-life and higher energy per decay
than !7"Lu-PSMA. Because of the short retention time in the tumor
as described by Lindner et al. (14), *°Y-FAPI-46 seemed more suit-
able for achieving therapeutic radiation doses in a tumor. *°Y-FAPI-
46 PET-based dosimetry has been successfully used for hepatic
radioembolization dosimetry, after administration of *°Y-labeled
spheres (29). Phantom studies suggest that recent developments in
sensitivity and timing resolution for PET scanners could be advanta-
geous for accurate *°Y quantification, (/6) which could play a deci-
sive role in the validation of *°Y-labeled therapeutic drugs.

This study comes with limitations. The low number of patients
and absence of a predefined imaging follow-up protocol does not
allow for definitive conclusions regarding therapeutic efficacy and
toxicity of *°Y-FAPI-46. Further research to determine radiation
dosimetry for *°Y-FAPI-46 is warranted, because quantification
and subsequent dosimetry are limited by the decay characteristics
of 2°Y-FAPI-46 and the relatively low activity concentration in tis-
sues. A low activity concentration combined with detector limits
impairs accurate acquisition of the true lung and liver doses. How-
ever, the aim of this study was to report the initial clinical experi-
ence and to demonstrate the feasibility of “°Y-FAPI-46 RLT.

CONCLUSION

FAP-targeted RLT with °Y-FAPI-46 was well tolerated, with a
low rate of attributable adverse events, including thrombocytope-
nia. We found low radiation doses to the kidney and bone marrow,
suggesting the feasibility of repeated cycles of °°Y-FAPI-46.
Although we observed the first signs of therapeutic efficacy, larger
trials are needed to determine efficacy and the toxicity profile.
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KEY POINTS

QUESTION: Is radionuclide therapy with *°Y-FAPI-46 feasible for
patients with advanced-stage solid tumors, and what are the side
effects and absorbed doses?

PERTINENT FINDINGS: °°Y-FAPI-46 leads to therapeutic irradia-
tion of tumor lesions, and the radiation exposure of critical organs
is low. Further, we observed, after a short follow-up, a low rate of
toxicities, including thrombocytopenia, attributed to °°Y-FAPI-46
in patients with advanced and symptomatic disease.

IMPLICATIONS FOR PATIENT CARE: Radionuclide therapy with
S0V_FAPI-46 seems to be well tolerated, and repeated cycles are
possible.
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8F_DCFPyL, '®F-sodium fluoride (*®F-NaF), and '8F-FDG PET/CT were
compared in a prospective cohort of men with metastatic prostate can-
cer (PCa). Methods: Sixty-seven men (group 1) with documented meta-
static PCa underwent "®F-DCFPyL and ®F-NaF PET/CT and a subgroup
of 30 men (group 2) underwent additional imaging with *®F-FDG PET/CT.
The tracers were compared for their detection rates, imaging concor-
dance, associations with prostate-specific antigen (PSA), treatment at
the time of imaging, and castration status. Results: Overall, 61 men had
metastatic disease detected on one or more scans, and 6 men had no
disease uptake on any of the PET/CT scans (and were subsequently
excluded from the analysis). In group 1, '®F-NaF detected significantly
more metastatic lesions than "®F-DCFPyL (median of 3 lesions vs. 2, P =
0.001) even after eliminating benign causes of '®F-NaF uptake. This dif-
ference was particularly clear for men receiving treatment (P = 0.005) or
who were castration-resistant (P = 0.014). The median percentage of
bone lesions that were concordant on "®F-DCFPyL and ®F-NaF was
50%. In group 2, '®F-DCFPyL detected more lesions than ®F-FDG
(median of 5 lesions vs. 2, P = 0.0003), regardless of PSA level, castra-
tion status, or treatment. The median percentage of lesions that were
concordant on "®F-DCFPyL and '®F-FDG was 22.2%. This percentage
was slightly higher for castration-resistant than castration-sensitive men
(P = 0.048). Conclusion: "®F-DCFPyL PET/CT is the most versatile of
the 3 PET agents for metastatic PCa; however, "8F-NaF detects more
bone metastases. Imaging reveals substantial tumor heterogeneity with
only 50% concordance between '®F-DCFPyL and '®F-NaF and 22%
concordance for "®F-DCFPyL and ®F-FDG. These findings indicate con-
siderable phenotypic differences among metastatic lesions.
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Prostate cancer (PCa) is the second leading cause of cancer
death among men in the United States, with a 5-y survival rate of
only 31% in men with metastatic disease (/). In recent years, pre-
cision medicine has offered the hope of improving outcome with
treatments tailored to the molecular and clinical characteristics of
an individual patient’s malignancy (2,3).

In this context, several targeted radiotracers have emerged to
assess PCa by PET/CT. '8F-sodium fluoride (‘®F-NaF) demon-
strates uptake at sites of bone remodeling and osteoblastic activity,
with higher sensitivity and specificity for detecting bone metasta-
ses than conventional bone scintigraphy (4,5). '®F-DCFPyL targets
prostate-specific membrane antigen (PSMA), a membrane glyco-
protein highly expressed on PCa cells, especially in metastatic dis-
ease (6-8). The most widely used PET agent, '8F-FDG, reflects
glucose metabolism commonly upregulated in malignant cells.
Although most localized PCa tumors are not '8F-FDG-avid (9),
its uptake increases with aggressive and widely metastatic disease
(10). Direct comparisons of these agents could cast light on their
relative value in men with metastatic PCa.

Therefore, we prospectively compare the performance of
I8F_DCFPyL with '8F-NaF and '8F-DCFPyL with '®F-FDG in
men with metastatic PCa to understand patterns of overlap
and discordance and their potential significance.

MATERIALS AND METHODS

Patient Selection and Study Design

This single-institution open-label prospective, Health Insurance Por-
tability and Accountability Act—compliant study was approved by the
institutional review board (NCT03173924) and radiation safety branch.
All patients were enrolled after written informed consent was obtained.
Eligibility criteria included men with histopathologically confirmed
PCa and identifiable metastatic disease on standard-of-care imaging
(CT or conventional bone scan). Exclusion criteria included subjects
for whom participating would significantly delay standard therapy.
There were no exclusion criteria regarding prior or ongoing therapies.
Diagnostic and prior treatment history, castration status, and current
treatments were recorded after clinical review of medical records.
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PET Imaging Protocol

Group 1 subjects underwent '®F-DCFPyL and '8F-NaF PET/CT on sepa-
rate occasions but within 35 d of each other. 8F-DCFPyL was intravenously
injected (mean injected dose, 291.3 MBq [range, 221.4-399.7 MBq)),
followed by a head-to-toe PET/CT scan at a mean time of 121.7 £ 7.9 min
after injection. 'F-NaF was administered intravenously (mean injected
dose, 125.2 MBq [range, 97.9-201.7 MBq]), followed by a head-to-toe
PET/CT at a mean time of 63.7 = 6.0 min after injection.

A subcohort of 30 patients imaged with '®F-DCFPyL also under-
went '8F-FDG PET/CT imaging on a separate occasion (group 2)
within 33 d of each other. '8F-FDG was administered intravenously
(mean injected dose, 377.0 MBq [range, 327.3-433.7 MBq]), with
whole-body scanning at a mean time of 61.4 £ 4.6 min after injection.

Imaging was performed on a 3D time-of-flight-mode Discovery MI
DR camera (GE Healthcare) with low-dose (120 kV, 60 mAs)
CT-based attenuation correction along with random, normalization,
dead time and scatter correction.

When technically feasible and after patient consent, a biopsy of at
least 1 suggestive lesion identified on imaging was performed within
4—6 mo of scanning.

Imaging Analysis

PET/CT review and analysis was performed using a MIM workstation
(version 6.9.2; MIM Software Inc.) by 3 experienced nuclear medicine
physicians. Only lesions that were highly suggestive of metastatic or
recurrent disease by consensus were included. Indeterminate lesions were
excluded from the analysis. In particular, benign causes of increased
uptake on '®F-NaF scans were eliminated from the dataset.

SUV, tumor volume (TV), and total lesion uptake (TLU) were
reported for every lesion after a semiautomatic segmentation analysis
tool for contouring (PET-Edge) was applied. TLU was calculated as
the multiplication of SUV .., and TV for each lesion. All values
obtained per person were summed to calculate the TLU at the patient
level. The total tumor burden (TB) was calculated as the sum of TV
from all reported lesions per person.

When the scan showed extensive disease, with lesions too numer-
ous to delineate manually, a semiautomatic software algorithm based
on an SUV threshold was used. The pathologic threshold SUV was set
at 3 for both '®F-DCFPyL and '®F-FDG and 10 for '®F-NaF. Physio-
logic uptake and benign and indeterminate lesions were then removed
by the readers so that only highly suggestive foci were included in the
analysis. In these men, exact lesion number was impossible to count,
thus only the TB and the TLU were recorded.

Lesion detection rates and imaging concordance were determined at
the patient level and lesion level for the 3 agents. Positive lesions in the
same location on different scans were considered concordant regardless
of variation in volume or extent. Lesion detection rate and imaging con-
cordance were correlated with PSA, castration status, and treatment at
the time of imaging. Men were considered castration-resistant (CRPC) if
they had a history of androgen deprivation therapy (ADT) with castrate
serum testosterone (<50 ng/dL) plus biochemical or radiologic progres-
sion, and were considered castration-sensitive (CSPC) if they never had
ADT or if they had a history of ADT but did not fit criteria of CRPC.

Statistical Analysis

BE_DCFPyL, '8F-NaF, and '8F-FDG PET characteristics (number of
lesions, TB, and TLU) were correlated to PSA values using Spearman
rank correlation. Differences in imaging PET parameters across individ-
ual characteristics, such as castration status and treatment at the time of
imaging, were evaluated using the Wilcoxon rank-sum test. Comparisons
of number of lesions and TB between '®F-NaF and '®F-DCFPyL (for
bone lesions only) and between 'SF-FDG and '®F-DCFPyL were per-
formed with the paired Wilcoxon test. Lesions were categorized as con-
cordant or discordant across tracers. Concordance between tracers at the
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patient level was evaluated using Wilcoxon rank-sum and Spearman rank
correlation. All tests were 2-sided, and P values < 0.05 were considered
significant.

RESULTS

Population

Overall, a total of 67 patients (median age, 67.8 y; age range,
51-84 y) with documented metastatic PCa met criteria for the proto-
col between June 2017 and February 2020. Six patients were
excluded from the analysis because there was no disease uptake on
any of the PET/CT scans; therefore only 61 evaluable patients were
analyzed. Seven patients (11.5%) had newly diagnosed metastatic
PCa and had not received any treatment at the time of imaging. Fur-
ther specific patient demographics are listed in Table 1. The mean
time between '8F-DCFPyL and '8F-NaF and between '®F-DCFPyL
and '8F-FDG scans was 7 d (range, 1-35 d) and 8 d (range, 1-33 d),

TABLE 1
Patient Demographics (n = 61)

Characteristic Data

Median age (y) 67.8 (range, 51-84)

ISUP grade
1 5 (8.2%)
2 6 (9.8%)
8 9 (14.8%)
4 15 (24.6%)
5 25 (41.0%)
Not available 1(1.6%)
Initial treatment
None 7 (11.5%)

Surgery (prostatectomy +/—
lymph node dissection)

Definitive radiation
therapy +/— ADT

ADT 7 (11.5%)

ADT + chemotherapy 5 (8.2%)

Cryotherapy 2 (3.3%)
Castration status

Castration-sensitive 41 (67.3%)

Castration-resistant 20 (32.7%)

1
(

Median PSA (ng/mL) 9.97 (range 0.02-7270.8)
1

Median PSA doubling 5.1 (range 0.7-81.7)
time (months)

Median PSA velocity (ng/mL/y)
Therapy at time of imaging

15.4 (range 0.1-5967.4)

No treatment 34 (565.7%)

ADT 18 (29.5%)

ADT + other 3 (4.9%)

Other (chemotherapy, 6 (9.8%)
immunotherapy,

estradiol patch)

ISUP = International Society of Urological Pathologists.
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FIGURE 1. Lesion number comparisons.

respectively. Patients did not experience adverse events or clinically
detected pharmacologic effects after PET scans.

Comparison Between '®F-DCFPyL and '®F-NaF (Group 1)

Patient-Based Detection Rate and Concordance Between
Radiotracers. All 61 patients had at least 1 pathologic focus con-
sistent with metastatic bone disease on '*F-DCFPyL. The '8F-NaF
detection rate was 77.0% for metastatic bone disease.

The median percentage of bone lesions that were concordant
between '3F-DCFPyL and '8F-NaF was 50%. The imaging con-
cordance between '®F-NaF and !'®F-DCFPyL was independent of
castration status, PSA values, treatment at the time of imaging,

and time from diagnosis to imaging.
Lesion-Based Detection Rate. A total of 412 bone lesions were

detected by '8F-DCFPyL or '3F-NaF. Lesions from 6 patients
with extensive disease (“superscans’) were excluded from this anal-
ysis because an accurate lesion count was not feasible. '8F-NaF
detected 373 of 412 (90.5%) bone lesions
and '8F-DCFPyL detected 191 (46.4%). A

The median number of bone lesions detected by '®F-NaF was
slightly higher than that by '*F-DCFPyL at low PSA levels and
rose with increasing PSA (Fig. 3A). The same trend was noted for
TV, with a greater TV detected by '®F-NaF than by '*F-DCFPyL,
but the difference was not significant.

Correlation with Treatment at the Time of Imaging. Men were

subdivided into 2 groups according to their treatment at the time of
imaging: 1 group consisted of 27 men receiving treatment (mainly
ADT and chemotherapy) and the other group consisted of 34 men
with no treatment at the time of imaging. Number of lesions, TB,
and TLU were higher in the group receiving treatment than in men
without treatment (P values ranging from 0.016 to 0.057) (Table 3).

For men without treatment, there was no significant difference
in median number of bone lesions detected by '*F-NaF versus
BF_DCFPyL, but more bone lesions were detected by 'F-NaF
than by '8F-DCFPyL among men receiving treatment (Fig. 3B).
Although the difference was not significant, the same pattern was
noted for TV with higher bone tumor volume detected by '*F-NaF
in comparison to '*F-DCFPyL.

Correlation with Castration Status. Number of lesions, TB, and
TLU showed a positive correlation with CRPC status (P values
between 0.005 and 0.042) (Table 3).

In CSPC patients, there was no significant difference in median
number of bone lesions detected by '®F-NaF versus 'F-DCFPyL,
but more bone lesions were detected by '8F-NaF among CRPC
patients (9 vs. 5 lesions; P = 0.014) (Fig. 4A). The TB detected by
8F_NaF was higher than that by ®F-DCFPyL for CRPC patients
(P = 0.017) and CSPC patients (P = 0.051).

Histopathology. A biopsy was performed in 32 patients (52.5%).
Five patients had biopsies from 2 different locations. Among the 37
samples, 5 were prostate gland, 6 lymph nodes, 22 bone lesions,
and 4 visceral lesions. Most of the samples (94.6%) demonstrated
metastases of PCa. Of 22 bone lesions, '*F-NaF demonstrated 2

total of 152 of these bone lesions were con-
cordant between '®F-NaF and '*F-DCFPyL,
39 were detected by '®F-DCFPyL only, and " -:"'

221 were detected by '8F-NaF only (Fig. 1).

18F-DCFPyL

The median number of bone lesions detected
by '8F-NaF was higher than that by '°F-
DCFPyL (P = 0.001) (Fig. 2). Lesion tumor
volume detected only by ®F-NaF was signif-
icantly lower than that of lesions detected by
both '¥F-NaF and "®F-DCFPyL (P < 0.05).
In this population, '®F-DCFPyL identi-
fied 450 soft-tissue lesions (186 pelvic
lymph nodes, 112 retroperitoneal lymph
nodes, 92 distant lymph nodes, and 11
visceral lesions) in addition to the
bone lesions.

Correlation with PSA. The number of

lesions, TLU, and total TV derived from
SF.DCFPyL and '8F-NaF correlated with
PSA and PSA velocity (Table 2). The stron-
gest correlation was seen between PSA and
TLU (p = 0.6, P < 0.001) and total TV

18F-NaF

(p = 055, P < 0.001) detected by '3F-
DCFPyL. These PET metrics showed a
weak correlation with PSA doubling time.

E_DCFPYL, '®F-FDG, '®F-NAF IN Metastatic PCA - Fourquet et al.

FIGURE 2. '8F-DCFPyL (left) and "8F-NaF (right) discordance. A 61-y-old man with metastatic PCa
involving lymph nodes and bones. PSA at imaging was 49.69 ng/mL. More bone lesions were seen
with "8F-NaF than with '®F-DCFPyL (arrows).
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TABLE 2
Correlation of PSA Characteristics with PET Metrics Derived from '8F-DCFPyL, '®F-NaF, and '8F-FDG, Using Spearman
Correlation Coefficient

8F_DCFPyL 18F_NaF 8F-FDG
Parameter PSA PSA velocity PSA PSA velocity PSA PSA velocity
No. of lesions 0.47 (<0.001) 0.38 (0.003) 0.41 (0.001) 0.25 (0.06) 0.21 (0.268) 0.39 (0.038)
Total lesion uptake 0.6 (<0.001) 0.53 (<0.001) 0.31 (0.014) 0.33 (0.015) 0.44 (0.014) 0.32 (0.087)
Total tumor burden 0.55 (<0.001) 0.5 (<0.001) 0.34 (0.007) 0.29 (0.028) 0.44 (0.016) 0.34 (0.074)

Expressed as correlation coefficient (p) with P values in parentheses.

false-positives (rib, sacrum) and 20 true-positives. '8F-DCFPyL
revealed 2 false-positives (rib, sacrum), 1 false-negative (sternum),
and 34 true-positives (19 in bone).

Comparison Between '®F-DCFPyL and '®F-FDG (Group 2)
Patient-Based Detection Rate and Concordance Between
Radiotracers. A cohort of 30 patients underwent both *F-DCFPyL
and '8F-FDG PET/CT imaging. The F-FDG detection rate was
93.3% on a per-patient basis. The median percentage of lesions that
were concordant between '8F-DCFPyL and '8F-FDG was 22%
(Fig. 5). Imaging concordance between 'F-DCFPyL and '8F-FDG

was higher in men with CRPC (66.5%) than CSPC (20%) (P =
0.019) and was independent of other factors.

Lesion-Based Detection Rate. Among the 322 lesions detected
by 8F-FDG or '8F-DCFPyL (244 soft-tissue lesions and 78 bone
lesions), 68 were concordant, 232 were detected by '8F-DCFPyL
only, and 22 were detected by '®F-FDG only. The median number
of lesions detected by '3F-DCFPyL was 5 (interquartile range,
3-15.5), which was significantly higher than '®F-FDG (median of
2 lesions [interquartile range, 1-3.5], P = 0.0003).

Correlation with PSA, Treatment at the Time of Imaging, and
Castration Status. Most metrics derived from '®F-FDG correlated
with PSA and PSA velocity, castration sta-
tus, and treatment at the time of imaging
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(Table 2; Fig. 3C).

8F_DCFPyL demonstrated more lesions
than '8F-FDG regardless of PSA, treatment,
and castration status (Fig. 4B).

The total TV detected by 'SF-DCFPyL
was greater than that by |F-FDG in the
l group with a PSA > 10 ng/mL (P = 0.033),
l when patients were not on treatment (P =
= L 0.044) and in the CSPC group (P = 0.017).
T Histopathology. A biopsy was performed

in 17 men who underwent '8F-FDG, reveal-
ing 3 false-negatives (iliac, ischium, and
prostate) and 15 true-positives for the
PET tracer.

T DISCUSSION

l Accurate assessment of disease burden is
l essential for the management of patients with
metastatic PCa. However, it is unlikely that a
single targeted imaging agent will detect all
lesions given the heterogeneous nature of meta-
static disease (/7). With very different mecha-
nisms of radiotracer uptake, the low percentage
of concordant lesions among the 3 PET agents
studied (**F-DCFPyL, '3F-NaF, and *F-FDG)
supports the concept that many phenotypes of
metastases exist, even within the same person.
In this study, '®F-NaF showed the high-
est sensitivity for bone metastases. These

i i
Sensitive Resistanl
Castrate status

L e

Sentitve * Rasistant
Casirate stalus

FIGURE 3. Number of lesions detected by '8F-DCFPyL (A), ®F-NaF (B), and "®F-FDG (C) accord-
ing to median PSA (left), treatment at the time of imaging (middle), and castration status (right).
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results support the results in the study from
Harmon et al. in which bone lesion detec-
tion rates for '*F-NaF and a first-generation
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TABLE 3
18F-DCFPyL, '8F-NaF, and "®F-FDG Median Number of Lesions, Total Tumor Volume, and Total Lesion Uptake According
to Median PSA, Treatment at the Time of Imaging, and Castration Status

No. of lesions

Total tumor burden

Total lesion uptake

Feature Median IQR P Median IQR P Median IQR P
PSA (ng/mL)
PyL 0.005 <0.001 <0.001
<10 2.5-13.5 12.7 4.3-34.2 99.9 26-232.2
>10 17 5-34 62.8 14.8-200 680.9 154.1-3,211
NaF 0.006 0.079 0.115
<10 2 0-4 6 0-41.1 49.6 0-1,373.4
>10 5.5 2-34 13.4 3.4-252 130.8 41.4-3,736.4
FDG 0.5 0.052 0.05
<10 1-4 6.2 2.4-23.9 28 7.8-58.5
>10 1-13 48.8 3.8-191 211 18-941
Treatment ongoing
PyL 0.057 0.016 0.021
No 5 3-20 16.6 4.2-51.9 117 20.1-507.6
Yes 14 5-28 36.4 13.4-174 305.3 138.4-1,487
NaF 0.05 0.024 0.048
No 3 1-5 5.8 0.4-18.9 56.8 4.3-404.6
Yes 1.5-30.5 54.6 1.2-190 1062 19.5-2,466.3
FDG 0.04 0.036 0.032
No 1.5 1-3 5 0.7-25.1 18 5-59
Yes 3.5 2-7 38.7 10-87.3 112.5 33.2-237.2
Castration status
PyL 0.042 0.013 0.018
CS 7 3-19 21.3 4.4-60.2 122.3 37.9-575.9
CR 17 5-93 77 13.6-192 302.4 157.9-2,123
NaF 0.012 0.005 0.012
Cs 3 1-5 5.82 0.4-20.5 49.6 3-475.5
CR 9 3-95 93.1 11.1-655 1,256.2 70.4-4,475.6
FDG 0.057 0.153 0.108
CS 2 1-3 6.21 1.8-45.8 21 7-139
CR 3.5 2-7 25.6 10-86.1 71.5 33.3-518.5

Expressed as median, with interquartile ranges in parentheses and P values in italic.
IQR = interquartile range; PyL = "®F-DCFPyL; NaF = '®F-NaF; FDG = '8F-FDG; CS = castration-sensitive; CR = castration-resistant

PSMA-targeting agent were 98.4% and 45.4%, respectively, which
are similar to our detection rates (93% for '8F-NaF vs. 46% for
BE.DCFPyL) (12). Our findings also agree with the study by
Uprimny et al. in which '®F-NaF PET detected a higher number of
metastatic bone lesions than °®Ga-PSMA-11 PET (/3). These
results differ from 2 other studies that found no difference in diag-
nostic sensitivity for bone metastases between these 2 radiotracers
(14,15).

It has been argued that !8F-NaF scans are susceptible to false-
positives due to benign disease mimicking metastases (/6). How-
ever, in this series, in which histologic confirmation was available
in several cases, there were only 2 false-positives among 22 osse-
ous lesions detected with '8F-NaF after trained nuclear medicine

E_DCFPYL, '®F-FDG, '®F-NAF N Metastatic PCA - Fourquet et al.

physicians eliminated obvious benign lesions from consideration.
Because PCa cells induce bone formation in adjacent osteocytes, it
is likely that only a few cancer cells can affect many regional
osteocytes, leading to an amplification of signal on '®F-NaF scans,
heightening sensitivity compared with '3F-DCFPyl. We believe
that '8F-NaF reflects active disease but may recognize disease
below the detection threshold of '*F-DCFPyL (17,18). The rela-
tively high rates of recurrent disease after !”’Lu-PSMA therapy in
sites not previously identified suggest there is a reservoir of
PSMA-negative metastases in the bone that may be detectable by
I8F_NaF but not by PSMA radiotracers (19).

One explanation for the lesion mismatch between '3F-NaF and
18F-DCFPyl is that castration resistance could disproportionately
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phenotypes of CRPC (27). In our research,
BE.DCFPyL detected significantly more
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a per-patient and per-lesion basis regardless
of castration or treatment status. In about
10% of men, some lesions were positive
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e seen by!'*F-DCFPyL, implying that a limited

number of metastases may exhibit aggres-
sive metabolic features with low PSMA
(FDG+, PSMA-) earlier in the course of
disease (22). Indeed, similar to the study by
Wang et al. (23), we noted discordance
o between the 2 scans with 22 of 322 lesions
(6.8%) detected by '*F-FDG alone in 8 of
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; 30 patients (27%), of which 3 were CRPC

FIGURE 4. Comparison of median number of lesions detected by 'F-NaF and '8F-DCFPyL (bone
lesions only) (A) and by '8F-FDG and '8F-DCFPyL (B) according to median PSA (left), treatment at

the time of imaging (middle), and castration status.

influence the performance of '8F-NaF relative to '|F-DCFPyL
(20). In CSPC patients, there was no difference in the median
number of bone lesions detected by '3F-NaF versus '®F-DCFPyL,
but more bone lesions were detected by '®F-NaF among more
heavily pretreated CRPC patients (P =0.014). In immunohisto-
chemistry studies, only 44% of bone metastases expressed PSMA,
and osseous lesions with low PSMA detection were associated
with CRPC, which could readily explain our findings of discor-
dance with 'F-NaF (7).

8F.FDG- and PSMA-targeting agents showed low concordance
in our study. PSMA-negative, FDG-positive lesions are thought to

18F-FDG

18E-DCFPYL

18F-DCFPYL

FIGURE 5. Concordant PET metastases. A 64-y-old man with meta-
static CRPC. PSA at imaging was 464 ng/mL. Concordant pathologic foci
were noted on all scans at T8 vertebral body and left iliac bone, consistent
with metastasis.
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and 5 were CSPC. These lesions may be
clinically relevant, as decreased survival and
therapeutic response have been noted in men
with abnormal '8F-FDG PET findings (21,
22,24,25). '8F-FDG uptake has been sug-
gested as a biomarker for CRPC and when accompanied by
negative '®F-DCFPyL findings, may suggest evolution to neu-
roendocrine prostate cancer (26). Interestingly, as the disease
progressed from CSPC to CRPC, concordance between I8E_EDG
and '8F-DCFPyL scans increased (P = 0.048). The discordance
among 'SF-DCFPyL, '8F-FDG, and 'SF-NaF scans in individual
lesions confirms phenotypic heterogeneity of PCa metastases,
explaining, in part, the difficulty in eradicating such lesions.

The main limitation of this study was the lack of histologic
proof for many of the suspected metastases. However, where biop-
sies were obtained, they overwhelmingly confirmed the presence
of cancer in positive scans. Furthermore, readers had access to
PET/CT images obtained with the other radiotracers, which may
have biased the interpretation of faint uptake when scans were
evaluated. However, these unmasked readings reflect daily
practice. Finally, the metastatic population was broadly diverse
and further investigation stratified by prior therapy may help
clarify the respective roles of these radiotracers in the various
states of PCa.

CONCLUSION

Imaging men with metastatic PCa using '*F-NaF, '*F-DCFPyL,
and '®F-FDG PET demonstrated that 'F-DCFPyL had the best
overall performance, but concordance with other agents was low,
reflecting phenotypic tumor differences. '®F-NaF identified a
significantly higher number of metastatic bone lesions than
BF_DCFPyL. Our study suggests that 'F-NaF might provide
additional staging information compared with '®F-DCFPyL, espe-
cially in castration-resistant patients and patients receiving treat-
ment at the time of imaging. '8F-DCFPyL functioned better than
F_FDG in overall lesion detection and was more concordant in
CRPC. Further research is warranted to elucidate the utility of
'8F_FDG PET and '3F-NaF as prognostic tools and complemen-
tary agents to 'F-DCFPyL in understanding tumor heterogeneity
patterns in PCa metastases.
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KEY POINTS

QUESTION: How does '8F-DCFPyL uptake compare with that of
8F_NaF and '®F-FDG PET/CT in men with metastatic PCa?

PERTINENT FINDINGS: In a prospective study of 67 men with
metastatic PCa, 18F-DCFPyL was the most versatile PET agent
but '®F-NaF detected more bone metastasis. Substantial tumor
heterogeneity was revealed, with only 50% concordance between
"8F_DCFPyL and '8F-NaF and 22% concordance between
"8F_DCFPyL and'®F-FDG.

IMPLICATIONS FOR PATIENT CARE: ''®F-FDG and '®F-NaF
could be complementary agents to '®F-DCFPyL in staging and
illustrating heterogeneous disease characteristics that could
optimize treatment strategies for men with metastatic PCa.
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The Influence of Specific Activity on the Biodistribution of
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We investigated whether the time between synthesis and injection
and the resulting decrease in specific activity affects the normal-organ
and tumor uptake of the PSMA ligand '8F-rhPSMA-7.3 in patients
with prostate cancer. Methods: The biodistribution of '8F-rhPSMA-
7.3 on PET/CT scans obtained with a high specific activity (median,
178.9 MBa/ug; n = 42) and a low specific activity (median, 19.3 MBg/
ug; n=42) was compared. Results: Tracer uptake by the parotid
gland, submandibular gland, and spleen was moderately but signifi-
cantly lower in the low-specific-activity group than in the high-spe-
cific-activity group (median SUVean, 16.7 vs. 19.2; 18.1 vs. 22.3; and
7.8 vs. 9.6, respectively). No other statistically significant differences
were found for normal organs or tumor lesions. Conclusion: A 10-fold
decrease in specific activity has only minor effects on the biodistribu-
tion of '®F-rhPSMA-7.3. These findings suggest that '®F-labeled
PSMA ligands can be centrally produced and shipped to PET clinics
in a similar way to "®F-FDG.

Key Words: PSMA; PET/CT; biodistribution; molar activity; '8F

J Nucl Med 2022; 63:742-745
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Several 8F_labeled prostate-specific membrane antigen
(PSMA) ligands are currently in clinical development for imaging
of patients with prostate cancer (/-3). In the future, it is envi-
sioned that these ligands will be produced by central radiopharma-
cies in batch sizes similar to '®F-FDG and shipped to PET clinics.
In such a setting, radioactive decay will lead to a continuous
decrease in the specific activity of the PSMA ligands. This
decrease in specific activity could, in principle, lead to lower
tumor uptake, since the '8F-labeled PSMA ligands compete with
the nonlabeled PSMA ligands for binding to the limited number of
PSMA molecules. Such a saturation of tracer uptake by a nonra-
dioactive precursor does not occur for '®F-FDG because '*F-FDG
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follows the flow of glucose, which is present at concentrations that
are orders of magnitude higher.

18F_rhPSMA-7.3 represents the lead compound in a class of radio-
hybrid PSMA (thPSMA) ligands that can be labeled with '3F for
imaging but also with radiometals for therapeutic use (4).
18F_thPSMA-7.3 is a single diastereoisomer form of '®F-rhPSMA-7,
for which promising preliminary imaging data have been reported
(5,6). Two multicenter, phase III trials are in progress to investigate
the diagnostic accuracy of '|F-rhPSMA-7.3 in primary staging
(NCT04186819) and recurrence (NCT04186845) of prostate cancer.

Preclinical investigations have shown that the biodistribution
of 18F-labeled PSMA ligands in mice is significantly affected by
the specific activity, with decreased uptake in tumor lesions and
salivary glands at lower specific activities (7). The present
study explored whether such effects also occur in humans over the
range of specific activities typically injected for PSMA PET/CT
studies.

MATERIALS AND METHODS

Study Design

We retrospectively reviewed data from patients who underwent
18F_rhPSMA-7.3 PET/CT at our institution between August 2018 and
October 2019 (Supplemental Fig. 1; supplemental materials are avail-
able at http://jnm.snmjournals.org). All reported investigations were
conducted in accordance with the Helsinki Declaration and with
national regulations. The retrospective analysis was approved by the
Ethics Committee of the Technical University Munich (permit 290/
18S), and the requirement to obtain informed consent was waived.
8F_thPSMA-7.3 administration complied with the German Medicinal
Products Act, Arzneimittelgesetz §13 2b, and the responsible regu-
latory body (Government of Oberbayern).

18F.rhPSMA-7.3 Synthesis, Administration, and Image
Acquisition

18F_rhPSMA-7.3 was synthesized as recently reported (4) and ad-
ministered as an intravenous bolus (median, 321 MBq; interquartile
range [IQR], 290-360 MBq) at a median of 71 min (IQR, 66—79 min)
before the PET/CT scan began. Patients underwent '8F-rhPSMA-7.3
PET/CT on a Biograph mCT flow scanner (Siemens Medical Solu-
tions) as recently described (5,6).

Patient Selection
The patients had received the injection of '*F-rhPSMA-7.3 at various
time points after production and, consequently, had been administered
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different specific activities of '|F-rhPSMA-

7.3. The specific activity at the time of tracer
injection was calculated for every patient

using the exact time of injection, the injected

activity, and the radiolabeling quality control
data for the particular batch, while accounting

for the known radioactive decay of 'F. Two
patient groups were created (high or low spe-

Specific activity

cific activity), aiming for a 10-fold difference
between groups. In addition, groups were

3 High
Low

matched for uptake time and body weight, and
only patients with a low tumor load were
included to avoid tumor sink effects. A low
tumor load was defined as no more than 1%
of total injected dose accumulated in tumor
lesions determined by isocontour volume-of-
interest measurements at 50% of the SUV .

SUVmean
median +/- quartile

SUV hean Was determined within standard-

Parotid Submandibular Liver Spleen  Hidneys Bone  Muscle Tumer

Biodistribution Assessment glands glands

Bload pasl

ized isocontour volumes of interest with 50%  FIGURE 1. "8F-thPSMA-7.3 SUVinean Stratified by injected specific activity. n.s. = not statistically

of the SUV .y and a diameter of 30 mm (sali-  significant.

vary glands, liver, spleen, kidneys, bone,

muscle, blood pool, and tumor lesions). For

evaluation of the tumor uptake, volumes of interest were placed over a
maximum of 3 lesions per patient in decreasing order of the SUV .,
and SUV ., Was averaged. The image-derived whole-organ radioac-
tivity concentration (kBq/mL) based on full-organ segmentation (sali-
vary glands, liver, spleen, and kidneys) was determined using
semiautomatic analysis with the software qPSMA as previously
described (8). Volume-of-interest placement and image analyses were
performed by 2 experienced nuclear medicine physicians.

Statistical Analysis

The Mann—Whitney U test was used to test for differences between
uptake parameters between the high- and the low-specific-activity
groups. Additionally, a 1-way multivariate AVOVA was performed to
analyze the effect of specific activities on biodistribution. Normal distri-
bution of variables was evaluated by Q—Q plots and the Shapiro-Wilk
W test. Data are presented as median and
IQR; a P value of less than 0.05 was consid-

and median '3F-thPSMA-7.3 uptake time (70min [IQR,
65-76 min] vs. 75 min [IQR, 68—87 min]) were similar in the high
and low groups (P = 0.62 and 0.06, respectively). No substantial
differences between the groups were present for any clinical param-
eter (Supplemental Table 1). Supplemental Table 2 provides data
for specific activities at calibration and injection.

Normal-Organ Biodistribution and Tumor Lesions Evaluated
by SUVimean

Median SUV .., in the low-specific-activity group was signifi-
cantly lower for parotid glands (P = 0.014), submandibular glands
(P =0.002), and spleen (P = 0.012) (Fig. 1; Supplemental Table 3).
No significant differences in SUV .., were found for the other
investigated organs. Median SUV e, was 9.0 (IQR, 4.4-14.8) and

ered statistically significant. Statistical analysis

was performed with SPSS Statistics, version 80P
24 (IBM Corp.), and MedCalc, version 14.8.1 70 |
(MedCalc Software Ltd.).

B0

P<0.001

RESULTS
B P < 0.001

Patient Population

From a total of 1,975 patients, 84 were

Specific activity
High

selected and stratified into 2 groups of equal
size. The median interval between tracer

P<0.001 B Low

synthesis and injection was 72 min (IQR,
54-89min) versus 367min  (IQR,
342-397 min) for the high and low groups
(P <0.001), resulting in a median specific
activity of 178.9MBq/pug (IQR, 158.6—
199.1 MBg/pg) and 19.3MBq/pg (IQR,

median +/- quartile
I
)

Radioactivity concentration (kBg/mL)

I

17.7-22.5MBqg/pg), respectively,  for T
BE.thPSMA-7.3  (P<0.001). Median Parotid

Submandibular Liver Spleen Kidneys
glands

lands
injected activity per kilogram of body ?

weight (4.0 MBg/kg [IQR, 3.9-4.0MBg/kg]  FIGURE 2. '®F-rhPSMA-7.3 whole-organ radioactivity concentration stratified by injected specific
vs. 4.0MBg/kg [IQR, 3.9-4.0MBg/kg]) activity. n.s. = not statistically significant.
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9.5 (IQR, 6.5-19.0) for tumor lesions in the high- versus low-
specific-activity groups, respectively, and not significantly different
(P=0.273). No statistical difference in tumor lesion distribution
was observed between the 2 groups (Supplemental Fig. 2).

Whole-Organ Radioactivity Concentrations

Whole-organ radioactivity concentrations (kBg/mL) for the high-
versus low-specific-activity groups were 39.6 (IQR, 34.8-48.0) ver-
sus 29.4 (IQR, 26.5-37.0), 46.9 (IQR, 38.9-58.1) versus 35.8 (IQR,
28.643.2), 157 (IQR, 12.6-19.4) versus 15.1 (IQR, 12.4-17.5),
21.1 (IQR, 18.4-28.1) versus 16.5 (IQR, 12.2-20.0), and 69.3 (IQR,
60.0-78.6) versus 64.6 (IQR, 52.1-72.1) for the parotid glands, sub-
mandibular glands, liver, spleen, and kidneys, respectively. Results
for the low-specific-activity group were significantly lower for sali-
vary glands and spleen (each P < 0.001), whereas liver and kidneys
did not show significant differences (Fig. 2).

A 1-way multivariate ANOVA confirmed the statistically signif-
icant difference between the high- and low-specific-activity groups
for tracer distribution determined by SUV,., and full-organ
segmentation (combined dependent variables, Fj460=3.928,
P <0.001, partial n° = 0.478, Wilks A =0.522.)

DISCUSSION

In this retrospective analysis, we explored the impact of '®F-
rhPSMA-7.3 specific activity on biodistribution in normal organs
and tumors. Our data show that uptake patterns in organs relevant
to clinical imaging interpretation are not substantially affected by
different specific activities, with only the salivary glands and
spleen demonstrating a moderate, albeit significant, decrease in the
low- compared with high-specific-activity groups. Tumor uptake
appeared stable over the 10-fold difference investigated. Our
results indicate that clinical PET interpretation is not affected
using a single large-batch production over several hours during the
workday and the resultant wide range of injected specific
activities.

Similar effects have already been demonstrated by Soeda et al. in
a preclinical setting (7). In a mouse xenograft model derived from
human lymph node metastases, a substantial decline in the SUV ;,can
of tumor lesions and salivary glands was observed on !8F-PSMA-
1007 PET/CT when the molar activity was reduced over a 100-fold
range (7). Despite decreased tumor uptake, the tumor—to—salivary
gland ratio increased as salivary gland uptake was even further
reduced compared with tumors. The authors concluded that the
increased tumor—to—salivary gland ratio might play a role in reduc-
ing off-target uptake of PSMA-targeting radioligand therapies.
Comparable findings have been demonstrated with *®Ga-labeled
PSMA inhibitors using triazacyclononane-triphosphinate chelators
(9). By the addition of unlabeled compounds, the accumulation was
altered significantly in the kidneys and salivary glands but less so in
the tumor, with a more beneficial kidney-to-tumor ratio in lower
molar activities of 8 versus 1,200 MBg/nmol (9).

To translate these animal data into a clinical context, 2 different
methodologies for detection of imaging-derived biodistribution of
I8F_rhPSMA-7.3 were applied. Recently, the biodistribution of
I8F_thPSMA-7.3 was investigated in 6 healthy subjects, with '8F-
rhPSMA-7.3 showing high physiologic uptake in the kidneys and
salivary glands (70). Our study demonstrated that uptake by most
organs is not influenced by administration of lower specific
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activities, as might occur in a busy PET clinic. This consistency of
uptake appears essential for a clinical PET/CT reading. Addition-
ally, tumor uptake did not vary significantly, even with a 10-fold
difference in the injected specific activity.

This difference in specific activity represents the realistic spec-
trum of what is observed in a real-world scenario for PET imag-
ing. Although some of the mentioned preclinical findings could
also be observed in our investigation with significant effect, they
appeared to be without clinical relevance in the case of salivary
gland and spleen uptake. Notably, because therapeutic applications
usually require higher molar masses (~50-200 pg), our data
cannot be extrapolated to the potential therapeutic use of
rhPSMA-7.3.

The results of our study indicate that salivary gland uptake is
saturable, suggesting binding to a target protein within the salivary
glands. Similar findings were shown in preclinical studies of
77 u-PSMA-617, for which uptake in the salivary glands and kid-
neys of PC3-PIP tumor—bearing mice significantly declined
without an impact on tumor uptake when cold PSMA-11 was
added (11).

Some limitations of our study should be considered, for exam-
ple, the retrospective design. However, we believe that our obser-
vations are true reflections of the variance in specific activity in
daily clinical practice. Second, our cohort comprised a relatively
heterogeneous patient group at different stages of prostate cancer.
Nevertheless, we tried to control for any potential influence on
biodistribution, selecting patients on the basis of a low tumor load.
The heterogeneous population and the known high variance of
in vivo PSMA expression might explain the wide range of
reported SUV eqn in tumor lesions.

In summary, our data suggest that a single production of '8F-
rhPSMA-7.3 can be used in a clinical setting throughout the whole
working day without a clinically relevant effect on biodistribution,
especially tumor lesion uptake, despite a significantly decreasing
specific activity. This observation underlines the potential logis-
tical and economic advantages of !SF-labeled PSMA ligands
resulting from a single large-batch production in a cyclotron facil-
ity over generator-produced %®Ga-based ligands with a short half-
life and the need for multiple batches throughout the day (72).

CONCLUSION

Differences in the injected specific activity of 'F-rhPSMA-7.3
observed throughout a usual working day have no clinically rele-
vant effect on biodistribution and, especially, uptake by tumor
lesions. These results support central production of !8F-labeled
PSMA ligands with shipment to PET clinics, similarly to '*F-FDG.

DISCLOSURE

There is a patent application for thPSMA (Matthias Eiber,
Alexander Wurzer, and Hans-Juergen Wester). Matthias Eiber and
Wolfgang Weber are consultants for Blue Earth Diagnostics
(licensee for rhPSMA). No other potential conflict of interest rele-
vant to this article was reported.

ACKNOWLEDGMENT

Editorial support was provided by Dr. Catriona Turnbull (Blue
Earth Diagnostics).

THE JoUuRNAL OF NUCLEAR MEDICINE * Vol. 63 + No.5 « May 2022



KEY POINTS

QUESTION: Does the specific activity of the radiopharmaceutical
administered to a patient affect the way it is distributed among
organs?

PERTINENT FINDINGS: This retrospective data review showed
that although the salivary glands and spleen appear to be satura-
ble with decreasing specific activities, there was no clinically
meaningful difference in organ uptake in patients with prostate
cancer.

IMPLICATIONS FOR PATIENT CARE: A single batch of
18F_rhPSMA-7.3 can be used throughout the day to scan multiple
patients, with no effect on image quality being observed between
the first and last patients of the day.
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Molecular tumor volume (MTV) is a parameter of interest in prostate can-
cer for assessing total disease burden on prostate-specific membrane
antigen (PSMA) PET. Although software segmentation tools can delin-
eate whole-body MTV, a necessary step toward meaningful monitoring
of total tumor burden and treatment response through PET is establish-
ing the repeatability of these metrics. The present study assessed the
repeatability of total MTV and related metrics for ®®Ga-PSMA-HBED-CC
in prostate cancer. Methods: Eighteen patients from a prior repeatability
study who underwent 2 test-retest PSMA PET/CT scans within a mean
interval of 5 d were reanalyzed. Within-subject coefficient of variation and
repeatability coefficients (RCs) were analyzed on a per-lesion and per-
patient basis. For the per-lesion analysis, individual lesions were seg-
mented for analysis by a single reader. For the per-patient analysis,
subgroups of up to 10 lesions (single reader) and the total tumor volume
per patient were segmented (independently by 2 readers). Image param-
eters were MTV, SUV nax, SUVpeak, SUVmean, total lesion PSMA, and the
related metric PSMA quotient (which integrates lesion volume and PSMA
avidity). Results: In total, 192 segmentations were analyzed for the per-
lesion analysis and 1,662 segmentations for the per-patient analysis
(combining the 2 readers and 2 scans). The RC of the MTV of single
lesions was 77% (95% Cl, 63%-96%). The RC improved to 33% after
aggregation of up to 10 manually selected lesions into subgroups
assessed per patient (95% Cl, 25%-46%). The RC of the semiautomatic
MTViota (the sum of all voxels in the whole-body total tumor segmenta-
tion per patient) was 35% (95% Cl, 25%-50%), the Bland-Altman bias
was —6.70 (95% Cl, —14.32-0.93). Alterating readers between scans
led to a comparable RC of 37% (95% Cl, 28%-49%) for MTV,5, mean-
ing that the metric is robust between scanning sessions and between
readers. Conclusion: %®Ga-PSMA-HBED-CC PET-derived semiauto-
matic MTV,, is repeatable and reader-independent, with a change of
+35% representing a true change in tumor volume. Volumetry of single
manually selected lesions has considerably lower repeatability, and volu-
metry based on subgroups of these lesions, although showing accept-
able repeatability, is less systematic. The semiautomatic analysis of
MTV,uta Used in this study offers an efficient and robust means of assess-
ing response to therapy.
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Prostate cancer is a leading cause of death in men (/). Espe-
cially in advanced prostate cancer, therapy monitoring is challeng-
ing. The blood tumor marker prostate-specific antigen is routinely
used to monitor disease progression (2). However, prostate-
specific antigen levels may be influenced by tumor dedifferentia-
tion and androgen deprivation therapy, which raises the need for
image-based methods for global tumor assessment (3,4). For now,
bone scanning and CT are the established methods for assessing
treatment response in advanced disease (2). More recently,
prostate-specific membrane antigen (PSMA) imaging with PET
has been shown to be superior to conventional imaging for both
initial and recurrent cancer staging (3,6). Therefore, PSMA PET
seems to be a promising methodology to quantify the prostate can-
cer tumor volume over time.

The recently proposed PSMA PET progression criteria, as well
as a recently published consensus meeting, recommended consid-
eration of PSMA PET—derived volumetric measurements to detect
progressive disease (7,8). Indeed, several studies have shown that
the quantification of the total tumor volume using PSMA PET is
feasible and that it is a statistically significant negative predictor
for overall survival in patients with advanced prostate cancer
(9—12). Total tumor uptake values analogous to total lesion glycol-
ysis for '8F-FDG can also be assessed with PSMA PET.

To date, the repeatability of PSMA PET—derived volumetric and
total tumor uptake measurements has not been sufficiently investi-
gated. Previously, Pollard et al. reported ®Ga-PSMA-HBED-CC
PET repeatability for SUV ., in bone and nodal metastases from
prostate cancer (/3). A variety of factors beyond true change in
tumor can lead to variability in quantitative PET imaging, including
the segmentation methods used. To reliably assess quantitative
change between PSMA PET scans, it is necessary to understand
the normal variability within the patient, radiotracer, and imaging
system. The present study evaluates the repeatability of volumetric
and uptake measurements for individual tumors and total tumor
volume on test-retest ®®Ga-PSMA-HBED-CC PET/CT.

MATERIALS AND METHODS

Patients and Image Acquisition

Eighteen patients were included in the analysis. The institutional review
board approved the study protocol (NCT02952469), and all subjects gave
written informed consent. Dataset details were previously reported by Pol-
lard et al. in their study of test-retest repeatability (/3). Here, the identical
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dataset was used. Briefly, all patients underwent 2 PSMA PET/CT acquis-
itions within a mean interval of 5 d (range, 2—14 d). Patient characteristics
are shown in Table 1. ®®Ga-gallium-PSMA-HBED-CC (also known as
PSMA-11 and referred to simply as PSMA in the remainder of this paper)
was synthesized as previously published (/3). Either a Biograph mCT
(with FlowMotion) or a Biograph TruePoint PET/CT system was used for
image acquisition (Siemens Healthineers). The follow-up scan was per-
formed on the same scanner as the initial scan. PET data were acquired
using a previously published protocol (PET scan starting 60 min after
tracer injection with scan coverage from vertex to mid thigh, 3- to 4-min
scan time per bed position) (/3). A 3-dimensional ordered-subset expecta-
tion maximization algorithm was used for image reconstruction (with
time-of-flight information in case of the mCT).

Tumor Analysis per Lesion

For the repeatability analysis of individual lesions, up to 10 metastases
(skeletal or nodal) or primary tumor lesions were segmented in both the
first and second scans by a single reader using a manual segmentation
with a 50% isocontour. A single-reader model was chosen for the single-
lesion and the subgroup analysis portions of the study. Because the same
small number of lesions needed to be selected on each PET scan, the
single-reader approach minimized variability introduced by interrater dif-
ferences in lesion selection and segmentation. Lesions were identified as
nonphysiologic sites of uptake with an SUV exceeding the regional back-
ground activity. Lesions were selected at random from the regions seg-
mented by the whole-body molecular tumor volume (MTV) analysis,
described in detail in the section on total tumor analysis. For each lesion,
SUVmaxs SUVpeaks SUVinean, lesion MTV (MTViggi0n), total lesion

PSMA (PSMA-TL0n), and total lesion quotient (PSMA-TLQesion)
were measured. MTV o, Was determined by the sum of the voxels (Eq. 1)
within a threshold 50% isocontour of the local SUV,,,x. PSMA-TL cgi0n
and PSMA-TLQ)esion Were calculated as in Equations 2 and 3.

total

MTViesion= Zl_:o (voxel;) Eq. 1

PSMA —TLiesion =MT Viesion Xlesion SUV pean Eq. 2
MT Ve

PSMA—TLQjqqion = o Eq. 3

lesion SUV ean

Tumor Subgroup Analysis per Patient

One reader manually selected at random a group of up to 10 lesions
per patient from the regions segmented by the whole-body MTV anal-
ysis technique (described in the next section). In patients with a large
number of metastatic lesions, lesions were selected randomly to reflect
a broad distribution of anatomic regions. The lesions in this subgroup
were individually manually segmented and were assessed as an aggre-
gate. The mean of SUV 5, and SUV y,cqn (subgroup mean SUV ., and
subgroup mean SUV ..., respectively) were calculated. The sum and
mean of MTV gion, the sum of PSMA-TLc0,, and the sum of PSMA-
TLQlesion (MTVsubgroum SUbgroup MTVmean’ PSMA'TLsubgroup, and
PSMA-TLQgubgroup respectively) were calculated as in Equations 47,
where 7 is the number of lesions within the subgroup and i is the ordi-
nal number of the lesion. PSMA-TL,, is analogous to total lesion
glycolysis for "®F-FDG and, when calculated for aggregate tumors, the
individual PSMA-TL.,, values are summed.

MTVsubgroup :ZLI (MTVlesion i) Eq' 4

TABLE 1
Patient Characteristics and MTV,., Reported for Each Scan and Reader

MTViotar (ML)

Patient no.  PSA within =90 d (ng/mL)  Gleason score at diagnosis R1,scan1 R2,scan1 R1,scan2 R2, scan?2
1 0.15 74 +5) 0 0 0 0

2 4.35 6 (3 + 3) 4.81 5.88 4.81 5.88
3 104.5 9 (4 + 5) 395.7 404.02 399.18 402.22
4 0.14 9 (4 + 5) 59.91 62.59 82.42 66.9
5 0.66 9(5 + 4) 6.42 6.77 5.18 7.56
6 0.22 9(5 + 4) 3.78 4.67 3.78 4.67
7 56.3 Presumptive diagnosis 38.89 35.59 41.36 22.49
8 95.5 74 +3 206.38 247.85 236.35 221.08
9 276.3 9 (4 + 5) 643.19 741.4 643.19 642.43
10 0.04 Presumptive diagnosis 0 0 0 0

11 0.64 9 (4 + 5) 7.78 8.33 7.78 8.33
12 2.8 Lymph node biopsy 31.49 44.68 30.53 46.24
13 40.1 10 (6 + 5) 464.53 587.13 552.7 515.05
14 19.7 73 +4) 18.87 22.83 18.87 22.83
15 2.5 Bone biopsy 2.26 1.96 2.26 1.96
16 541 95+ 4) 85.89 102.6 92.3 86.56
17 2.5 9 (5 + 4) 21.78 21.81 22.29 21.81
18 25 9(5 + 4) 6.52 6.31 5.53 7.34

PSA = prostate-specific antigen; R1 = reader 1; R2 = reader 2.
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n
Zizl (MTvlcsion i )

Subgroup MTVyean= Eq. 5

n
PSMA—TLsubgroupzzz;l (PSMA—TL]esion i) Eq' 6
PSMA ~TLQgr00p = Z: | (PSMA—TLQicqi0n ) Eq. 7

Total Tumor Analysis per Patient

For the total tumor analysis, all lesions were segmented using a semiau-
tomatic approach as previously published (9). The investigational MICIIS
research software prototype was used for the single lesion and total tumor
analyses (previously named MI Whole-Body Analysis Suite; Siemens
Healthineers). Briefly, all voxels with an SUV .y exceeding the following
liver-specific threshold were selected as candidate foci:

4.3

SUV,eqithreshold = >
peak eSO = Ve SUVmean

X (liver SUVypean +liver SUVsp),
Eq. 8

where the liver-specific threshold was calculated as previously
described and SUVgp, is the SD of the SUV distribution in the liver
volume of interest (9,/0). The threshold described in Equation
8 adjusts for the tumor sink effect, which has a tendency to lower
liver uptake; the first part of the formula is a corrective coefficient
for the SUV reduction due to the sink effect, and the second part is
the calculation for the uncorrected liver threshold. Individual-lesion
segmention was based on a threshold 50% isocontour of the local
SUVax- In analogy to the European Association of Nuclear Medi-
cine recommendations for '¥F-FDG PET imaging, a threshold 50%
isocontour-based approach was chosen for this study (/4). Segmen-
tation errors such as inclusion of sites of normal physiologic uptake
or exclusion of tumor lesions were adjusted manually. There were
no adjustments of segmented tumor contours in addition to inclu-
sion or exclusion of lesions. Example whole-body tumor segmenta-
tions and segmentation errors are shown in Figures 1 and 2. Two
readers with PET experience independently delineated all tumor
lesions, and their delineated PET data were analyzed separately.

The sum of all voxels in the whole-body total tumor segmentation
per patient was designated MTV 4. The mean of the volume of the
individual segmented volumes comprising the MTV ., was calculated
as in Equation 5 and was designated total MTV,..,. Likewise, the
mean of SUV .x and SUV ean 0f these component volumes was des-
ignated total mean SUV ., and total mean SUV .y, respectively. The
PSMA-TL sion and PSMA-TLQcgi0n values for the component vol-
umes were summed as in Equations 6 and 7 and were designated
PSMA-TL a1 and PSMA-TLQoa1, respectively.

Statistical Analysis

Statistical methods for the sample size of the original dataset used
in this analysis were reported by Pollard et al. (/3). The Pearson corre-
lation coefficient was used for descriptive statistics. Bland—Altman
plots were created for absolute (rather than relative percent) differ-
ences in MTVy, and mean SUV .« (15). Correlation in MTV
between readers for the same scan and between scans for the same
reader was evaluated with intraclass correlation coefficients. The
repeatability assessment using a relative comparison approach was
done as described by Obuchowski (/6). The within-subject coefficient
of variation (wCV) is given by

(scan A;—scan B;)?

n
Zi:l 2><(%(scan A;+scan Bl))Z

n

WwCV=" Eq. 9

where n is the number of subjects and scans A and B are the quan-
titative PET measurements from the first and second PET scans,
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FIGURE 1. Semiautomatic total tumor segmentations with red overlay des-
ignating sites of segmented lesions in scans 1 and 2 for patient with disease
limited to prostate and left pelvic lymph nodes (A) and patient with extensive
skeletal metastases (B). Interval between scans was 2 d for both patients.

respectively. The repeatability coefficient (RC) is given by

RC=1.96XwCVX+/2 Eq. 10

The Cls for wCV and RC were determined by bootstrapping with
1,000 replicates. RC variability in relation to lesion SUV,,x was
evaluated by an exploratory approach for subsets of lesions in
multiple steps. For each step, all lesions that had an SUV,,,,, below
an arbitrarily defined SUV ,,, threshold were included. A distinct
threshold was used for each step; the lowest SUV,,,, threshold
was 1, and the increment was 5. Statistical analyses were per-
formed using R, version 3.5.2 (The R Foundation, https://www.
r-project.org/) and Microsoft Excel 2016, version 16.0.5110.1000.
Statistical analysis was done by David Kersting and Robert
Seifert.

RESULTS

Test-Retest Scan Parameters

As previously published for the same cohort, the median inter-
val between scans 1 and 2 was 5 d (range, 2—14 d). No statistically
significant difference between scans 1 and 2 was observed regard-
ing injected dose (mean, 133.1 vs. 133.1 MBq; P = 1.0) or image
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FIGURE 2. Examples of segmentation challenges on ®Ga-PSMA-HBED-CC PET/CT. Segmented
tumor metastases are shown in red. (A) Metastasis in os ilium was segmented as single lesion on
first scan but as 3 separate lesions in second scan (encircled). (B) Metastasis in rib was segmented
accurately on first scan but inaccurately on second scan, with isocontour including portion of lung

patient. Inclusion of multiple lesions for assess-
ment as a subgroup allows for mitigation of
individual lesion variability by averaging posi-
tive and negative variation across a larger num-
ber of lesions. The repeatability of MTVgerou
and related metrics is presented in Table 3.
MTVberoup demonstrated improved repeatabil-
ity, with an RC of 33.1% (95% CI, 24.2%—
46.2%), compared with MT Vi, and showed
a repeatability comparable to that of the semiau-
tomatic whole-body approach of MTV,y. The
Bland-Altman bias of MTV g0 Was —2.32
(95% CI, —5.81 to 1.17). Supplemental Table 1
shows the association of RC, with SUV,,,x RC
decreasing with increasing minimum SUV .
of segmented lesions (supplemental materials
are available at http:/jnm.snmjournals.org). This
finding indicates that the repeatability was better
when lesions with a low SUV,,. were dis-
carded from the manually segmented subgroup
of lesions.

Repeatability of Semiautomatic
Segmentation of Total Tumor Volume
per Patient

In total, 1,662 segmentations were per-
formed for the per-patient analysis, including
segmentations for the 2 readers and 2 scans.
The MTV,y, for each reader for scans 1 and
2 is presented in Table 1. The RCs of the
whole-body MTV ., and related metrics are
shown separately for both readers in Table 4.
The RC of MTV i was 35.0% (95% CI,

(encircled). Error was resolved manually.

delay (mean, 60. 6 vs. 60.7 min; P = 0.9). Patient characteristics
are shown in Table 1.

Repeatability of Manually Segmented Individual Lesions

For the per-lesion analysis, 96 metastases from 18 patients were
manually delineated by a single reader, resulting in a total number of
192 segmentations from the 2 scans. Segmented lesions were
regarded as independent observations. The RCs of MTV o, and
related metrics are shown in Table 2. Linear regression and
Bland—Altman scatterplots for MT Vo, 0n scans 1 and 2 showed a
relatively strong correlation (P < 0.001, R = 0.85) and no signifi-
cant bias based on visual analysis (Figs. 3A and 3B). However,
MTVesion demonstrated poor repeatability, with an RC of 76.9%
(95% CI, 62.9%-95.9%), and similarly poor repeatability when
accounting for differences in lesion volume, with an RC of 64.7%
(range, 49.3%-91.6%), for lesions 5 cm” or larger and 83.9% (range,
65.5%—-110.7%) for lesions smaller than 5 cm®. The Bland—Altman
bias of MTV egion Was —0.39 (95% CI, —1.00 to 0.22) for all lesions.
The deviation in MTV ;on between scans 1 and 2 correlated to a sta-
tistically significantly extent with the deviation in SUV ,,, between
scans 1 and 2 (P < 0.001, R* = 0.17) (Fig. 3C).

Repeatability of Manually Segmented Subgroup of Lesions
per Patient

Given the poor repeatability of MT Vo, @ larger subgroup of manu-
ally selected and segmented lesions was evaluated for repeatability per

24.9%-49.7%) in mean; the RCs for each
reader were 37% and 33%. Linear regression
and Bland-Altman scatterplots for MTV gy
and mean SUV,,,, for scans 1 and 2 showed a strong correlation (P <
0.001, R> = 0.99) and no significant bias based on visual analysis
(Fig. 4). The corresponding Bland-Altman bias of MTV,y, was
—6.70 (95% CI, —14.32 t0 0.93). The RC of MTV,y and related met-
rics remained robust even when readers were hypothetically exchanged
between scan timepoints with an RC of MTV,y of 37.3% (95% CI,
27.9%-49.3%) (Table 5). A high correlation of MTV,y, between
scans for the same reader (intraclass correlation coefficient, 0.998; P <
0.001) and between readers for the same scan (intraclass correlation
coefficient, 0.993; P < 0.001) was noted (Fig. 5). MTV,y, showed a

TABLE 2
Repeatability of Manually Segmented Individual Lesions
(MTVIesion)
Metric wCV (%) RC (%) 95% Cl of RC (%)
MTV esion 27.7 76.9 62.9-95.9
PSMA-TLesion 23.3 64.7 53.4-80.67
PSMA-TLQjesion 34.5 95.7 81.5-114.5
Lesion SUVax 12.4 34.4 29.6-41.2
Lesion SUVpeax 9.9 27.3 23.3-32.8
Lesion SUVimean 11.8 32.7 27.5-40.2
REPEATABILITY ®* GA-PSMA TotaL MTV - Seifert et al. 749



evidence suggests that PSMA PET is also
a useful clinical tool in patients with more
advanced prostate cancer (/9-21).
Measures of total tumor volume and total
uptake on PSMA PET have been described,
but its use in prostate cancer monitoring
remains under debate (9,/0). Analogous to
the TNM system, a molecular imaging TNM
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=can 1.and 2

FIGURE 3. Analysis of individual manually segmented ®®Ga-PSMA-HBED-CC-avid lesions. Linear
regression and Bland-Altman plots (A and B) of MTVesion Show correlation between scans. (C) Asso-
ciation is noted between MTV,gion and SUV,,ax changes between scans 1 and 2.

moderate correlation with prostate-specific antigen values (P < 0.002,
R* = 0.53) (Fig. 6). Other metrics using the semiautomatic technique,
such as total mean SUV,,,,, total mean SUV can, and PSMA-TL ),
also showed improved repeatability as compared with individual lesion
segmentation, with RC ranging from 23.6% to 28.4%.

DISCUSSION

PSMA PET is now widely used to monitor patients with pros-
tate cancer (5,6,17,18). Especially for recurrent prostate cancer,
PSMA PET has demonstrated high sensitivity and specificity for
localizing prostate cancer cells in the body (5,6). Growing

TABLE 3
Repeatability of Manually Selected Lesion Subgroup per
Patient (MTVsubgroup)

tumor, regional lymph node metastases, bone
metastases, and other distant metastases.
(22). Given the distinct biologic aggressive-
ness and survival implications of various
metastatic sites, the TNM-based system will
likely remain an important prognostic tool in prostate cancer (23).
However, because progressive disease is not always accompanied
only by the occurrence of new metastases but also can include
enlargement of existing metastases, the best assessment tools would
therefore encompass assessment of both anatomic and total tumor vol-
ume, enabling consideration of both global disease status and aggres-
siveness of the involved sites. Studies have shown the prognostic
value of PET volumetry and measures of total uptake. PSMA MTV
of high volume disease is a statistically significant poor prognostic fac-
tor for overall survival, and PSMA uptake of all metastases (SUV yean
per patient) improves prognostication of overall survival in patients
treated with 177Lu-lutetium-PSMA-617 therapy (12,24-27).

The recently proposed PSMA PET progression criteria recom-
mend assuming progressive prostate cancer in the setting of a 30%
tumor volume increase (8). However, this threshold was chosen arbi-
trarily in the absence of volume-based PSMA repeatability data.
Also, there are currently no consensus recommendations for PSMA
PET segmentation algorithms among the various approaches that

1 0, 0, [)
Metric WCV (%) RC (%) 95% Cl of RC have been proposed for quantifying the PSMA tumor volume (9,10).
MTVeubgroup 12.0 33.1 24.9-46.2 A necessary step toward use of .PSMA PET for reliable monitoring
Subgroup MTVsmean 12.0 331 24.8-47.7 of disease is development of reliable and efficient methods for mea-
suring total disease burden and determination of their repeatability.
PSMA-TLsuogroup e EUE 1O=280 Our analysis of repeatability evaluated PET volumetric and uptake
PSMA-TLQsubgroup 18.4 51.0 36.5-78.0 measures using 3 different approaches to segmentation: manual seg-
Subgroup mean SUV 4« 12.3 34.0 20.0-59.4 mentation of individual tumors, manual selection of a subgroup of
Subgroup mean SUVea 6.6 18.3 13.3-24.5 tumors per patient, and semiautomatic segmentation of total tumor
Subgroup mean SUVean 9.1 259 17.5-35.7 burden per patient. The repeatability of individual tumor volumes
(MTViesion) Was poor (RC, 77%). An explanation may be that the
TABLE 4
Repeatability of Semiautomatic MTV,q, per Patient

R1 R2 Mean R1 R2 Mean 95% ClI of

Metric WwCV (%) WCV (%) wCV (%) RC (%) RC (%) RC (%) mean RC

MTViotal 13.4 11.9 12.7 37.0 33.0 35.0 24.9-49.7

Total MTV mean 13.4 11.9 12.7 37.1 33.0 35.0 25.0-48.8

PSMA-TLotal 8.4 121 10.3 23.3 33.5 28.4 20.7-41.9

PSMA-TLQyotal 19.4 17.3 18.4 53.9 48.0 50.9 32.7-84.7

Total mean SUV pax 8.4 8.6 8.5 23.3 23.9 23.6 17.0-32.4

Total mean SUV ean 8.1 8.0 8.1 22.6 22.2 22.4 16.4-30.7

R1 = reader 1; R2 = reader 2.
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FIGURE 4. Analysis of semiautomatic whole-body segmentation of
58Ga-PSMA-HBED-CC-avid lesions. Linear regression (A and C) and
Bland-Altman plots (B and D) of MTViu @and mean SUV,,.x show excel-
lent correlation between scans and suggest no association between total
tumor volume or lesion intensity and test-retest differences. Results for
readers 1 and 2 were averaged for purposes of these graphs. (A and C)
MTViota and mean SUV,,,o« for scan 1 are plotted separately against same
metric for scan 2. (B and D) Mean of MTV,ut, or mean SUV,,,.« between
scans 1 and 2 was plotted against absolute difference in metric between 2
scans.

reported wCV for SUV ¢ (12%—14%, Pollard et al. (13)), combined
with a volumetric measurement in which a small change in radius
from the 50% SUV . threshold results in a large change in volume,
predictably results in large variability. Therefore, monitoring disease
on the basis of individual manually segmented tumors does not appear
to be a reliable marker for treatment response. The RC for subgroup
MTV yean and total MTV ea, Was 33% and 35%, respectively, which
is similar to that reported in the literature for 'SF-FDG for other

TABLE 5
Repeatability of MTV,, with Different Readers
Between Scans

R1,R2 R2,R1 Mean 95% CI of
Metric RC (%) RC (%) RC (%) mean RC
MTV;otal 29.9 44.7 37.3 27.9-49.3
Total MTV mean 29.9 44.7 37.3 29.9-44.7
PSMA-TLota 24.9 37.2 31.0 24.5-39.5
PSMA-TLQtotal 52.5 58.4 55,5 38.1-83.6
Total mean SUV,.x  28.3 20.7 245 17.5-33.5
Total mean SUVean  27.4 18.7 231  17.2-311

R1, R2 = first scan read by reader 1, second scan read by
reader 2; R2, R1 = first scan read by reader 2, second scan read
by reader 1.
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FIGURE 5. Graphical analysis of intra- and interreader agreement in
reporting MTV.ta, Showing high correlation in measures between scans 1
and 2 for same reader (reader 1) (A) and showing high correlation in meas-
ures between 2 independent readers for same scan (scan 1) (B).

cancers (28,29). An MTV based on a larger sample of tumors or total
tumor volume rather than individual tumors appears to be more reli-
able, likely because the noise-sensitive SUV ,,c-based thresholds and
resulting volume differences have both plus and minus biases across
all lesions, resulting in a tendency to cancel out. Although robust, the
method based on selection of a subgroup of tumors would be time-
consuming in clinical practice and prone to bias in lesion selection.
Because of the limited data available, no clear recommendation for a
minimum number of lesions for the subgroup of lesions can be made;
moreover, the repeatability of quantified volume is likely influenced
by the characteristics of the chosen lesions (e.g., lesion size and tissue
type). MTV ) remains robust even when alternating readers between
baseline and follow-up scans, suggesting that this method would hold
up in clinical practice when scans are not always read by the same
person. Therefore, the standardized semiautomatic segmentation
method for MTV ., proposed by Seifert et al., which worked well in
this study, may be a solution (9). Future investigation should focus on

PSA levels (ng/mL)

MTV,  (mL)

total

FIGURE 6. Graphical analysis of prostate-specific antigen vs. MTV;ota,
with log-log plot showing moderate correlation.
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the fully automatic analysis of PSMA PET scans in analogy to
8F_.FDG PET approaches (30). MTV i showed a moderate correla-
tion with prostate-specific antigen, suggesting that further assessment
of this metric for use as a surrogate biomarker for disease status is
warranted.

Besides volumetry, we evaluated SUV measures, which showed
repeatability similar to that reported by Pollard et al. (/3). We also
evaluated PSMA-TL and PSMA-TLQ, metrics that integrate
tumor volume and uptake analogous to total lesion glycolysis for
8F_FDG. These metrics showed poor repeatability in individual
lesions, but improved repeatability for the subgroup of tumors and
total tumor burden, and thus warrant further investigation (/2).
Interestingly, PMA-TLQ had greater variability than PSMA-TL.
This might be partly explained by the fact that the tumor volume
is normalized with the relatively stable (i.e., high-repeatability)
SUV ean- Thereby, changes in the tumor volume have a larger
influence on the resulting composite metric.

The present study had some limitations. The fact that patient
number was relatively small might influence the translatability to a
larger patient population. The results might not be directly trans-
latable to other PSMA ligands, especially to those that are conju-
gates with nongallium radioisotopes. The segmentation technique
may cause difficulties when single lesions are segmented sepa-
rately in follow-up scans or when confluent lesions occur (Fig. 2).
However, manual user-dependent adjustments can eliminate those
artifacts. Finally, the test-retest dataset was performed under care-
fully controlled conditions (e.g., ensuring the same scanner for
scans 1 and 2, minimizing variation in uptake time and dose),
which do not reflect the potential variations encountered in the
real-world clinic setting.

CONCLUSION

%8Ga-PSMA-HBED-CC PET-derived MTV,y, with semiauto-
matic whole-body segmentation is highly repeatable and suitable
for monitoring disease in advanced prostate cancer. Other methods
evaluated in this study, such as single-lesion volumes and sub-
group of lesions per patient, are limited by inferior repeatability
(MTV/egion) or labor intensiveness (MTVypgroup)- MT Viora there-
fore presents an efficient and robust means of monitoring disease
longitudinally. A change of greater than 35% in the magnitude of
MTV o1 can be viewed as a real change in tumor status progres-
sion or response to therapy.
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KEY POINTS

QUESTION: What is the estimated test-retest repeatability of
whole-body MTVius for ®8Ga-PSMA-HBED-CC PET/CT in patients
with metastatic prostate cancer?

PERTINENT FINDINGS: This study evaluated the test-retest
repeatability of semiautomatic segmentation of whole-body
MTV;ota, Showing a wCV of 12.7% and an RC of =35%. The
repeatability of manually segmented individual tumors (MTV,esion)
was poor, whereas the repeatability of a manually selected
subgroup of tumors per patient (MTVsupgroup) Was robust but
limited by labor intensiveness.

IMPLICATIONS FOR PATIENT CARE: Understanding test-retest
repeatability for metrics of metastatic disease burden is important
for the development of ®®Ga PSMA HBED-CC PET/CT as a
quantitative imaging biomarker. This study suggests that
semiautomatically segmented whole-body MTV,, is efficient and
robust for monitoring disease status.
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Biokinetics and Dosimetry of 771 u-Pentixather

Heribert Hiinscheidl, Andreas Schirbell, Philipp Hartrampfl, Sabrina Krausz, Rudolf A. Wemerl, Hermann Einselez,
Hans-Jirgen Wester’, Michael Lassmann', Martin Kortiim?, and Andreas K. Buck'

! Department of Nuclear Medicine, University Hospital Wiwzburg, Wiirzburg, Germany; *Department of Internal Medicine II, University
Hospital Wirzburg, Wirzburg, Germany; and >Department of Pharmaceutical Radiochemistry, TU Munich, Munich, Germany

The chemokine receptor 4 (CXCR4), which is overexpressed in many
solid and hematologic malignancies, can be targeted for radiopeptide
therapy via the antagonist pentixather. The biokinetics and dosimetry
of """Lu-pentixather and *°Y-pentixather were analyzed in this study.
Methods: This retrospective study was a standardized reevaluation of
data collected for treatment planning. Nineteen patients with complete
sets of planar whole-body scans over at least 4 d and a single SPECT/
CT scan after administration of 200 MBq of '’Lu-pentixather were
included. Kinetics were measured in the whole body, in tissues with activ-
ity retention, and in 10 individuals in the blood. Time-integrated activity
coefficients and tissue-absorbed doses were derived. Results: Increased
uptake of pentixather was observed in the kidneys, liver, spleen, and
bone marrow, inducing respective median absorbed doses of 0.91 Gy
(range, 0.38-3.47 Gy), 0.71 Gy (range, 0.39-1.17 Gy), 0.58 Gy (range,
0.34-2.26 Gy), and 0.47 Gy (range, 0.14-2.33 Gy) per GBq of '""Lu-pen-
tixather and 3.75 Gy (range, 1.48-12.2 Gy), 1.61 Gy (range, 1.14-2.97
Gy), 1.66 Gy (range, 0.97-6.69 Gy), and 1.06 Gy (range, 0.27-4.45 Gy)
per GBq of ®Y-pentixather. In most tissues, activity increased during the
first day after the administration of '’Lu-pentixather and afterward
decayed with mean effective half-lives of 41 = 10 h (range, 24-64 h) in
the kidneys and median half-lives of 109, 86, and 92 h in the liver, spleen,
and bone marrow, respectively. Maximum uptake per kidney was 2.2%
* 1.0% (range, 0.6%-5.1%). In organs showing no specific uptake,
absorbed doses exceeding 0.3 Gy/GBq of ®°Y-pentixather were esti-
mated for the urinary bladder and for tissues adjacent to accumulating
organs such as the adrenal glands, bone surface, and gallbladder. Dose
estimates for tumors and extramedullary lesions ranged from 1.5 to 18.2
Gy/GBq of *°Y-pentixather. Conclusion: In patients with hematologic
neoplasms, absorbed doses calculated for bone marrow and extrame-
dullary lesions are sufficient to be effective as an adjunct to high-dose
chemotherapies before stem cell transplantation.

Key Words: pentixather; biokinetics; dosimetry; CXCR4; endoradio-
therapy
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The chemokine receptor 4 (CXCR4) influences the develop-
ment of malignant diseases by activating various signaling path-
ways that influence cell proliferation, angiogenesis, metastasis,
and therapeutic resistance (/). On the other hand, being overexpressed
in many solid and hematologic neoplasms, CXCR4 is a promising tar-
get structure for radioligand therapy (2). A CXCR4 antagonist that has
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already been used in the therapy of various malignant diseases is the
peptide pentixather labeled with ”’Lu or *°Y (3-8). Pentixather and
its 17’Lu- and **Y-complexes exhibit high selectivity and specificity
and good binding affinities to human CXCR4 (4). In blood, !""Lu-pen-
tixather shows high binding to serum albumin, CXCR4-mediated
binding to leukocytes and platelets, and excellent metabolic stability
with virtually no tracer degradation (4).

The present report provides the results of a uniformly performed
dosimetric reevaluation of measurements after pretherapeutic admin-
istration of !"’Lu-pentixather to 19 patients. This compound was
originally intended to be used for both dosimetry and therapy. The
nuclide '7’Lu has continued to be used for dosimetry and *°Y for
therapy because *°Y-pentixather proved to be preferable for therapy,
pretherapeutic dosimetry with low °°Y activities is not possible, and
pentixather labeled with a diagnostic nuclide such as !''In has not
yet been produced and tested.

MATERIALS AND METHODS

Patients

All patients with dosimetric studies with !7’Lu-pentixather and meas-
urements up to at least 4 d after the administration from June 2014 to
December 2019 were considered for this retrospective analysis. A boy
aged 8 y was excluded, although no obvious differences in activity
kinetics were apparent as compared with adults. After excluding 1 study
that had to be repeated, 19 studies were eligible for inclusion. The
patients (11 women, 8 men; age range, 40—75 y; mean * SD, 60 £ 9 y)
had multiple myeloma (n = 9), acute myeloid leukemia (n = 3), diffuse
large B-cell lymphoma (n = 2), pre-B acute lymphoblastic leukemia
(n = 1), T-cell leukemia (» = 1), adrenocortical carcinoma (n = 2), or
thymoma (» = 1) and had been treated before by multiple lines of che-
motherapy (n = 19), stem-cell transplantation (autologous, » = 10; allo-
geneic, n = 5), or external-beam radiation therapy (» = 9). One patient
(patient 7) had only 1 kidney. Details on the included individuals are
shown in Table 1.

At the time of study inclusion, all patients had refractory disease and
had exhausted the standard treatment options. On the basis of the Ger-
man Drug Law, §13(2b), and after evaluation by an interdisciplinary
panel of specialists, the potential benefit of CXCR4-targeted endoradio-
therapy in combination with high-dose chemotherapy and stem-cell
transplantation was investigated. All patients gave written informed
consent, and the local ethics committee expressed no objections to the
retrospective evaluation and publication of the data in accordance with
data protection regulations (reference number 20200915 01).

Radiochemistry

For pretherapeutic dosimetry, !”’Lu-pentixather is synthesized by
adding a solution of 75 pg of pentixather (PentixaPharm) and 3.5 pg
of gentisic acid in 525 pL of sodium acetate buffer solution (0.4 M,
pH 5.2) to a vial containing about 300 MBq of no-carrier-added
77LuCl; (ITG; isomeric purity, <10~7 '7"™Lu) in 200 pL of 0.04 M
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TABLE 1
Patient Characteristics at Time of Dosimetric Assessment with '7”Lu-Pentixather

Previous treatment

Patient no. Sex Age(y) Weight (kg) Height (cm) eGFR Disease Since (Mo) C R Auto Allo
1 M 61 60 158 99 MM 18 X 1

2 F 66 64 163 100 MM 54 X 3

3 F 53 74 165 54 MM 123 X 3

4 M 65 93 192 46 MM 101 X 2

5 M 74 60 173 54 MM 22 X X 2

6 M 71 80 175 79 MM 77 X X 2

7 F 66 60 166 40 MM 138 X X 1

8 F 57 104 157 96 MM 49 X X 1

9 M 59 77 172 50 MM 23 X X 2

10 M 46 70 183 92 AML 7 X 1
11 M 60 78 182 82 AML 19 X 1
12 F 54 62 168 67 AML 27 X 1
13 F 64 80 163 85 DLBCL 42 X 1
14 F 59 68 172 20 DLBCL 32 X X 1

15 F 75 75 168 59 pre-B ALL 15 X

16 F 50 78 172 54 TCL 21 X 1
17 F 55 64 160 96 ACC 46 X X

18 M 55 90 175 92 ACC 14 X X

19 F 40 52 163 n/a Thymoma 37 X X

eGFR = Chronic Kidney Disease Epidemiology Collaboration glomerular filtrate rate estimate in mL/min per 1.73 m?; C = chemo; R =
irradiation; auto = autologous stem cells; allo = allogeneic stem cells; MM = multiple myeloma; AML = acute myeloid leukemia; DLBCL =
diffuse large B-cell ymphoma; pre-B ALL = pre-B acute lymphoblastic leukemia; TCL = T-cell leukemia; ACC = adrenocortical

carcinoma; n/a = not available.

HCI and heating the vial for 35 min at 100°C. After cooling, the solu-
tion is diluted with saline, passed through a 0.22-mm sterile filter, and
tested for radiochemical purity by gradient high-performance liquid
chromatography and thin-layer chromatography. Bubble point and pH
value are determined before releasing the product.

The radiosynthesis of *°Y-pentixather for therapy follows the same
protocol but using higher amounts of pentixather (200 pg), gentisic
acid (7 wg), and radioactivity (2-10 GBq of *°YCl).

Measurements and Data Evaluation

Each patient received about 200 MBq of !7’Lu-pentixather (Supple-
mental Table 1; supplemental materials are available at http:/jnm.
snmjournals.org) for pretherapeutic dosimetry to confirm eligibility for
treatment and to determine the maximum therapeutic activity. The
radiopharmaceutical was administered without concomitant medica-
tion to protect the kidneys. Activity kinetics were analyzed in the
whole body, kidney, liver, spleen, red marrow, and tumorous lesions
from repeated whole-body scans and a SPECT/CT scan for normaliza-
tion to absolute activity concentrations.

Whole-body scanning was performed with the same dual-head y-cam-
era and identical camera settings at 0.1 h, 4 h, 1 d, 2 d, and 4 d or later
after the activity administration. Additional scans after 1 h or 3 d were
included if available. For accumulating tissues, net counts were extracted
from appropriate regions of interest and fitted by a decay function using
ordinary least-squares regression (“Whole-Body Scans” section in sup-
plemental materials; Supplemental Figs. 1 and 2).

PENTIXATHER BIOKINETICS AND DOSIMETRY ~ *

Total-body net counts were normalized to the net counts observed
in the first scan at 0.1 h. For other tissues, estimates of time-integrated
activity coefficients and the specific absorbed doses, that is, the abso-
lute absorbed doses per unit administered activity, were deduced by
normalizing the kinetics to activity concentrations measured 1 d (2 d
in patient 9) after the administration by SPECT/CT (“Tomographic
Imaging” section in supplemental materials; Supplemental Fig. 3).

When possible, activity in entire organs was quantified in SPECT/
CT. In large organs, livers, and enlarged spleens, activity was quanti-
fied in a partial volume and activity was scaled to the complete mass
measured by CT. For the red bone marrow, the activity—time function
was determined in the planar images with a large region of interest
over the pelvis and spine and normalized to the activity measured on
SPECT/CT in the L2-L4 spine, which was assumed to contain 6.7%
of the total red marrow activity (9).

In a subgroup of 10 patients, blood samples were collected concom-
itantly with the whole-body scans. The whole-blood activity concen-
trations were measured, and the time-integrated activity coefficients
per liter of blood were calculated by integration of a triexponential fit
function over time.

From the kinetics measured with !”’Lu-pentixather, those expected
for *°Y-pentixather were calculated by converting the decay constants
to the shorter physical half-life of *°Y (64.0 h instead of 159.5 h
for 177Lu).

The free internal dosimetry software IDAC-DOSE (version 2.1
(10)) was used to determine specific absorbed doses in evaluated
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tissues from the measured time-integrated activity coefficients per unit
mass scaled to the sex-specific reference masses and multiplied by the
organ- and sex-specific S values in IDAC-DOSE. The software was
also used to estimate absorbed doses in unevaluated tissues from the
medians of the measured time-integrated activity coefficients and the
kidney—bladder model as previously described (//) with a 3.5-h voi-
ding interval. The percentage of total-body activity not located
in the evaluated accumulating tissues was attributed to the remainder
of the body.

The free software JASP (version 0.14.1; https:/jasp-stats.org/) was
used for statistical analyses. The distributions determined in this study
were tested for normality using the Shapiro-Wilk test, with rejection of
the null hypothesis for P values of less than 0.05. Parameters of normally
distributed data are reported as mean * SD and range or as median and
quartiles (minimum, first quartile, third quartile, and maximum).

RESULTS

The biokinetics of !”’Lu-pentixather were heterogeneous in the
group of included patients. Figure 1 shows the whole-body scans
2 d after the administration of the diagnostic activity in 3 of the
patients: patient 7, with only 1 kidney, showed the highest specific
absorbed doses in the kidney and liver; patient 15, with pre-B acute
lymphoblastic leukemia, showed the highest specific absorbed dose
in the red marrow and spleen, as well as the highest whole-body
time-integrated activity coefficient; and patient 2, with multiple
myeloma, showed the highest specific absorbed dose in an extra-
medullar lesion and the highest time-integrated activity coefficient
per liter of blood.

Tables 2 and 3 list the time-integrated activity coefficients and
specific absorbed doses for the evaluated tissues for !7’Lu-pentix-
ather and °°Y-pentixather, respectively. Figure 2 shows typical

time functions of activity retention in organs and tissues, exempli-
fied by patient 3.

The red bone marrow was the dose-limiting organ when the
absorbed dose was limited to 2 Gy to preserve function. The mean
effective half-life in the bone marrow was 97 = 31 h (range, 39h
to physical half-life) after 77Lu (kinetics decay-corrected to *°Y:
50 = 9 h; range, 29 to physical half-life). In 14 patients, the red
marrow activity concentration initially increased and reached a
maximum at 23 * 11 h after the administration before decreasing.

If stem cell support is available and myeloablation is tolerated
or intended, the therapeutic activity is limited not by the red mar-
row but by the absorbed dose to the kidneys (23 Gy). This would
have increased the tolerable activity by a median factor of 4.9
(range, 1.6-70.9) after !”’Lu and a factor of 2.8 (range, 1-34.7)
after °°Y even without kidney-protective medication. Uptake per
kidney generally increased at 4 h and later up to a mean maximum
of 2.2% * 1.0% (range, 0.6%—5.1%) of the administered activity
at 18 = 7 h after the administration and a subsequent decrease
with a mean effective half-life of 41 = 10 h (range, 2464 h). The
fitted half-life of the increasing component was 27 h in patient 7
and a median of 7.8 h (quartiles: 2.4, 4.9, 12.2, and 15.4 h) in
patients with 2 kidneys. Decay-corrected to °°Y, the mean maxi-
mum uptake would have been 1.9% = 0.9% (range, 0.5%—4.0%)
after 14 = 6 h, and the mean effective half-life would have been
29 = 5 h (range, 2040 h).

Compared with the kidney, the kinetics in the liver were
retarded, with a later maximum of retention (6.1% = 1.8%; range,
2.2%-10.0%) after 35 = 11 h and a longer median effective half-
life of 109 h (quartiles: 77 h, 92 h, 146 h, and physical half-life)
after 177Lu. Respective data for °°Y-pentixather would have been
4.9% * 1.6% (range, 1.8%—8.6%) retention after 23 = 7 h and a

. . .
P2:23.4 hp.i. 199 MBqg

P7:25.0 h p.i. 197 MBq

6
4

oM

counts
pixel

’ ®
P15:24.3 h p.i. 212 MBq

FIGURE 1. Examples of different activity distributions after '””Lu-pentixather in patients 2 and 7 (P2 and P7, respectively), with multiple myeloma, and
patient 15 (P15), with pre-B acute lymphoblastic leukemia. Although uptake in single kidney of patient 7 was 5%, sum of uptakes in both kidneys of
patient 15 was only 1.1%. In contrast, retention was 3-fold higher in bone marrow and 11-fold higher in spleen of patient 15. p.i. = after injection.
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TABLE 2
177 u-Pentixather Time-Integrated Activity Coefficients in Whole Body, Organs, Tumorous Lesions, Red Marrow, and
Blood, as Well as Tissue-Absorbed Doses per Administered Activity in Organs and Lesions

WB Kidneys Liver Spleen Red marrow Lesion Blood
a a D/A a D/A a D/A a D/A D/A a

Patient no. (h) (h) (Gy/GBaq) (h) (Gy/GBaq) (h) (Gy/GBq) (h) (Gy/GBqg) (Gy/GBq)  (h/L)
1 51.6 4.39 1.01 3.8 0.39 2.06 0.58 4.0 0.14 2.2 0.21
2 56.1 2.42 0.71 14.4 0.82 2.49 1.55 8.1 0.37 6.9 0.58
3 55.3 4.85 2.10 15.2 0.93 1.27 0.72 14.3 0.66 0.48
4 97.6 4.61 1.48 16.2 0.80 2.03 0.70 13.7 0.48 0.28
5 87.7 1.92 0.87 12.2 0.91 3.71 1.59 16.8 0.59 1.7
6 62.1 1.74 0.50 1.7 0.62 0.63 0.34 11.8 0.41 3.1
7 111.0 6.25 3.47 15.0 1.17 1.34 1.12 10.6 0.48
8 61.6 5.28 1.21 10.0 0.39 0.90 0.38 9.4 0.43
9 111.6 4.76 1.12 13.2 0.67 1.18 0.47 13.6 0.47
10 50.5 4.51 0.90 9.0 0.43 2.47 0.40 9.9 0.35 0.32
11 55.9 4.34 1.14 8.0 0.42 1.43 0.48 9.1 0.32 0.34
12 77.8 2.03 0.79 13.9 0.71 3.46 0.75 21.3 0.97 1.1
13 114.9 7.87 0.91 21.9 0.67 2.65 0.35 22.8 1.04 2.1
14 83.6 1.63 0.59 16.7 0.88 11.5 1.20 16.4 0.75
15 140.9 1.04 0.38 15.5 0.71 14.0 2.26 51.0 2.33
16 108.8 3.22 1.07 141 0.50 6.51 1.03 12.2 0.56 1.6 0.28
17 73.6 1.93 0.52 20.1 0.92 2.38 0.56 5.5 0.25 2.3 0.28
18 51.6 3.47 0.67 12.0 0.41 3.30 0.42 4.0 0.14 1.1 0.32
19 48.0 5.23 1.96 9.4 0.81 0.44 0.48 8.5 0.39 0.7 0.44
P 0.083 0.31 <0.01 0.95 0.21 <0.01 < 0.01 <0.01 <0.01 < 0.01 0.23
Minimum 48.0 1.04 0.38 3.7 0.39 0.44 0.34 4.0 0.14 0.7 0.21
First quartile 55.6 1.98 0.70 10.9 0.47 1.30 0.45 8.8 0.36 1.2 0.28
Median 73.6 4.34 0.91 13.9 0.71 2.38 0.58 11.8 0.47 1.9 0.32
Third quartile  103.2 4.80 1.18 15.4 0.85 3.38 1.08 15.4 0.62 23 0.42
Maximum 140.9 7.87 3.47 21.9 1.17 14.0 2.26 51.0 2.33 6.9 0.58
Mean 79.0 3.77 1.13 13.3 0.69 3.36 0.81 13.8 0.59 2.3 0.35
SD 27.9 1.82 0.73 4.2 0.22 3.61 0.52 10.4 0.49 1.8 0.11

WB = whole body; a = time-integrated activity coefficient; D/A = tissue-absorbed doses per administered activity.

P values are from Shapiro-Wilk test of normality.

median effective half-life of 54 h (quartiles: 45 h, 49 h, 54 h, and
physical half-life).

High values for the time-integrated activity coefficient for the
spleen (Tables 2 and 3) were associated with splenomegaly due to
malignant infiltration. In affected patients, a high absorbed dose to
the spleen is considered a desirable therapeutic effect. Measured
spleen masses in patients 14, 15 (Fig. 1), and 16 were 824, 530, and
539 g, respectively. Fifteen patients showed a delayed retention maxi-
mum. The mean effective half-life in the spleen was 99 *+ 36 h (range,
51 h to physical half-life) after '”’Lu (°°Y: 50 = 9 h; range, 35 h to
physical half-life).

In malignant extramedullary lesions, activity initially almost
always increased, reaching a maximum after a median of 11 h and
then decreasing with effective half-lives of 122 * 32 h (range, 78 h
to physical half-life) after '7"Lu (°°Y: 56 = 7 h; range, 45 h to

PENTIXATHER BIOKINETICS AND DOSIMETRY  *

physical half-life). The calculated values for the tissue-absorbed
doses per unit administered activity ranged from 0.7 to 6.9 Gy/GBq
of '77Lu and from 1.5 to 18.2 Gy/GBq of Y.

Estimates of absorbed doses in organs apparently without spe-
cific activity accumulation are shown in Supplemental Table 2.
Absorbed doses of about 0.05 Gy/GBq of !”’Lu-pentixather and
0.2 Gy/GBq of *°Y-pentixather are expected in most organs. Some-
what higher values are estimated for the urinary bladder and for tis-
sues adjacent to accumulating organs such as the adrenals, bone
surface, and gallbladder.

DISCUSSION

High and long-lasting retention of pentixather in the bone mar-
row leads to high specific absorbed doses to the hematopoietic
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TABLE 3
90Y-Pentixather Time-Integrated Activity Coefficients in Whole Body, Organs, Tumorous Lesions, Red Marrow, and Blood,
as Well as Tissue-Absorbed Doses per Administered Activity in Organs and Lesions (Recalculated from
Kinetics Measured with 77 Lu-Pentixather)

WB Kidneys Liver Spleen Red marrow Lesion Blood
a a D/A a D/A a D/A a D/A D/A a

Patient no. (h) (h) (Gy/GBq) (h) (Gy/GBaq) (h) (Gy/GBaq) (h) (Gy/GBq) (Gy/GBq) (h/L)
1 31.5 3.03 3.91 1.9 1.18 1.05 1.66 2.3 0.34 6.1 0.19
2 33.6 1.90 3.16 5.8 1.91 0.95 3.30 4.0 0.77 18.2 0.48
3 35.1 2.95 7.32 6.0 212 0.53 1.70 7.4 1.42 0.42
4 51.6 2,97 5.36 6.3 1.80 0.82 1.58 6.0 0.88 0.28
5 50.8 1.22 3.10 6.1 2.65 1.26 3.04 8.4 1.23 4.1
6 40.1 1.31 212 5.2 1.61 0.40 1.20 7.4 1.09 9.2
7 54.2 3.87 12.2 6.6 2.97 0.69 3.22 6.5 1.25
8 34.5 3.74 4.85 5.4 1.22 0.45 1.07 5.1 0.98
9 58.5 3.22 4.29 6.1 1.77 0.67 1.51 7.2 1.06
10 32.8 3.32 3.75 4.6 1.29 1.07 0.97 4.9 0.72 0.28
11 35.7 2.83 4.21 3.8 1.16 0.76 1.42 4.7 0.69 0.30
12 47.2 1.41 3.16 5.4 1.61 2.06 2.51 10.1 1.94 3.4
13 59.3 4.89 3.21 8.5 1.51 1.42 1.05 8.9 1.72 4.7
14 49.6 1.04 2.15 7.6 2.32 6.63 3.85 9.6 1.85
15 67.7 0.71 1.48 6.0 1.57 7.40 6.69 232 4.45
16 63.8 2.38 4.50 7.8 1.59 3.04 2.70 71 1.36 4.2 0.26
17 411 1.39 2.15 8.7 2.31 1.41 1.88 3.1 0.59 5.4 0.44
18 34.5 2.47 2.67 5.7 1.14 1.58 1.13 1.8 0.27 3.6 0.28
19 29.9 3.53 7.52 3.6 1.80 0.25 1.53 3.5 0.68 1.5 0.40
P 0.08 0.53 <0.01 0.55 0.13 <0.01 <0.01 <0.01 <0.01 <0.01 0.31
Minimum 29.9 0.71 1.48 2.0 1.14 0.25 0.97 1.83 0.27 1.5 0.19
First quartile  34.5 1.40 2.88 5.3 1.40 0.68 1.31 4.35 0.71 3.7 0.28
Median 411 2.83 3.75 6.0 1.61 1.05 1.66 6.50 1.06 4.5 0.29
Third quartile  52.9 3.27 4.67 6.4 2.02 1.50 2.87 7.88 1.39 5.9 0.41
Maximum 67.7 4.89 12.2 8.7 2.97 7.40 6.69 23.2 4.45 18.2 0.48
Mean 44.8 2.54 4.27 5.9 1.77 1.71 2.21 6.90 1.22 6.0 0.33
SD 12.0 1.14 2.52 1.7 0.51 1.99 1.39 4.61 0.91 4.7 0.10

WB = whole body; a = time-integrated activity coefficient; D/A = tissue-absorbed doses per administered activity.

P values are from Shapiro-Wilk test of normality.

system. The estimates for the bone marrow—absorbed dose indicate
that the safety limit of 2 Gy is usually reached after about 4 GBq
of "Lu or 2 GBq of *°Y. The absorbed doses achievable in
malignant tissues with these activities are considered insufficient
to achieve an adequate therapeutic effect on malignant tissue,
especially in solid tumors with moderate CXCR4 expression. In
hematologic neoplasms, on the other hand, therapy with pentix-
ather can be a reasonable complement to high-dose chemotherapy
regimens followed by subsequent hematopoietic stem cell trans-
plantation, with the potential to effectively fight radiation-sensitive
lesions.

With the exception of patients 11, 14, and 15, who experienced
unexpected obstacles regarding stem cell availability, and patient
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5, whose health deteriorated, all patients with hematologic diseases
received therapy. Patients 17, 18, and 19, with adrenocortical car-
cinoma or thymoma, remained untreated. Patients 1-4 received
177 u-pentixather for treatment (“Posttherapeutic Measurements”
section in the supplemental materials; Supplemental Figs. 4 and 5),
and all others received °°Y-pentixather. !7’Lu-pentixather for ther-
apy has the advantage that its y-radiation can be used scintigraphi-
cally for verification of the activity distribution and for dosimetry,
but '7’Lu-pentixather has an unfavorably long half-life in the bone
marrow. With therapeutic doses of 10 Gy or more to the red bone
marrow, the activity in the marrow must decay for at least 4-5 half-
lives before stem cell transplantation to safely avoid compromising
engraftment. Although this level of decay is ensured 2 wk after
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FIGURE 2. Regions of interest used to derive time functions of activity
retention in whole body (black), red bone marrow (red), liver (green), right
kidney (purple solid circles), left kidney (purple open circles), and spleen
(blue) in patient 3 with respective fit functions. Scintigram shows posterior
whole-body image 24 h after 197 MBq of 177Lu-pentixather. Gray symbols
with fit function represent activity retention per liter of whole blood.

90Y_pentixather, an interval of up to 4 wk may be necessary for
"7"Lu-pentixather. The longer time between !”’Lu-pentixather
treatment and transplantation is disadvantageous because the
prolonged phase of aplasia poses an increased risk of infectious
complications.

Since pentixather, like other radiolabeled peptides, is filtered
through the kidneys, activity retention in the renal tubules must be
considered. It is not yet known whether °°Y, like somatostatin
receptor agonists, has higher renal toxicity because of its higher
B-energy and dose rate, nor is it known which renal dose limits
are appropriate for pentixather labeled with '"’Lu or *°Y. The
limit of 23 Gy for the tolerable absorbed dose, which is often used
for the kidneys (12), is reached after 20-30 GBq of !”’Lu-pentix-
ather or 5-8 GBq of °Y-pentixather in most patients. Although
10 GBq of *°Y-pentixather could have been safely administered in
20% of patients, the specific absorbed dose determined for the
patient with only 1 kidney (patient 7) was 12.2 Gy/GBq, limiting
the safely administrable activity to 1.9 GBq. In patients with 2 kid-
neys, who were not included in this study because dosimetric
measurements were performed over 3 d only, the highest calcu-
lated dose was 12.7 Gy/GBq of *°Y-pentixather.

Concomitant medication with amino acids, such as that rec-
ommended for somatostatin receptor therapy with radiolabeled
peptides (/2), also reduces retention of pentixather in the kid-
neys (Supplemental Table 3). The reduction factor of 64% =
13% (range, 50%—80%) reported previously (8) was derived
from only 6 treatments with !7’Lu-pentixather and remains to
be validated.

The above figures indicate that, in an approach that uses mye-
loablative therapy with fixed activities, hardly more than 2.5 GBq
of ?°Y-pentixather can be administered without exceeding a kid-
ney dose of 23 Gy in individual patients. The estimated specific

PENTIXATHER BIOKINETICS AND DOSIMETRY ~ *

absorbed doses to bone marrow and lesions indicate that this limi-
tation is likely to leave many patients inadequately dosed, which
strongly supports the theranostic approach with pretherapeutic
dosimetry.

The data in the present study were not collected prospectively
in an optimized study design. The dosimetric measurements
were performed with the lowest activity that seemed necessary,
limiting the accuracy of the scintigraphic imaging and its evalu-
ation (“Uncertainties” section in supplemental materials). Some
estimate of the dosimetric accuracy is provided by the intraindi-
vidual comparison of the absorbed doses determined for the
right and left kidneys after !”’Lu-pentixather, which incorpo-
rates the uncertainties of both volume segmentation and mea-
surement and fit of activity kinetics. The dose derived for the
right kidney was 108% = 14% (range, 78%—128%) that derived
for the left kidney.

In tissues with a delayed retention maximum and a long half-life
for the retained activity, namely the liver, spleen, and red bone mar-
row, measurements over 4 d are often not sufficient to determine the
half-life with good accuracy. Later measurements, however, were
not necessary to estimate the absorbed doses to the kidneys and
would have required an additional patient visit and the use of higher
activities, which were avoided to minimize the risk that the kinetics
would be affected by the dose administered pretherapeutically. For
therapy with *°Y-pentixather, scans over 3 d are sufficient to mea-
sure the kinetics in the kidneys (“Uncertainties” section in supple-
mental materials).

90Y-pentixather kinetics data shown here were not measured but
calculated by converting the '7’Lu-pentixather results, assuming
comparable kinetics for "™Lu and ™Y. Comparison of kinetics
during therapy with prediction has not been technically possible in
our patients treated with °°Y-pentixather but is intended in the
future by quantification of the positrons of the °°Y decay with a
PET/CT scan of higher sensitivity. Since the metal that is used
affects the CXCR4 affinity and thus potentially the biokinetics,
deviations of actual absorbed doses from estimates are possible.
The binding affinity of "Y-pentixather to CXCR4 is slightly
lower than that of "™Lu-pentixather (4), which is most likely to
affect binding in target tissues. Also, an influence on excretion and
kinetics in healthy organs cannot generally be excluded.

An interesting alternative for the treatment of hematologic malig-
nancies could be the labeling of pentixather with an a-emitter to
effectively target smaller cell clusters. " Bi-pentixather has a higher
binding affinity to CXCR4 than does ™'Lu-pentixather (4), but
even for the most suitable isotope, 21°*Bi, the half-life of only 46
min is likely to be too short.

Bone marrow dosimetry is uncertain even in healthy individuals.
In patients with malignant transformation of the hematologic system,
the bone marrow may be severely modified in an individualized
manner. The activity pattern in the medullary spaces is often very
inhomogeneous, and the assumption of 6.7% bone marrow content
in the evaluated vertebrae is even more uncertain than in healthy
subjects. The doses mentioned should therefore be regarded as calcu-
lated values for estimating the approximate magnitude.

CONCLUSION

The absorbed radiation doses achievable with labeled pentixather
are often insufficient for radiologic destruction of solid tumors. In
hematologic neoplasms, however, °°Y-pentixather can be effective
against radiosensitive lesions and as a useful adjunct to the
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conditioning regimen before stem cell transplantation. Although
the kidneys are the dose-limiting organ in myeloablative therapy,
high exposures also occur in the liver and spleen. Of the remaining
organs, absorbed doses exceeding 0.3 Gy/GBq are estimated for
the urinary bladder and for tissues adjacent to accumulating organs
such as the adrenal glands, bone surface, and gallbladder.
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KEY POINTS

QUESTION: How do the biokinetics of the CXCR4 antagonist
pentixather affect endoradiotherapy?

PERTINENT FINDINGS: Dosimetric studies with 200 MBq of
77Lu-pentixather in 19 patients demonstrated very heterogeneous
absorbed doses per administered activity in organs and tissues
and identified the red bone marrow and kidneys as dose-limiting
organs.

IMPLICATIONS FOR PATIENT CARE: Therapy with °°Y-pentix-
ather may be considered if the malignant tissue is radiosensitive,
myeloablation is accepted, and excessive renal absorbed dose is
avoided by pretherapeutic dosimetry.
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Modeling Early Radiation DNA Damage Occurring During
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The aim of this study was to build a simulation framework to evaluate
the number of DNA double-strand breaks (DSBs) induced by in vitro
targeted radionuclide therapy (TRT). This work represents the first
step toward exploring underlying biologic mechanisms and the influ-
ence of physical and chemical parameters to enable a better response
prediction in patients. We used this tool to characterize early DSB
induction by '"7Lu-DOTATATE, a commonly used TRT for neuroendo-
crine tumors. Methods: A multiscale approach was implemented to
simulate the number of DSBs produced over 4 h by the cumulated
decays of '"Lu distributed according to the somatostatin receptor
binding. The approach involves 2 sequential simulations performed
with Geant4/Geant4-DNA. The radioactive source is sampled
according to uptake experiments on the distribution of activities
within the medium and the planar cellular cluster, assuming instant
and permanent internalization. A phase space is scored around
the nucleus of the central cell. Then, the phase space is used to
generate particles entering the nucleus containing a multiscale
description of the DNA in order to score the number of DSBs per
particle source. The final DSB computations are compared with
experimental data, measured by immunofluorescent detection of
p53-binding protein 1 foci. Results: The probability of electrons
reaching the nucleus was significantly influenced by the shape of
the cell compartment, causing a large variance in the induction
pattern of DSBs. A significant difference was found in the DSBs
induced by activity distributions in cell and medium, as is
explained by the specific energy (z) distributions. The average
number of simulated DSBs was 14 DSBs per cell (range, 7-24
DSBs per cell), compared with 13 DSBs per cell (range, 2-30
DSBs per cell) experimentally determined. We found a linear cor-
relation between the mean absorbed dose to the nucleus and the
number of DSBs per cell: 0.014 DSBs per cell mGy ! for internali-
zation in the Golgi apparatus and 0.017 DSBs per cell mGy " for
internalization in the cytoplasm. Conclusion: This simulation
tool can lead to a more reliable absorbed-dose-to-DNA correla-
tion and help in prediction of biologic response.
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The most common way of exposing cancer patients to radia-
tion is through external-beam radiotherapy (EBRT). The success
and effectiveness of EBRT can, at least partially, be attributed to
knowledge of its radiobiologic principles and their integration into
dose—-response modeling (/).

An alternative form of anticancer therapy is targeted radionu-
clide therapy (TRT). TRT is based on injection of a radiolabeled
molecule that has the advantage of targeting specific cancer cells,
enabling delivery of a cytotoxic absorbed dose to eradicate both a
primary tumor site and metastases (2).

In striking contrast to EBRT, TRT is marked by a scarcity of
radiobiologic investigations and dose-response modeling. The
physical characteristics of TRT—that is, heterogeneous radiation
caused by variable uptake at cellular and subcellular levels, pro-
tracted exposure causing overlapped biologic mechanisms such as
DNA damage formation and repair, and low dose-rate—differ sig-
nificantly from those of EBRT. Hence, TRT-specific radiobiologic
knowledge and biophysical modeling need to be developed (3).

The initial step into understanding the cell’s radiobiologic
response is represented by calculation of the energy deposition on
a subcellular scale and, in particular, in the cell nucleus, where
radioinduced DNA damage can be considered a key biologic out-
put for predicting cellular fate (4). Ultimately, a mechanistically
informed model, including the cell’s response dependence on phe-
notype, cell cycle, microenvironment, type of radiation, and deliv-
ery method, would elucidate the underlying biologic mechanisms
and hence allow prediction of the radiosensitivity of individual tis-
sues under a particular irradiation condition (35).

DNA is recognized as a key target, and currently, simulations
of in vitro DNA damage in the context of TRT have been focused
primarily on low-energy electrons, namely Auger -electrons
(e.g., 'PI-iodo-2'-deoxyuridine,' ' In-DTPA-p-Phe'-octreotide, and
64CuCl,), because of their significant decrease in energy density as
a function of distance in nanometers (6).

Various models of DNA target, ranging from DNA linear frag-
ments represented by structured cylinders (7) to either simplified
(8) or complex atomic representations (9,10), have been applied
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for this purpose using various Monte Carlo codes. On the other
hand, a combination of precalculated cluster DNA damage yields
by Monte Carlo damage simulation code (/7) and local dose distri-
butions within a local effect model has been used as alternative
fast approach (72).

For Auger emitters internalized in the nucleus, the choice of DNA
model and the placement of the radionuclide with respect to the
DNA structure are the main parameters influencing the resulting
double-strand break (DSB) computation (/0) because of their nano-
meter range. As a consequence, cell morphology and cell population
are not modeled in this scenario. On the contrary, longer-range
radionuclides, such as '”’Lu, require a detailed cell morphology and
population modeling to account for both self- and cross-irradiation
in a planar cell colony (/3). Furthermore, once the irradiation field
has been characterized, an event-by-event description of the radiation
track structure at the nanometer level within the nucleus, combined
with a simulation including a description of the target at the relevant
scale (e.g., atom, molecule), needs to be adopted in order to yield
conclusions on the biophysical mechanisms involved. In this respect,
faster Monte Carlo approaches for DSB simulation, intrinsically rely-
ing on uniform external irradiation parameters, would not provide a
deeper understanding of the mechanisms involved and, as such,
would not help to contribute to the final goal of developing methods
to select the best approach to individualized treatment optimization.
In a similar way, nanodosimetric simulations calculating the ioniza-
tion cluster size distributions in water cylinders corresponding to
DNA segments (/4) rely on adjustable parameters—inferred from
EBRT exposure—to account for the missing geometric DNA details
and, hence, would not completely serve this purpose.

A successful example of TRT, leading to markedly prolonged
survival and an increased quality of life in comparison to nonra-
dioactive targeted therapy (15,16), is "’Lu-DOTATATE. ""Lu-
DOTATATE treatment targets tumor cells overexpressing the
somatostatin receptor type 2 (SSTR;) and is authorized in Europe
and the United States as Lutathera (Advanced Accelerator Appli-
cations) for therapy of metastasized neuroendocrine tumors (/7).

This work proposed a simulation framework evaluating the
number of DNA DSBs occurring during in vitro !”’Lu-DOTA-
TATE experiments with planar colonies, thereby accounting for
detailed cellular morphologies and source localizations. We ana-
lyzed the impact of different modeling assumptions and compared
them with experimental data. This study represents a first step
toward a better understanding of the underlying biologic mecha-
nisms of ”7Lu-DOTATATE exposure by providing a detailed
description of early DSB distribution.

MATERIALS AND METHODS

A 2-step simulation process was adopted aiming to model, first, the
internal irradiation setup, characterizing particles entering the nucleus
belonging to a planar colony, and, second, the DNA damage induced
in that specific nuclear shape. The uptake assay, immunofluorescent
staining, and imaging of the cellular morphologies were previously
established (/3,18), and details are described in the supplemental
materials (available at http://jnm.snmjournals.org).

Modeling the Internal Irradiation Setup

Cellular polygonal mesh models from representative 4Pi confocal
microscopic images of human osteosarcoma cells (U20S-SSTR;)
were used to model 3 cellular morphologies in Geometry Description
Markup Language format. Each cellular shape consists of the cellular
membrane (CM), cytoplasm (Cy), Golgi apparatus (G), and nucleus.
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The nucleus was simplified by either an ellipsoid or an elliptic cylin-
der, preserving its original volume and proximity to the other cellular
compartments (Fig. 1A). The geometric characteristics of the 3 cells
are summarized in Table 1.

Simulations were performed on Geant4.10.06 (/9-21). A parame-
terization process replicating each cellular shape, and its subcompart-
ments, within an array was used to create 3 planar populations of 50
adjacent cells of the same shape (Fig. 1B). The number of cells was
chosen to allow a cell layer dimension greater than the average range
of '7"Lu B particles (continuous slowing down approximation range at
average energy and maximum energy = 270 wm and 1.76 mm, respec-
tively). Indeed, the '”"Lu cross dose (i.e., the absorbed dose delivered
by surrounding cells to a target cell) decreases exponentially with dis-
tance, and hence, increasing the planar cellular cluster size with addi-
tional cell layers after a given value (on average, 3—4 cell layers)
would not significantly contribute to the total absorbed dose received
by the nucleus of the central cell (/3). The computational memory
consumption was drastically reduced by the Geant4 parameterization
process, since the tessellated geometries (i.e., polygonal mesh) used to
model each cellular morphology were stored only once in the memory.
The cells were attached to the bottom of a water cylinder.

The decay spectrum of '"’Lu is reported in Supplemental Table 1
for reference. In this study, the full continuous radar () and discrete
internal conversion (IC) electron (ICRP107) spectra were simulated,
whereas photon and Auger electron emissions were neglected. Photon
emissions are considered negligible for cellular dosimetric purposes
(22), and Auger electrons are unlikely to reach the nucleus from Cy or
G and CM. Each of these source components was sampled separately
in order to distinguish the contribution of B and IC electrons coming
from the same nuclear transition.

The radioactive source ('’’Lu-DOTATATE) was assumed to be
instantly and permanently incorporated within the cell (internalized),
whereas a smaller portion remained membrane-bound on the basis of
the uptake measurements. The probability of emission within the cell
(73%) or the membrane (27%) was sampled according to previous

A Cell1

FIGURE 1. Cellular morphologies. (A) 4Pi confocal microscope images
with corresponding polygonal mesh structures. (B) Example of cell popu-
lation representing modeled planar cellular cluster in Geant 4 (perspective
view) where all cells are identical. Nucleus, G, and Cy are represented
in blue/purple, green, and red, respectively. Cell population models repro-
duce confluence level of 50% = 5%, estimated from radiobiologic obser-
vations. Geometric characteristics of the 3 cells are reported in Table 1.
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TABLE 1
Geometric Characteristics of the 3 Cell Morphologies

Volume (um?®)

Parameter Cell 1 Cell 2 Cell 3
Cy 3,465.64 1,876.58 4,228.08
G 68.46 24.34 63.18
Nucleus 811.79 714.71 1,105.84
Size* (um)
Cy Bounding box: Bounding box: Bounding box:
x =7224,y = 31.78,z = 5.99 x =99.21, y = 30.86, z = 3.52 x = 88.70,y = 64.28,z = 6.29
Nucleus Ellipsoid: Elliptic cylinder: Elliptic cylinder:

a=12,b=85,¢c=1.9 a=

*Reported in half-dimensions for nucleus.
CM thickness = 0.0075 pm (42,43).

13,b=7,c=125 a=8b=11,¢c=2

uptake experiments with 2.5 MBg/mL (/3), and hence, following the
average cell population behavior. Two internalization hypotheses (i.e.,
G or Cy) were investigated (Fig. 2), and because of the impossibility
of distinguishing an intraorganelle variation in the activity distribution,
the activity was sampled uniformly in each cell compartment (G, Cy, and
CM). The radioactive source was sampled in all cells simultaneously.
The unspecific contribution of the medium to DSB induction
was investigated in a separate simulation for 1 nuclear geometry
(cell 1), given that the absorbed dose from medium to nucleus is
not significantly influenced by the nuclear volume. Here, the

source was uniformly distributed in a cylinder with a size corre-
sponding to the maximum range of '”"Lu-@ particles (diameter and
height, 1.76 mm).

The Livermore low-energy physics models were adopted in Geant4
to track electrons down to an energy of 100 eV, and the default pro-
duction threshold of secondary electrons was set to 0.2 wm (adapted
to cell nuclear volumes), which corresponds to 1.75 keV in liquid
water. Atomic deexcitation processes, such as Auger cascades and
fluorescence, were included in the simulations. The chemical composition
of CM, Cy, G, and the nucleus was the same as water (p = 1 g/em®)
(National Institute of Standards and Technol-
ogy database). The position, direction, energy,

>

Golgi

SSTR;

Not treated

1 h treatment

Internalization in Cy

i L 25 pm 25 um

Internalization in G

compartment of emission, and event identifier,
which identifies particles derived from the
same primary, were recorded for each particle
entering the nucleus of the central cell,
assumed as representative for the cell popula-
tion. The number of particles run per simula-
tion ensured a phase space file larger than 1
million particles.

Merge

DNA Damage Simulation

DSB yield calculations were performed with
a computational chain (23) using the Geant4-
DNA (24-27) extension of the Geant4 toolkit
(version 10.1). In this case, all electron interac-
tions are simulated in a discrete manner (i.c.,
step-by step) down to the electron thermaliza-
tion, making possible the track structure simu-
lation required at the nanometer scale; as such,
they simulate explicitly all interactions and do
not use any production cut. The simulation
chain includes not only these physical interac-
tions but also the physicochemical and chemi-
cal stages within a representative cell nucleus
with DNA structure (Supplemental Fig. 1).

FIGURE 2.

become blue when traversing nucleus.

Immunofluorescent staining of U20S-SSTR, cells and corresponding simulation
hypotheses. (A) From left to right, images report nucleus, G, and SSTR; stainings for untreated cells
(top) and cells incubated with DOTATATE (bottom). Merged image at end highlights colocalization of
SSTR, with G after 1 h of incubation with DOTATATE. Scale bar = 5 um. (B) Example of internalized
source simulation for cell morphology 2. Nucleus, G, and Cy are reported in green, light blue, and
light gray, respectively. Electron tracks are drawn in red, with yellow energy deposition points, which

Therefore, simulations were performed to com-
pute DNA strand breaks (i.e., direct damage of
the DNA backbone and indirect damage of
the DNA backbone-sugar leading to strand
breaks). DSBs were scored from the simu-
lated strand breaks as defined previously
(13), that is, at least 2 strand breaks located
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in opposite strands and separated by less than 10 base pairs. The geno-
mic content of cell nuclei composed of chromatin fibers in the GO/G1
phase of the cell cycle was generated with the DNAFabric software
(28,29). The simulation chain coupled to these geometries allowed
calculation of DSBs per source particle (SP) reaching the nucleus,
as recorded in the phase space file. Source particles characterized
by the same event identifier, whose tracks are related to the same
primary, were simulated together until a relative SD of 5% on the
average DSBs per SP was reached. The DSB yields are reported in
terms of DSBs per SP and per gigabase pair (Gbp) (Npsgs/(sp Gbp))>
and for the calculations of total number of DSBs, all nuclei are
assumed to have 6 Gbp (Npsps/sp) (Where N [within the DSB formu-
las] or n [when neither uppercase nor lowercase letter is sub-
scripted] is number and where N [when subscripted and following
the arrow] indicates nucleus).

DSB Calculations and Measurement

The output of the DSB simulations (Npgps/sp) is converted to the
number of DSBs corresponding to an added activity of 2.5 MBg/mL,
as follows:

Nosps = ((nm py—n+nc pe—n) X NDSBS/SP)B

+0.15 ((ny pu—n+nc pe—n) X Noss/sp)

IC-electrons’

where n), and n¢ are the number of decays cumulated in a time
interval within the medium and the cells (membrane-bound and
internalized), respectively; and py,_.y and pc_.y are the probabilities
that emissions from medium or cells will reach the nucleus of the
central cell. The factors related to the cell contribution (n¢ pe—.y)
comprise either G or Cy irradiation. The total Npggs are then calcu-
lated accounting for the contribution of B and IC electrons, weight-
ing on the corresponding probabilities of emission from !”’Lu (i.e., 1
and 0.15 per decay, respectively).

The simulated results are compared with the experimental number
of DSBs per cell measured by p53-binding protein 1 (53BP1) foci
formation as previously reported (/8). Briefly, Z-stack imaging was
performed using a TCS SP5 confocal microscope (Leica), and foci
were counted from at least 50 cells of 2 independent experiments
using Image J software (30) (settings: median blur, 1.0; maximum
projection and find maxima; noise tolerance, 75 for cells and 100 for
slices). The untreated average DSB level was subtracted from the
measured data.

Detailed Dosimetric Characterization of the Nucleus
Irradiation

Source particles entering the nucleus of the central cell for each
phase space file were compared in terms of energy and position/direc-
tion of entrance in the nucleus.

Furthermore, separate simulations scoring the specific energy within
the nucleus were performed for each phase space file in order to justify
the possible difference in DSB yields. Indeed, the determination of the
energy distribution (and hence the macroscopic linear energy transfer)
of electrons entering the nucleus alone is not sufficient to characterize
the relationship of the electron tracks to biologic effectiveness. For this
purpose, Geant4-DNA models and processes (physics list option 2)
were used to enable track-structure (i.e., step-by-step) simulations of
electrons in liquid water down to the millielectronvolt energy range.
The energy deposited event by event within the nucleus was used to
score the specific energy distribution.

Statistical Analysis

The unpaired ¢ test (2 group samples) and 1-way ANOVA (more
than 3 group samples) were used to assess the significant difference
(P < 0.05) between sets of data (DSB yields, probabilities to reach the
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nucleus, number of SPs traversing the nucleus) within the shape
modeling and source localization comparison. A 2-way ANOVA was
performed as well, to learn how cellular shapes and source localiza-
tions, in combination, affect these sets of data.

RESULTS

Cellular Shape and Internalization Compartment Influence
Level of Nucleus Irradiation

The probability of reaching the nucleus from the cell (pc_y) is
3—4 times higher than from the medium (p,—.y) because of geo-
metric factors. Moreover, pc_y significantly depends on the prox-
imity and distribution of the cell compartment with respect to the
nucleus, as shown in Figure 3. The more the radioactive cell com-
partment closely surrounds the nucleus, the more pc_y increases,
as for G in cell 3.

To include the contribution of the medium in the previous com-
parison, Figure 3B reports the number of !”’Lu disintegrations
reaching the nucleus per particle type and cell corresponding to
2.5 MBg/mL of added activity. Once again, cell morphology and
source location have a strong combined effect on the number of
tracks reaching, and hence potentially damaging, the nucleus and
its genetic content.

DSB Induction Is Significantly Different When '""Lu Is Located
Inside Cell or in Medium

The DSB yields normalized to the amount of genetic material
(Gbp) and SPs reaching the nucleus (Npgps/(sp Gop)) differed sig-
nificantly depending on the irradiation geometry (i.e., source
and target shape and size in relation to particle track). The DSBs
induced by the 3 particles in the medium are significantly lower
than the ones induced by the 3 cell sources. Furthermore, even
though the difference among the 3 cell morphologies is not sig-
nificant, the localization (i.e., G or Cy) and the specific shape of
the radioactive cell compartment cause a spread in the biologic
damage, as shown in Figure 4A.

The variation in DSB yields among the analyzed cells is caused
by the position and direction of particles entering the nucleus,
which significantly depend on the cellular morphology. These
characteristics affect the hit probability, which is the probability of
having an energy deposition event potentially damage the DNA

structure. Specifically, the broader angular distribution of the
8 G # Cy # Medium
A Beta IC electrons B Beta IC electrons
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FIGURE 3. Comparison between probabilities (A) and number (B) of SPs
entering nucleus for 3 cell models, as indicated by x-axis, and the 3 source
localizations (Cy, G [including contribution of CM], and medium when
comparable to cell sources), including planar cross-irradiation. Number of
particles entering nucleus refers to 2.5 MBg/mL of added activity to which
experimental data correspond. Medium contribution is assumed to be
same for the 3 morphologies on basis of simulations for cell 1. Each graph
is subdivided into 2 windows corresponding to the 2 emission types
(B and IC), as indicated by titles. N = nucleus.
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Specific Energy in Nucleus Explains
DSB Yield Difference Between Cell and
Medium Source

The source localization does not signifi-
cantly affect the energy distributions of
particles entering the nucleus (Figs. 5A
and 5B), explaining why the DSB range/
Gy Gbp is similar for all cell morpholo-
gies. Indeed, the energy distributions of
electrons coming from medium or cells,
and hence their slowing down, are similar
as well, between the B electrons and the
IC electrons. However, the nucleus
geometry affects the electron path-
length, causing significant differences in
the energy deposition patterns within the
nucleus itself (Fig. 6).

Specifically, the microdosimetric energy
spectrum of particles coming from the
medium 1is significantly shifted to lower
energies with respect to all the sources
(Fig. 6; Table 2), reflecting the DSB yield
comparison. The difference among cell
morphologies is also the result of these spec-
tral differences, as the difference is evident
when comparing the corresponding specific

FIGURE 4. Simulation results and graphical explanation. (A) DSB-yield (DSBs/Gbp SP) comparison
for the 3 cell morphologies (as indicated by x-axis), the 3 source localizations (Cy, G [including contri-
bution of CM], and medium), and the 2 emission types. Medium contribution is assumed to be same
for the 3 morphologies on basis of simulations for cell 1. (B) Total nucleus irradiation (i.e., self- and
cross-irradiation) characterizing nucleus 3 when IC electrons are emitted from G. (C) Total nucleus
irradiation (i.e., self- and cross-irradiation) characterizing nucleus 1 when IC electrons are emitted

from G. Color bars indicate energy (keV) at entrance of nucleus.

scattered [ particles entering the nucleus from the medium
increases the electrons that traverse it with a lower efficiency
(greater polar angle). The same applies to the comparison between
cell morphologies and cell compartments (Figs. 4B and 4C); in this
case, the difference is predominantly less noticeable, given the
overall similar source-to-nucleus proximity. Indeed, the proportion
of events damaging the internalized source ranges from 0.91 to
0.93 for nucleus 1, from 0.45 to 0.62 for nucleus 2, and from 0.46
to 0.67 for nucleus 3, depending on internalization hypothesis and
emission type. If the source is in the medium, the same range is
reduced to 0.39-0.49. To understand these differences, we analyzed
the distribution of energy deposition events in the nucleus by
means of microdosimetric simulations.

When the DSB yields are divided by the mean absorbed dose
delivered per particle source in each nucleus, the number of
DSBs/(Gy Gbp SP) ranges between 2.3 and 3.0, depending on
internalization hypothesis and particle type.

In terms of DSB complexity, that is, the number of close strand
breaks that can be attributed to the same DSB, there is no signifi-
cant difference among cell morphologies and type of particle emit-
ted (B vs. IC electrons). The proportion of simple DSBs (i.e.,
DSBs made of 2 single-strand breaks) ranges between 79.7% and
92.2% with respect to the complex DSBs (i.e., DSBs made of 3 or
more single-strand breaks, with at least 1 of them located in a
strand opposite from the others), as expected for radiation with
low linear-energy transfer.

energy in Table 2 with the DSB yields in
Figure 4.

Simulated DSBs Match Experimental
Data

The total number of simulated DSBs
per cell for a 2.5MBg/mL dose of '7"Lu-
DOTATATE ranges between 7 and 24
(Figs. 7A and 7B), compared with a range
of 2-30 experimentally determined (Fig. 7C) (/8). The mean DSBs
per cell correspond to 14 and 13 for simulations and experiments,
respectively.

As expected, the DSBs are induced mostly by 8 particles, whereas
the IC-electron component results are significant only for specific cellu-
lar morphologies (Fig. 7A). The medium contribution is not assumed to
vary depending on the nuclear geometry; hence, its relative impact
depends strictly on the cell source contribution to each morphology
(Fig. 7B).

Linear correlations (R* = 1) with slopes of 0.014 and 0.017 DSBs
per cell mGy ! are found between the average specific energy and
the simulated number of DSBs, when assuming the internalized
source in G or Cy, respectively (Fig. 7D). Absorbed dose values cor-
responding to 2.5 MBg/mL are reported in Supplemental Table 2,
and the absence of correlation when using average absorbed dose
calculations is highlighted in Supplemental Figure 2.

DISCUSSION

Modeling of DNA damage after TRT exposure can lead, through
comparison with experimental data, to a better understanding of the
underlying mechanisms of this treatment modality. Ultimately, it
will allow evaluation of treatment efficacy, granting the flexibility
of a simulation environment and, as such, new opportunities for the
evaluation of novel radiopharmaceuticals. The first step toward this
aim was made here, in which we accounted for detailed cellular
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tion of electrons with energy below 10 keV,

FIGURE 5. Energy spectra of electrons entering nucleus of the 3 cell morphologies. (A) Distribu-
tions corresponding to B particles. (B) Distributions corresponding to IC electrons. Each color corre-
sponds to the 3 source localizations (Cy, G [including contribution of CM],
lines indicate mean value of energy spectra. Spectrum of medium is assumed to be same as cell 1
for the 3 morphologies and is replicated in each graph for comparison with cell sources. Energy bin

is 10 keV.

morphologies and activity distributions to replicate a typical
(*"Lu-DOTATATE) planar in vitro TRT environment and tested
the feasibility of performing DSB simulations through a simulation
chain created for external radiation exposure.

The importance of an improved cellular morphology modeling
has already been highlighted for macrodosimetric calculations
(i.e., S values) involving a planar colony of cells exposed to

that is, the electrons with the highest rela-
tive biological effectiveness for DSB induc-
tion, were found to be very similar (within
1%) in all phase space files, indicating a
possible similarity in the relative biological
effectiveness for DSB induction (317).
Instead, the energy deposition pattern within
the nucleus reflected the difference in DSB yields, underlying the
importance of both microdosimetric analysis and activity characteri-
zation on a cellular scale to predict biologic effects for radiation of
low linear-energy transfer as well. Microdosimetry, in fact, accounts
for the characteristics of the electron tracks (i.e., finite range and
change of linear-energy transfer along the track, energy-loss strag-
gling, 8-ray escape, and angular scattering) in order to correctly
evaluate the concentration of energy trans-
ferred to the nucleus and hence the bio-

and medium). Dotted
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logic effectiveness of the SPs.
Altogether, the need for detailed cellular
morphology modeling, accurate sampling,
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and a microdosimetric framework able to
explain biologic effects, as highlighted in
this work, is in striking contrast to the cur-
rent dosimetric approach of implementing
simplifying cell models (i.e., concentric
spheres) and a semianalytic radiation trans-
port model adopting the continuous-slow-
ing-down approximation (32). Indeed, not
accounting for the typical complexity and
heterogeneity at the cellular or multicellular

0.0 = T T

10 20
Energy (keV)

levels and relying on averaged large-scale
dosimetry might be the reason for miss-

FIGURE 6. Probability density functions of energy deposited per particle in nucleus of the 3 cell
morphologies. Each distribution corresponds to the 3 source localizations (Cy, G [including contribu-
tion of CM], and medium) and the 2 emission types (8 and IC). Dotted lines indicate mean value of
microscopic energy distributions, from which mean specific energy (z) is evaluated (Table 2). Spec-
trum of medium is assumed to be same as cell 1 for the 3 morphologies and is replicated in each

graph for comparison with cell sources.
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ing dose-response correlations that could
be translated on a clinical scale.

To our knowledge, this was the first study
simulating DSB formation after '"’Lu-
DOTATATE exposure while including all
stages of damage induction; hence, we

THE JourRNAL OF NUCLEAR MEDICINE * Vol. 63 + No.5 « May 2022



TABLE 2
Mean Specific Energy per Particle Entering Nucleus of the
3 Cell Morphologies

z (Gy)

Parameter Cell 1 Cell 2 Cell 3
Cy B 1.24 0.99 1.27
G 1.29 1.10 0.92
CyIC 1.20 1.02 1.36
GIC 1.44 1.20 0.94
Medium B 0.52

Medium IC 0.69

Medium values (8 and IC electrons) are calculated for nucleus 1
and assumed same for the 3 morphologies.

compared our results with photons (producing similar secondary elec-
tron spectra) and electron beam irradiation data available in the litera-
ture. The number of DSB yields in this
work (2.3-3.0 DSBs/Gbp ' Gy ' SP™)

Nevertheless, our simulated results represent a lower bound on
the average number of DSBs and their complexity. Our modeling
approach, in fact, neglects the contribution of photons and Auger
electrons emitted by '7’Lu, the resonant formation of strand breaks
by very low energetic electrons (<20 ¢V) (36-38), the induction of
non-DSB oxidative clustered DNA lesions, and the consequence of
sugar and base residue repair, which can increase the final strand
break yield. In addition, cells exposed to !”’Lu-DOTATATE are
not synchronized in a specific cell-phase, as we assumed for the
purpose of simplification, but are characterized by a distribution of
radiosensitivity, associated with their cell phase, that should be
accounted for when simulating different nuclei. Lastly, we did not
include the possibility of DSB repair, given that repair mechanisms
involved in TRT are not yet fully understood. Specifically, during
TRT, since DNA damage induction persists over time, induction
and repair occur simultaneously and hence repair mechanisms might
differ significantly from EBRT. However, our approach might be
justified by the very low DSB reduction pace (0.96% in 4 h) or, bet-
ter, the substantial equilibrium between induction and DSB repair,
indicated by the average (among the cell population) experimental
decrease in the number of 53BP1 foci over 3 d (/8). However,
sublethal damage repair differs among the cell population

was comparable to that in a study by Tang

strongly influence the final DSB yields. The

et al. (33), in which the simulated results A i mBeta (1IC-electrons B OMedium  ©Cell
ranged between 3.5 and 2.8 DSBs/(Gbp Gy) w30
for 220-kVp and 4-MV x-ray irradiations, §2O T 3 N
respectively. Similarly, Nikjoo et al. (34) e 558 2.63 520 i ‘ (_‘
estimated a DSB yield of 3.32 DSBs/(Gy < | | | ‘ ‘ E 20.92 Ii] N
Gbp) for 100-keV electrons, assuming 6 10 140 1730 09 gm 7] <& - = =
Gbp of genetic material and 3.9 10 '? Da/ & | ‘ :2; 8.87| ‘ 803 | | 379 0 ‘ ‘ 55'31.
cell. In both cases, the portion of complex 0 e B, SR T L
DSBs was similar to this study. In this Gl Cyl G2 Cy2 G3 Cy3 Gt Oyl @R G G Gp
work, the DSB complexity was indepen- C 8
dent from the source localization. Hence,
repair mechanisms acting on DSBs caused g %5 ]
by medium or cell source will most likely gg
be the same. 55 % 1 |

The parameters implemented in the simu- u% § 5 | i ; | [w
lations to score DNA damage induction can | | I 1

: oL mallllalllilalall 1 a1
5 7 9 1N

good agreement reached with the aforemen- 1 3 13 156 17 19 21 23 25
tioned studies could be explained by the D 2Cy xG
.. . s 25 F3
similar parameters set to score direct or indi-
rect strand breaks. Indeed, increasing the - §20 1 ’ *
chemical simulation end-time from 2.5 ns % S15 -
(as set in this work) to 10 ns would increase E 510 | x
the number of DSBs by a factor of approxi- B 5 " x *
mately 1.3 (33), and either decreasing the e
threshold for direct single-strand break 0 T ; ’
0.00 0.50 1.00 1.50 2.00

induction from 17.5eV to lower values or
introducing a linear probability of between

Z (absorbed dose per cell, Gy)

5 and 37.5eV would significantly affect the
total number of DSBs (34,35). We did not
study how these parameter variations would
affect our calculations, given that our results
were already comparable to the experimen-
tal data (/8) and that the computational time
required for these simulations is consider-
ably long.

FIGURE 7. DSB simulations, comparison with experimental data, and correlation with absorbed
dose to nucleus. (A) Simulated number of DSBs per nucleus corresponding to the 3 cell morpholo-
gies and internalization hypotheses (Cy vs. G, including CM), indicating contribution of each particle
type (B and IC electrons). (B) Simulated DSBs per nucleus corresponding to the 3 cell morphologies
and internalization hypotheses (Cy vs. G, including CM), indicating contribution of medium or cell
source (internalized and membrane-bound). (C) Frequency histogram of experimental number of
DSBs per nucleus induced by 4 h of administration of 2.5 MBag/mL activity of '7’Lu-DOTATATE,
measured by 53BP1. (D) Linear correlations between absorbed dose to nuclei and simulated number
of DSBs when internalized source is located in Cy and in G. DAPI = 4’,6-diamidino-2-phenylindole.
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depending on cell phase and dose rate variation too. Moreover,
the DSBs are measured by means of 53BP1 foci—that is, repair
foci—and hence might be slightly underestimated as well.
Indeed, only breaks in which repair is induced are accounted for
with this measurement, and the fluorescently labeled compound
might not successfully bind to the 53BP1.

At present, only Eberlein et al. proved the existence of a corre-
lation (with slope 0.0127 DSBs mGy ! cell™!) between the
absorbed dose to blood of patients undergoing !’’Lu-DOTATATE
treatment and the induction of DBSs, measured by the colocalized
biomarkers YH2AX and 53BP1 (39). Remarkably, we found a
similar number of DSBs per cell and per milligray (0.014 vs.
0.017 DSBs mGy ' cell "), which serves as further validation of
our computational approach.

Further improvements in the computational chain pertain to the
inclusion of base damage affecting the DSB complexity (40), dif-
ferent oxygen levels in the nuclear medium, different cellular
shapes in a single-exposure scenario, intraorganelle variation in the
internalized activity fraction, realistic cellular media, and a more
representative distribution of the genetic material, according to the
cell cycle and including realistic proportions of euchromatin and
heterochromatin. Some of these improvements are currently being
developed by the Geant4-DNA community and will be included in
future simulations. More studies investigating the temporal varia-
tion in dose rates over time against biologic phenomena such as
DNA repair capacity and cell cycle progression over the cell popu-
lation would help to further improve biophysical modeling as well.

To develop a comprehensive model, not limited to a planar
in vitro application but representative of an in vivo tumor scenario,
a 3-dimensional aggregation of cells characterized by a variable
SSTR, expression should be modeled. For this purpose, the vari-
ability of SSTR, expression among cellular population samples
should be analyzed by means of fluorescence-activated cell sorting
analysis or flow cytometry, so that the intensity of the receptor
staining can be normalized and used to sample a heterogeneous
receptor expression among the cell population. As such, various
probability distributions of the SSTR, expression can be generated
to test the influence on the absorbed dose estimation. Moreover,
the effect of !7’Lu-DOTATATE on peritumoral vessels will influ-
ence tumor hemodynamics and, to a lesser extent, its cross-dose
irradiation, which could be explicitly simulated by changing the
proportion of activity bound to the vessels, according to tumor dif-
ferentiation and aggressiveness. Somatostatin is known to cause
vasoconstriction resulting in regional hypoxia or necrosis (41).
The oxygen effect should be considered by modifying the chemis-
try processes (e.g., by adding the specific chemical processes that
lead to the creation and the chemical reactions of radicals involv-
ing oxygen) or by simply correcting with the oxygen enhancement
ratio for DSB induction. Finally, even though direct radiation
effects will form the major contribution to cellular responses,
bystander effects and abscopal effects should be studied in tissues
with low-receptor expression. Indeed, bystander signaling may be
present in receptor-negative cells within a matrix of receptor-
positive cells but will be obscured by many other factors influenc-
ing cell survival. To model such effects, initial studies should be
performed focused on selecting relevant radiation-perturbed molec-
ular pathways or intracellular targets, which, when hit by radiation,
initiate the emission of bystander signals (e.g., mitochondria,
nuclear membrane, and ribosomes), in order to inform a more sys-
temic description of the biologic response to radiation after TRT
exposure.
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CONCLUSION

In this work, we developed a simulation framework to evaluate
the number of DNA DSBs occurring during in vitro TRT, which,
through further modifications and comparison with experimental
data, can lead to a better understanding of the underlying biologic
mechanisms of this therapy. Adopting this methodology, we found
good agreement with experimental data and a clear correlation
between the absorbed dose and the average number of DSBs per
cell after '"7Lu-DOTATATE exposure was established. Further-
more, this work highlights the importance of overcoming classic
macrodosimetric approaches to be able to investigate and find cor-
relations with the biologic response after TRT exposure, as is
instrumental for personalized dosimetry.
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KEY POINTS

QUESTION: Can a simulation framework be established to evalu-
ate the number of DNA DSBs induced by in vitro TRT?

PERTINENT FINDINGS: We found a linear correlation between
the mean specific energy to the nucleus and the number of DSBs
per cell: 0.014 DSBs per cell MGy~ for internalization in G and
0.017 DSBs per cell mGy ™" for internalization in Cy. Furthermore,
we found a spread in the induction of DSBs caused by the spe-
cific shape of the radioactive cell compartment and a significant
difference in the DSB yields induced by bound and unbound activ-
ity fractions.

IMPLICATIONS FOR PATIENT CARE: Ultimately, this simulation
tool will elucidate the underlying biological mechanisms of TRT
and interpret DNA-damage biomarkers. Knowledge of the physi-
cal, chemical, and biologic actions by TRT will lead the way to its
optimization and a better response prediction in patients.
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Comparison of Exogenous Ketone Administration Versus
Dietary Carbohydrate Restriction on Myocardial Glucose
Suppression: A Crossover Clinical Trial
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The ketogenic diet (KD) is the standard of care to achieve myocardial
glucose suppression (MGS) for assessing inflammation using BF_-FDG
PET. However, failure to suppress physiologic glucose uptake remains
a significant diagnostic barrier. Although extending the duration of KD
may be effective, exogenously delivered ketones may provide a conve-
nient, reliable, and same-day alternative. The aims of our study were to
determine whether exogenous ketone administration is noninferior to
the KD to achieve MGS and whether serum B-hydroxybutyrate (BHB)
levels can predict MGS. Methods: KEETO-CROSS (Ketogenic Endog-
enous versus Exogenous Therapies for myoCaRdial glucOse Suppres-
Sion) is a crossover, noninferiority trial of the KD (endogenous ketosis)
versus ketone ester ([KE] exogenous ketosis) drink. Twenty healthy par-
ticipants were enrolled into 3 arms: weight-based KE drink, 24-h KD,
and 72-h KD (n = 18 completed all arms). The primary outcome was
achievement of complete MGS on PET (noninferiority margin 5%). The
area under receiver-operating-characteristics (AUROC) of endogenous
BHB levels (analyzed in a laboratory and by point-of-care device) for
predicting MGS was analyzed in 37 scans completed on the KD.
Results: The mean age was 30 = 7 y, 50% were women, and 45%
were nonwhite. The median achieved BHB levels (mmol/L) were 3.82
(25th—-75th percentile, 2.55-4.97) (KE drink), 0.77 (25th-75th percen-
tile, 0.58-1.02) (25th-75th percentile, 24-h KD), and 1.30 (25th-75th
percentile, 0.80-2.24) (72-h KD). The primary outcome was achieved
in 44% (KE drink), 78% (24-h KD), and 83% (72-h KD) of participants
(noninferiority P = 0.97 and 0.98 for KE vs. 24-h and 72-h KD).
Endogenous BHB levels robustly predicted MGS (AUROC, 0.88; 95%
Cl 0.71, 1.00). A BHB of 0.58 or more correctly classified 92% of
scans. A point-of-care device provided comparable predictive value.
Conclusion: In healthy volunteers, KE was inferior to KD for achieving
MGS. Serum BHB is a highly predictive biomarker for MGS and can
be clinically implemented upstream of '8F-FDG PET, with rapid facili-
tation by point-of-care testing, to reduce false-positive scans.

Key Words: ketogenic diet; ketone ester; FDG; PET; myocardial
glucose uptake
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Detecting inflammation is clinically relevant for diagnosing
several cardiovascular diseases, though it remains challenging to
achieve by current techniques. Noninvasive diagnosis of a growing
number of inflammatory pathologies, as well as malignant cardiac
masses, relies on visualizing glucose uptake by abnormal cells
using '®F FDG PET. However, because normal myocardium can
also use glucose (1), distinguishing physiologic from pathologic
uptake can be particularly problematic and remains the Achilles
heel of using '¥F-FDG PET for such diagnostic testing (2).

Short-term dietary modification through a low-carbohydrate, high-
fat ketogenic diet (KD) to suppress physiologic glucose uptake is the
standard of care for evaluating myocardial inflammation using radiola-
beled markers of glucose utilization. The KD accomplishes this metab-
olic switch by reducing insulin-dependent myocardial glucose uptake,
while inflammatory cells continue to consume glucose through non—
insulin-dependent glucose transporters. However, myocardial '3F-FDG
suppression rates remain suboptimal, and retrospective data suggest
myocardial glucose suppression (MGS) is achieved in 81%—-84% of
subjects even after strict, highly supervised dietary restrictions (3,4).
Nondiagnostic and false-positive scans lead to misdiagnosis, inappro-
priate immunotherapy, repeated scans with excess radiation exposure,
and unnecessary costs to the patient and health-care system.

One strategy to improve appropriate MGS is to increase the length
of dietary modification (5). However, adherence to the KD may not
always be feasible, is often challenging, and requires advanced patient
preparation. The negative correlation between carbohydrate and ketone
use by the heart has been known for years (6), and exogenous ketones
significantly reduce myocardial glucose uptake through substrate com-
petition and inhibition of intracellular glucose phosphorylation (7). A
ketone ester (KE) compound can rapidly and safely achieve high levels
of ketosis and may efficiently and effectively prepare patients for same-
day evaluation of myocardial inflammation by '®F-FDG PET (8). How-
ever, no studies have directly compared a KE with a KD strategy for
achieving MGS. Additionally, given the inverse relationship between
ketosis and MGS, ketone biomarkers may logically predict MGS.
Despite promising data, neither hypothesis has been evaluated.

Ketogenic Endogenous versus Exogenous Therapies for myo-
CaRdial glucOse SuppresSion (KEETO-CROSS) is a crossover,
noninferiority trial of an MGS strategy comparing KE with the gold-
standard 24-h KD, as well as 72-h KD, in participants free of cardio-
vascular disease. We sought to determine whether a nutritional

THE JourRNAL OF NUCLEAR MEDICINE * Vol. 63 ¢ No.5 « May 2022



ketosis strategy would provide noninferior diagnostic value com-
pared with short-term KD to achieve MGS on '8F-FDG PET. We
secondarily assessed the value of serum ketone levels (3-hydroxy-
butyrate [BHB]) as an upstream biomarker of MGS on '®F-FDG
PET to reduce false-positive and nondiagnostic scans.

MATERIALS AND METHODS

KEETO-CROSS Study Design

We conducted a crossover, open-label, noninferiority trial comparing
exogenous ketosis (KE) with endogenous ketosis (KD) (NCT04275453).
Participants were randomly assigned to the KE arm (1 visit) or KD arm
(including 2 visits occurring at 24 and 72 h) with at least a 1-wk washout
period in between arms. Participants aged 18-60 y were enrolled at the
University of Pennsylvania between January 2020 and January 2021. To
ensure that any myocardial glucose uptake would be physiologic rather
than indicative of underlying pathology, we excluded individuals with
any reported history of cardiovascular disease (including hypertension,
hyperlipidemia, and diabetes mellitus). We also excluded pregnant and
breast-feeding women. Recruitment was continued until a total of 18 par-
ticipants attended all 3 visits (KE, 24-h KD, and 72-h KD) to adequately
power the trial. The CONSORT diagram for KEETO-CROSS is depicted
in Supplemental Figure 1 (supplemental materials are available at http://
jnm.snmjournals.org). The study was approved by an institutional review
board and informed consent was obtained.

Patient Preparation Methods

KE Arm. Participants in the KE arm were permitted to eat a regular
diet during the day before their study visit and started fasting at least
by midnight before 'SF-FDG PET (Fig. 1). During the visit, partici-
pants received weight-based dosing (714 mg/kg) of (R)-3-hydroxybu-
tyl (R)-3-hydroxybutyrate (H.V.M.N.), which has been extensively
studied for the purposes of achieving ketosis (8—70). Briefly, this KE
undergoes rapid enzymatic hydrolysis ultimately to form BHB (and
other ketone bodies), achieving high BHB levels in less than 1 h with
a short compound half-life (0.8-3.1 h). This high dose was selected to
engender robust ketosis and substrate competition. Participants were
injected with '8F-FDG at 1 h after KE ingestion because the peak
ketotic effect of the KE occurs around this time.

KD Arm. During the KD arm, participants presented for 2 visits:
one after 24 h of KD and then again after 72 h of KD (Fig. 1). The
day before the 24-h KD visit, participants began a low-carbohydrate,
high-fat diet intended to achieve less than 20 g of carbohydrate intake
per day (supplemental materials) and fasted from at least midnight
until '8F-FDG PET scanning the next day. Thereafter, they continued
the KD for 2 additional days, fasting again from at least midnight
before the 72-h KD visit. A detailed dietary log was maintained by
study participants during the dietary arm and reviewed by a nuclear
cardiologist before '8F-FDG injection. All participants were deemed
to have adequate dietary adherence by dietary log review.

Laboratory Testing and Echocardiography

Details of laboratory testing (for BHB, insulin, glucagon, nonesteri-
fied fatty acid [NEFA], and glucose levels) and echocardiography are
available in the supplemental materials.

8F_.FDG PET Protocol and Study Outcomes

Participants underwent '®F-FDG PET using a PET/CT scanner
(Ingenuity TF; Philips). At study visits, '"*F-FDG (~185 MBq [~5.0 mCi])
was injected, and PET images of the chest were acquired 1 h later.
Low-dose CT images were also acquired for attenuation-correction
purposes and to aid in distinguishing '*F-FDG activity in the myocar-
dium and blood pool on fused PET/CT images. Images were analyzed
using MIM software by a board-certified nuclear cardiologist masked
to participant characteristics. The primary outcome of the trial was
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FIGURE 1. KEETO-CROSS study design. Participants were assigned in
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complete MGS, defined by '®F-FDG activity in all segments of the
myocardium lower than the blood pool (2). The secondary trial out-
come was the ratio of the average myocardial to blood pool SUV in
the septal and lateral walls.

Statistical Analysis

Baseline characteristics were described using mean * SD and
medians and 25th—75th percentiles or percentages as appropriate for
the levels of measurement and distributions of the variables. Bio-
marker levels were compared using nonparametric testing because
they were right-skewed, and the false-discovery rate method was used
for multiple testing correction.

We prespecified a modified-intention-to-treat analysis among partici-
pants who completed all 3 visits. A sample size of 18 participants
provided 80% power to detect a 10% difference between the KE and
24-h KD group with a 5% noninferiority bound at an a-level of 5%
and SD of paired differences of 0.36, assuming a correlation of 0.62
between studies. The primary (dichotomous) outcome of the trial was
assessed using the exact noninferiority test of the difference between
paired binomial proportions. Because noninferiority was only specified
for the primary outcome, the secondary (continuous) outcome was ana-
lyzed using Wilcoxon signed-rank test because data were right-skewed.
To limit multiple testing, the primary analysis compared KE and the
24-h KD (gold standard), whereas other comparisons are considered
exploratory. To understand reasons for MGS failure with the KE drink,
we used logistic regression to assess the relationship between log-trans-
formed, post-KE drink biomarker levels with MGS, displaying the
odds ratio per SD increase for ease of comparison between biomarkers.

In a prespecified analysis, we assessed ROCs of biomarkers using
c-statistics to predict achievement of MGS, accounting for clustering
at the participant level when applicable. For ease of comparison bet-
ween biomarkers, c-statistics for insulin and glucose levels were dis-
played modeling the risk for MGS failure because these biomarkers
are theoretically inversely related to MGS, whereas other biomarkers
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are directly related. We used continuous splines with 4 knots after
confirming nonlinearity to model endogenous BHB levels and the
myocardium to blood-pool SUV ratio. Logistic splines were also used
to model the relationship between MGS and endogenous ketone lev-
els. We further assessed the diagnostic value of point-of-care BHB
values after the protocol modification. Bland—Altman plot and Spear-
man p were used to compare ketone levels by laboratory and point-of-
care analysis. Analyses were performed separately for endogenous and
exogenous ketone levels because each mode of ketosis reflects differ-
ing cardiovascular physiology and mechanisms of action (/).

Analyses were performed using STATA version 14 (STATA Corp.)
and StatXact-12 (Cytel). For the primary outcome assessing noninfer-
iority, a 1-sided P value of <0.05 was considered significant, whereas
other analyses used a 2-sided P value of <0.05.

RESULTS

The baseline characteristics of the 20 KEETO-CROSS heathy par-
ticipants who completed 57 '8F-FDG PET scans are shown in Supple-
mental Table 1. The mean age was 30 = 7 y, 50% were women, and
45% were nonwhite. The average duration of fasting (hours) before
E_FDG injection was 15.9 + 1.3 (KE drink arm), 16.7 + 1.6 (24-h
KD arm), and 15.2 = 2.0 (72-h KD arm).

From a hemodynamic perspective, systolic blood pressure (119 =
12t0 124 = 11 mm Hg; P = 0.023) and heart rate (62 = 12to 71 = 13
beats per minute; P < 0.001) increased significantly at approximately
30 min after consumption of the KE drink. Heart rate also showed a
trend for increment (68 = 13 and 76 = 12 bpm; P = 0.14), whereas
systolic blood pressure (117 = 15 and 117 = 11 mm Hg; P = 0.90)
did not change with diet-induced ketosis at 24 and 72 h, respectively.

Metabolite and Hormones Levels by Study Arm

BHB, NEFA, insulin, and glucagon levels by study visit are dis-
played in Figure 2 for the 18 participants in the modified intention-
to-treat analysis. BHB levels (presented as median and 25th—75th
percentile) increased rapidly and significantly from immediately
prior (median, 0.12; 25th—75th percentile, 0.10-0.26 mmol/L) to 30
min after KE drink ingestion (median, 3.82; 25th-75th percentile,
2.55-4.97 mmol/L, P < 0.001). Post-KE drink levels were signifi-
cantly higher than that achieved by 24-h KD (median, 0.77;
25th—75th percentile, 0.58-1.02 mmol/L, P < 0.001) and 72-h KD
(median, 1.30; 25th-75th percentile, 0.80-2.24 mmol/L, P =
0.029). A similar pattern was observed when comparing the post-
KE drink insulin levels with other times points. Glucagon and
NEFA levels were lower after the KE drink than for the 24- and 72-
h KD arms (P < 0.05 for all comparisons), though they were not
different from pre-KE drink levels (P > 0.20 for both comparisons).
As expected, glucose levels were lower after the 24-KD and 72-KD
groups compared with overnight fasting, reflected by the pre-KE
drink levels (Supplemental Table 2).

KEETO-CROSS Primary and Secondary Outcomes

Using the modified intention-to-treat protocol, we assessed the pri-
mary outcome (complete MGS) in the 18 participants who completed
all 3 study visits (Fig. 3). Complete MGS was achieved in 8 of 18
(44%), 14 of 18 (78%), and 15 of 18 (83%) participants in the KE,
24-h KD, and 72-h KD arms, respectively. KE failed to meet the
noninferiority bound compared with the KD arms (noninferiority
P =0.97 and 0.98 for KE vs. 24-h and 72-h KD, respectively).

Among the 18 participants completing all 3 visits, the secondary
outcome (average SUV myocardium/blood pool, presented as
median) was 1.01 (25th-75th percentile, 0.72-1.70), 0.67
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FIGURE 2. Biomarker levels by study arm. Box-and-whisker plots for
ketone (A), insulin (B), glucagon (C), and NEFA (D) levels are displayed by
study visit for the 18 participants included in the modified intention-to-
treat analysis. Whiskers depict minimum and maximum values. P values
corrected for multiple testing.

(25th—75th percentile, 0.61-0.79), and 0.63 (25th—75th percentile,
0.56-0.66) in the KE, 24-h KD, and 72-h KD arms, respectively
(P = 0.008 for KE vs. 24-h KD, and P = 0.004 for KE vs. 72-
h KD) (Fig. 3).

Individual-level responses to MGS strategies are shown in Sup-
plemental Figure 2. Two participants failed at least 1 dietary strat-
egy and suppressed with the KE (Supplemental Fig. 3).

Utility of Biomarkers to Predict Myocardial Glucose
Suppression

Figure 4 shows area under the receiver-operating-characteristics
curve (AUROC) for endogenous serum BHB levels to predict
MGS in the KD arms (n = 37 scans). Serum BHB levels robustly
predicted MGS (c-statistic 0.88, 95% CI 0.71-1.00). A threshold
serum BHB level < 0.34 mmol/L correctly classified failure to

THE JourRNAL OF NUCLEAR MEDICINE * Vol. 63 + No.5 « May 2022



A Non-inferiority P = 0.98 B P=0.008
Non-inferiority P = 0.97 P=0004

Complete myocardial
glucose suppresion (%)
g
Myocardium to blood pool
SUV ratio
~

L L

Ketone 24h 72h
drink ketogenic diet ketogenic diet

24h 72h
drink ketogenic diet  ketogenic diet

FIGURE 3. Primary and secondary endpoints of KEETO-CROSS study
shown for the 18 participants who completed all study visits. (A) Percen-
tages of primary endpoint achievement (complete myocardial glucose
suppression). (B) Box-and-whisker plots of secondary outcome (average
SUV of myocardium to blood pool).

achieve MGS, whereas BHB levels = 1.09 mmol/L correctly classi-
fied MGS success, in these '®F-FDG PET scans. As a single thresh-
old, using a BHB level = 0.58 mmol/L for predicting MGS resulted
in the highest correct classification of any value (92%), including 6
of 7 (86%) scans that were correctly classified as likely failure and
28 of 30 (93%) studies that were correctly classified as likely MGS
based on BHB results. Glucose (c-statistic 0.78, 95% CI 0.61-0.95),
glucagon (0.75, 95% CI 0.56-0.94), insulin (0.69, 95% CI
0.44-0.92), and NEFA (0.66, 95% CI 0.42-0.90) were less predic-
tive of MGS, in comparison with BHB.

Representative images further illustrating the correlation
between common myocardial '®F-FDG uptake patterns and their
respective BHB levels are shown in Figure 5. The relationships
between BHB levels and glucose uptake using spline analyses are
shown in Figures 6 and 7.

We also assessed the relationships between pre-KE drink BHB
levels, post-KE drink BHB levels, and the difference between
these levels with MGS. All 3 measurements were lower among
those who failed MGS than those who appropriately suppressed

1.004
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0.50
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(P < 0.05 for all comparisons) (Supplemental Table 3). All 3
measurements also significantly predicted MGS (AUROC 0.85,
95% CI 0.62-1.00; AUROC 0.85, 95% CI 0.67-1.00; AUROC
0.82, 95% CI 0.60—1.00, respectively).

Log BHB levels after the KE drink were significantly associated
with MGS (standardized odds ratio 4.92, 95% CI 1.25-18.43, P =
0.022). Alternatively, log-transformed NEFA levels (standardized
odds ratio 2.07, P = 0.16), insulin levels (standardized odds ratio
1.02, P = 0.97), and glucagon levels (standardized odds ratio
1.37, P = 0.51) were not predictive of MGS after the KE drink.

Utility of Point-of-Care (POC) Ketone Testing to Predict MGS

To enhance clinical utility and provide a rapid assessment of
ketosis before ®F-FDG PET, we also investigated POC ketone
testing (paired testing available in 59 samples). Bland—Altman and
scatter plots are shown in Supplemental Figures 4 and 5 compar-
ing laboratory-derived BHB values and POC BHB values. The
mean difference of laboratory- and POC-derived BHB levels was
0.04 (95% CI —0.88, 0.97 mmol/L), and correlation was strong
(Spearman p 0.96, P < 0.001).

Since agreement was worst at the highest BHB levels, which
were obtained after KE administration, we also assessed BHB levels
obtained during the KD visits separately (as these lower values are
encountered clinically with the KD preparation, n = 28 samples).
The mean difference of laboratory- and POC-derived BHB levels
was —0.02 (95% CI —0.29, 0.25 mmol/L), and correlation was
strong (Spearman p 0.98, P < 0.001) (Supplemental Figs. 6 and 7).

POC BHB levels during the KD significantly predicted MGS
(c-statistic 0.87, 95% CI 0.66-1.00) (Supplemental Figs. 8 and 9).
Using POC BHB levels = 0.6 mmol/L for predicting MGS correctly
classified 89% of scans.
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FIGURE 4. Receiver-operating-characteristic curve analysis for BHB,
insulin, glucagon, NEFA, and glucose to predict myocardial glucose sup-
pression in all participants during ketogenic diet.
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FIGURE 5. Myocardial '®F-FDG uptake patterns in healthy volunteers.
Representative images (displayed using same window width 0-5) of most
common myocardial '®F-FDG uptake pattemns encountered in our healthy
cohort, with their corresponding BHB levels. Patterns C-E can be potentially
mistaken as myocardial inflammation; however, accompanying BHB levels
should raise concern for incomplete suppression. LV = left ventricular.
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FIGURE 6. Relationship between endogenous ketone levels and myo-
cardial glucose uptake. Continuous spline analysis with 4 knots depicts
relationship between endogenous ketone levels (BHB) and secondary out-
come (SUV ratio of myocardium to blood pool).

Adverse Events

Mild (grade 1) adverse events occurred in 9 participants in the KE
drink arm (these adverse events were mostly gastrointestinal [nausea
or heartburn, n» = 7] including 1 participant who experienced eme-
sis, and 2 participants who reported a headache). In the KD arm, 1
participant reported presyncope (grade 1), and another participant
reported back pain (grade 2), which led to study discontinuation.

DISCUSSION

8F_-FDG PET plays a critical role in assessing cardiovascular
inflammation, infection, and tumors, yet adequate myocardial
preparation to suppress physiologic glucose uptake remains a sub-
stantial diagnostic barrier, particularly as certain patterns of
incomplete suppression (Fig. 5) can be indistinguishable from
pathology. Such challenges may ultimately lead to misdiagnosis,
inappropriate therapy, along with potentially harmful side effects,
extra radiation exposure for repeated testing, and unnecessary
costs to the patient and health-care system.

In KEETO-CROSS, an open-label, crossover trial of healthy par-
ticipants, we found that a generalized strategy of KE was inferior to
24- and 72-h KD to achieve MGS. However, a few individuals who
failed the KD were able to suppress with the KE drink. Importantly,
however, we found that serum BHB levels during the KD robustly
predicted MGS and identified potential thresholds that can be used
upstream of '8F-FDG PET to predict MGS, thereby reducing false-
positive or indeterminate scans. To facilitate clinical implementa-
tion, we tested the utility of a POC ketone meter that showed an
ability to predict MGS similar to laboratory-based analysis. Thus,
our findings support the continued use of the dietary modification
through the KD rather than KE to achieve MGS, provide strong evi-
dence for assessing BHB levels before '*F-FDG PET to ensure ade-
quate dietary preparation, and demonstrate how a POC ketone
device can be implemented to aid in rapid-decision making.

Despite several strategies to facilitate the myocardial “metabolic
switch” to suppress physiologic glucose uptake, current MGS rates
vary substantially, though much of these data are derived retrospec-
tively and from convenience cohorts referred for clinical indications
(2). The current trial was designed to address these challenges by
investigating the use of an oral KE, which could facilitate same-day
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FIGURE 7. Proposed molecular mechanisms associated with myocar-
dial "®F-FDG suppression between acute exogenous ketone administra-
tion (lower left) and endogenous ketosis induced by dietary modification
(lower right). Posttranslational protein acetylation and attenuation of insulin
signaling are both required mechanisms for successful inhibition of glu-
cose transporter member 4 (GLUT4) translocation. Acute administration of
KE drink leads to a severalfold increment in B-hydroxybutyrate (BHB) lev-
els but also appears to decrease free fatty acid (FFA) levels, which may
ultimately affect modulation of insulin signaling and process of acetylation.
In contrast, although KD vyields lower BHB levels after 24-72 h, it increases
FFA and glucagon and lowers insulin levels on a sustained fashion, even-
tually augmenting fatty acid oxidation (FAO) over glucose oxidation
(“Randle effect”), increasing protein acetylation, and limiting insulin signal-
ing. These molecular differences in substrate handling may explain why
myocardial "8F_FDG suppression rates were 44% for KE and 81% for KD.
Adapted from “Insulin Mechanism,” by BioRender.com (2021 (77)).

scans without patient preparation, in healthy volunteers. Endogenous
and exogenous ketosis suppress myocardial glucose uptake in differ-
ent ways (Fig. 7). Although endogenous ketosis has been standard-
of-care for MGS, exogenous ketones also reduce myocardial glucose
uptake, as shown in preclinical and clinical work (/7,12). However,
our results demonstrate that despite significant acute ketosis
achieved, rates of suppression were inferior to the KD. We hypothe-
size several mechanisms for failure of the KE to uniformly suppress
myocardial glucose uptake in these healthy volunteers. Posttransla-
tional protein acetylation and attenuation of insulin signaling are nec-
essary for the efficient inhibition of the glucose transporter member
4 (GLUT4) translocation (/3) and thus '8F-FDG accumulation in
myocytes. In this sense, acute exogenous ketone delivery may not
engender effective substrate competition and a “Randle Effect” in
the healthy heart given normal mitochondrial function (7,14). For
example, post-KE drink NEFA levels were significantly lower than
that achieved by KD. In this way, the KD may be more effective
because it feeds both ketones and fatty acids for substrate competi-
tion, leading to increased fatty acid oxidation and protein acetylation.
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Second, failure of exogenous ketones could relate to increased insu-
lin levels and, thus, signaling, an effect that can be counterproductive
to achieving MGS. Although, we did not find a relationship between
post-KE insulin levels and MGS. Third, the hemodynamic effect of
exogenous ketones could theoretically contribute to increased myocar-
dial glucose uptake, consistent with the vital sign changes in our study
(11). Finally, the metabolic effect of exogenous ketone administration
may be more dependent on the duration, rather than the peak levels, of
ketosis before the “metabolic switch” occurs. In this sense, it remains
to be proven whether extending the delay between KE and '®F-FDG
administration would have led to improved suppression rates.
Notably, we found that ketone levels strongly predicted MGS.
Broadly speaking, ketogenesis is a complex process that is influ-
enced by hormonal signaling (including insulin and glucagon
levels), transcriptional regulation, and posttranscriptional modifi-
cation (/). As the end result of several biologic processes that
reflect the milieu of glucose regulation, it is not surprising that
ketone levels significantly relate to MGS. In our study, endoge-
nous BHB levels had an AUROC of 0.88 for predicting MGS,
and a cutoff of 0.58 mmol/L accurately classified MGS 92% of
the time. This predictive ability of BHB was stronger than those
with insulin, glucagon, glucose, and NEFA, consistent with other
studies that have found modest predictive ability for these bio-
markers (15), and clarifies that ketosis is a more potent driver, or
predictive biomarker, of MGS than these other metabolic pro-
cesses. Such potent prediction has clinical implications, as BHB
levels can be routinely assessed before '3F-FDG PET to ensure
adequate patient preparation. For instance, we found that 86% of
subjects with BHB levels < 0.58 mmol/L failed to make the met-
abolic switch, and oftentimes, the patterns of incomplete suppres-
sion were indistinguishable from inflammation (Fig. 5).
Consequently, if BHB levels are below this threshold, a longer
duration of the KD (e.g., 72 h) can be undertaken with the visit
rescheduled. Such an approach could considerably minimize
false-positive or nondiagnostic scans, decreasing diagnostic
uncertainty in clinical reading, inappropriate diagnoses, unneces-
sary costs, and radiation exposure from repeated scans. Alterna-
tively, KE could be theoretically combined with the KD in
participants below the threshold, since higher levels of ketosis
after KE significantly predicted MGS. Moreover, POC ketone
testing allows for rapid triage of patients and has already been
implemented in other clinical settings (/6). Such testing showed
high agreement with laboratory-based analyses at levels encoun-
tered during KD and similarly predicted MGS. Given the reason-
able costs of ketone meters, it may be possible for patients to
monitor ketone levels remotely before '*F-FDG PET, potentially
avoiding unnecessary travel and improving clinical throughput if
levels predict inadequate preparation. Importantly, however, fur-
ther studies in cohorts of patients with heart failure will be needed
given relative myocardial glucose avidity in the failing heart (/).
There are some limitations. Although we chose to study KE
against an active comparator (KD, which is standard-of-care), a pla-
cebo (fasting-only) arm would have provided firm conclusions on
whether KE (and not just prolonged fasting) did suppress myocardial
glucose uptake in some participants. However, an additional arm
would have engendered greater radiation exposure against a weak
comparator, and historical data on MGS are available for fasting-
only patient preparations (2). In addition, our sample size is modest.
Finally, our study design is open-label, which was limited by practi-
cality of the dietary intervention, though endpoint adjudication is
blinded. Strengths include a strict definition of complete MGS,

KETOSIS AND MYOCARDIAL GLUCOSE UPTAKE  *

crossover design, inclusion of extended-duration KD in addition to
the gold-standard 24-h KD preparation, analysis of several relevant
hormones and metabolites, and assessment of a POC device.

CONCLUSION

A general strategy of exogenously administered KE was inferior
to KD to achieve MGS. BHB levels strongly predicted MGS in
healthy participants and can be clinically implemented before '¥F-
FDG PET to minimize false-positive or nondiagnostic scans,
potentially decreasing inappropriate diagnoses, radiation exposure,
and health-care system costs. POC ketone testing can provide
rapid and accurate triage for adequate patient preparation for '3F-
FDG PET. Further study to validate the diagnostic value of BHB
levels in other patient cohorts, including older individuals, dia-
betics, and subjects with cardiomyopathies, is warranted.
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KEY POINTS

QUESTION: Is exogenous ketone administration noninferior to the
standard ketogenic diet to achieve myocardial glucose
suppression, and can a serum biomarker predict myocardial
glucose uptake status?

PERTINENT FINDINGS: Exogenous ketone administration

was inferior to the ketogenic diet to achieve myocardial glucose
suppression. BHB levels strongly predicted the metabolic switch
of glucose uptake in the heart of healthy volunteers.

IMPLICATIONS FOR PATIENT CARE: BHB testing can provide
rapid and accurate triage for adequate patient preparation for
cardiovascular inflammation imaging with '®F-FDG PET.
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Brain Stem Glucose Hypermetabolism in Amyotrophic
Lateral Sclerosis/Frontotemporal Dementia and Shortened
Survival: An '*F-FDG PET/MRI Study

Matteo Zanovello', Gianni Soraru'-?, Cristina Campi’, Mariagiulia Anglani*, Alessandro Spimpolo®, Sara Berti’,
Cinzia Buss¢', Stefano Mozzetta', Annachiara Cagnin'~, and Diego Cecchin®

! Neurology Unit, Department of Neurosciences, University of Padova, Padova, Italy; °Padova Neuroscience Center, University of
Padova, Padova, Italy; *Department of Mathematics, University of Genova, Genova, Italy; *Neuroradiology Unit, Department of
Neurology, University Hospital of Padova, Padova, Italy; and * Nuclear Medicine Unit, Department of Medicine, University Hospital

of Padova, Padova, Italy

A few "®F-FDG PET/CT studies have revealed the presence of brain
hypermetabolism in the brain stem and cervical spinal cord of patients
within the amyotrophic lateral sclerosis/frontotemporal dementia (ALS/
FTD) continuum. We aimed to investigate this finding through a hybrid
PET/MRI system, allowing a more precise depiction of the spatial pattern
of metabolic changes in the brain stem and cervical spinal cord. Meth-
ods: Twenty-eight patients with a diagnosis of ALS or a diagnosis of the
behavioral variant of FTD plus motoneuron disease, as well as 13 control
subjects, underwent '®F-FDG PET/MRI. Mean normalized '®F-FDG
uptake in the midbrain/pons, medulla oblongata, and cervical spinal cord
as defined on the individual’'s MRI scans were compared between
groups. Furthermore, the associations between regional '®F-FDG uptake
and clinical and demographic characteristics—including gene mutation,
type of onset (bulbar, spinal, dementia), and clinical characteristics—
were investigated. Results: A significant (P < 0.005) increment in glu-
cose metabolism in the midbrain/pons and medulla oblongata was
found in ALS/FTD patients (spinal-ALS and FTD-motor neuron dis-
ease subgroups) in comparison to controls. No relevant associations
between clinical and metabolic features were reported, although
medulla oblongata hypermetabolism was associated with shortened
survival (P < 0.001). Conclusion: Increased glucose metabolism in the
brain stem might be due to neuroinflammation, one of the key steps in
the pathogenic cascade that leads to neurodegeneration in ALS/FTD.
8F_.FDG PET/MRI could be a valuable tool to assess glial changes in
the ALS/FTD spectrum and could serve as a prognostic biomarker.
Large prospective initiatives would likely shed more light on the prom-
ising application of PET/MRI in this setting.

Key Words: amyotrophic lateral sclerosis; FTD; PET; survival; brain
stem

J Nucl Med 2022; 63:777-784
DOI: 10.2967/jnumed.121.262232

The clinical overlap between amyotrophic lateral sclerosis
(ALS) and frontotemporal dementia (FTD) has been widely rec-
ognized, with behavioral/cognitive symptoms occurring in a cer-
tain number of patients with ALS, and signs of motoneuron
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disease in several patients with FTD (7). This, along with the dis-
covery of shared genetics and pathophysiologic mechanisms, has
informed the recharacterization of the 2 diseases as the extremes
of a common neurodegenerative spectrum (ALS/FTD).

From a pathophysiologic perspective, these diseases present pro-
teinaceous cytoplasmic aggregates that eventually lead to neuronal
degeneration and loss. Glial cells are also actively involved in the
ALS/FTD pathology. Among these are astrocytes, which cause
excitotoxicity when their role in synaptic glutamate reuptake is
impaired, and microglia, which the phenotype evolves from neuro-
protective to neurotoxic through the course of the disease (2). Neu-
ropathologic studies in ALS patients have found depletion of motor
neurons and diffuse glial infiltration in the gray and white matter of
the spinal cord and the motor cortex (3). As predicted, both acti-
vated microglia and astrocyte markers have been observed in imag-
ing studies of ALS (4,5) and FTD patients (6,7).

Several neuroimaging techniques have been applied to ALS and
FTD cohorts to explore their use as potential disease biomarkers.
Cortical MRI hallmarks of ALS are bilateral atrophy of the pri-
mary motor cortex (precentral gyrus) and degeneration of the cor-
ticospinal tract and corpus callosum (8). An MRI study including
diffusion tensor imaging (9) showed reduced fractional anisotropy
in corticospinal tracts, frontal and temporal lobes, and the regions
that connect the motor and premotor cortex. Moreover, at a func-
tional level, changes in the connectivity of neural networks within
motor and extramotor domains have been demonstrated through
electroencephalography (/0) and functional MRI (17) studies. These
insights, in line with findings that show how patients with different
degrees of cognitive impairment have significantly different patterns
of frontal lobe metabolic impairment when assessed using '*F-FDG
PET (12), could partially explain the heterogeneous clinical manifes-
tations and spreading of the disease.

In line with this possibility, several PET/CT studies on ALS/FTD
patients, including proven C9orf72 carriers, focused on cortical struc-
tures, showing frontal and temporal hypometabolism (/3,14). Con-
versely, the few that explored other central nervous system regions
found increased 'SF-FDG uptake in the cerebellum, brain stem
(15,16), and spinal cord (17-19) of patients with ALS when com-
pared with controls. The reason for the increase in regional glucose
uptake is still a matter of debate.

In light of these findings, we chose to assess glucose metabolic
patterns, analyzing separately the midbrain/pons, medulla oblongata,
and cervical spinal cord of ALS/FTD patients, as compared with
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control subjects, by means of coacquired PET and MR images. As
PET/CT images can lead to difficulties in delineating volumes of
interest (VOIs), this was the first study (to our knowledge) in this
setting to exploit the potential of the hybrid PET/MRI technique,
which, relating '®F-FDG values to precise anatomic substrates, can
improve result accuracy. Furthermore, we aimed to estimate the
association between the degree of '®F-FDG uptake and clinical char-
acteristics such as type of clinical presentation, including site of
onset, presence of the C9orf72 mutation, disease progression, and
survival.

MATERIALS AND METHODS

Participants

In total, 28 patients diagnosed with ALS (n = 16) or FTD who
developed motor neuron disease (MND) in the course of the disease
(n = 12) and underwent '*F-FDG PET/MRI (Biograph mMR; Sie-
mens) at the Nuclear Medicine Unit of the University of Padova were
retrospectively recruited between July and December 2019. Probable
or definite ALS was diagnosed according to the El Escorial revised
criteria (20), and the diagnosis was confirmed in all patients during
their clinical follow-up. Patients with FTD were diagnosed with a
behavioral variant of FTD according to the Rascovsky criteria (27)
and developed signs of MND. The median time between diagnosis
and "SF-FDG PET/MRI was 1 mo.

Thirteen participants who were referred to the nuclear medicine
unit with a diagnosis other than neurologic disease, and were not
showing any signs of brain disease under the same scanning proce-
dure, served as control subjects.

The 28 patients were further classified according to the clinical pre-
sentation at the time of diagnosis as having bulbar ALS (n = 5), spinal
ALS (n = 11), or FTD-MND (n = 12). Six patients (2 with spinal
ALS and 4 with FTD-MND) carried a GGGGCC hexanucleotide repeat
expansion in the first intron of the CY0rf72 gene, and one (spinal ALS)
carried a mutation of the VCP gene (9p13.3) coding for the valosin-
containing protein.

The exclusion criteria included having a history of other neurologic
disorders, cerebrovascular disease, diabetes mellitus, or systemic inflam-
matory disease. Moreover, other exclusion criteria were diagnostic uncer-
tainty according to the El Escorial revised criteria and PET/MRI scans
nonevaluable because of significant movement artifacts. The local ethical
committee approved the retrospective study (protocol AOP1673-4831/
AO/20). All patients and controls gave written informed consent before
undergoing '8F-FDG PET/MRYI, in accordance with the principles out-
lined in the Declaration of Helsinki.

Clinical Data

Demographic variables, as well as the time from onset or diagnosis
to the '8F-FDG PET/MRI scan, were obtained for each patient. More-
over, the ALS-Functional Rating Scale, revised (ALS-FRS-r), was cal-
culated (for ALS patients only, being a retrospective study) both at the
time of diagnosis and at the latest available neurologic visit. Further-
more, a progression rate, also known as A-ALS-FRS-r (22), was calcu-
lated as (48 — ALS-FRS-r at time of diagnosis)/duration from onset to
diagnosis (mo) for 15/18 ALS patients (for 3 patients, ALS-FRS-r was
not available at the time of diagnosis). Muscle strength was assessed
through the Medical Research Council scale.

Image Acquisition and Analysis

PET/MRI was performed between July 2015 and November 2019. Fol-
lowing the European Association of Nuclear Medicine guidelines (23),
patients had to fast for 6 h before the injection of the radiopharmaceutical,
and blood glucose had to be less than 200 mg/dL. A single 3 MBq/kg
intravenous bolus of '®F-FDG was injected under resting conditions (in a
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dimly light room with the patient’s eyes closed) before the scan. PET and
MRI scans were simultaneously acquired using a Siemens Healthcare
Biograph mMR, which included several sequences (T1-weighted, T2-
weighted, susceptibility-weighted, and diffusion-weighted) and a PET brain
scan (acquisition time, 1,500 s; reconstructed using a 344 X 344 mm
matrix and a 3-dimensional iterative reconstruction algorithm).

Postprocessing was performed using the Image Fusion tool within
PMOD software (PMOD Technologies LLC): briefly, each '8F-FDG
PET scan was finely realigned to the pertinent 3-dimensional, isotropic
(1 mm) T1-weighted MRI scan on the basis of a rigid transformation
(smoothing: gaussian filter width of 6.0 mm; dissimilarity function:
normalized mutual information; interpolation method: trilinear; sample
rate: 5.2/4.0 mm start/final; minimization method: Powell; function
tolerance: 1.0-4).

PMOD was then used to create VOIs (Fig. 1) both for patients and
for control subjects. Creation of VOIs started with manual positioning—
on 3-dimensional T1-weighted images—of visually adjusted cubical
VOIs on the midbrain/pons, medulla oblongata, and cervical spinal cord
(the region between the skull base and the plane adjacent to the cau-
dal face of the C4 vertebral body). Isocontouring took place next
(inside the defined cubical VOIs), with a threshold higher than 40%
of the overall maximum uptake; several 3-dimensional VOIs were
outlined (midbrain/pons, medulla oblongata, and cervical spinal
cord). Finally, visually adjusted spheric VOIs were manually posi-
tioned in the parietooccipital white matter (as background VOlIs) on
the T1-weighted MR images.

FIGURE 1. '8F-FDG PET images (right) showing VOlIs created using cor-
responding T1-weighted MR images (left). Axial (top), sagittal (middle),
and coronal (bottom) views are shown.
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TABLE 1
Clinical and Demographic Characteristics of Study Subjects

For each subject, the mean uptake within each VOI was normalized
using the mean uptake of the occipital white matter background VOIs
(24), because this area has been reported to experience fewer 'F-FDG

ALS/FTD metabolic alterations (/4).
Characteristic patients Controls P
Statistical Analysis
Sex (n) 15/13 10/3 0.279 All data are reported as mean + SD. After evaluating the gaussian distri-
M 15 10 bution of data, unpaired # tests were performed to relate uptake value to
F 13 3 categoric variables, whereas continuous variables were analyzed through
Weight (kg) 69.4 + 121 76 + 11.8 0115 conelati9n and linear regre.ssion testing. Since the. age distn'bgtion signifi-
cantly differed between patients and controls, a residual analysis for regres-
Height (m) 168 +0.10 1.73+007 0.123 sion was applied when comparing the 2 groups (25). Log-rank testing was
Age at PET (y) 62.6 =82 52.8*13.6 0.0035 applied for survival analysis. A P value of less than 0.05 was considered sig-
C9orf72 mutation (n) 6/28 0/13 = nificant. Univariate and multivariate survival analyses (considering genetics,
Site of onset (n) site of onset, age at PET, and time from onset to PET) were performed.
Bulbar 5/28 RESULTS
Spinal 11/28
Cortical 12/28 The main clinical findings in ALS/FTD patients and control
subjects are shown in Tables 1 and 2. No significant differences
TABLE 2
Clinical Characteristics at Single-Subject Level
Time from
First ALS- Last ALS- symptom
Clinical Age at FRS-r FRS-r Progression onset to
phenotype Sex Dead PET (y) Genetics (points) (points) rate (ratio) PET (mo)
Spinal M No 55) Negative 45 37 0.43 7
Spinal F No 60 Negative 46 44 0.08 25
Spinal M No 55 Negative 43 36 0.71 8
Spinal M No 63 Negative 37 37 0.23 47
Spinal F No 54 C9orf72 42 18 0.18 53
Spinal F No 67 C9orf72 41 24 0.20 69
Spinal F No 76 Unknown 32 30 0.67 23
Spinal F Yes 58 Negative 37 4 0.65 17
Spinal M Yes 62 VCP 40 20 0.07 163
Spinal F Yes 61 Negative 39 33 0.49 21
Spinal M Yes 51 Negative 40 27 1.33 28
Bulbar F No 73 Negative 45 24 0.13 24
Bulbar M No 68 Negative / / / 12
Bulbar M No 75 Negative 42 36 0.26 30
Bulbar F Yes 76 Negative 32 23 0.89 18
Bulbar M Yes 74 Negative 44 44 0.33 13
FTD-MND F No 72 Unknown 41
FTD-MND M No 52 C9orf72 20
FTD-MND M No 56 Negative 4
FTD-MND F No 55 C9orf72 22
FTD-MND F No 64 C9orf72 28
FTD-MND M No 60 Negative 23
FTD-MND F No 63 Negative 22
FTD-MND M No 68 Negative 17
FTD-MND M Yes 68 Unknown 96
FTD-MND F Yes 73 C9orf72 48
FTD-MND M Yes 52 Negative 33
FTD-MND M Yes 61 Negative 18

/ = missing clinical scores for this patient.
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of patients with low (e.g., controls) or high (e.g., ALS/FTD continuum) uptake of '®F-FDG for each subgroup. SC = spinal cord.

were found between the sex, weight, and height of the 2 groups,
whereas the age distribution between patients (62.6 *= 8.2 y) and
controls (52.8 = 13.6 y) differed significantly.

Examining MRI T2-weighted fluid-attenuated inversion recovery
sequences, we found mild to moderate corticospinal tract hyperin-
tensities in 8% of FTD-MND patients and 40% of ALS subjects.
Susceptibility-weighted imaging (available for only ALS patients)
revealed a variable degree of the motor band sign (cortical ferro-
magnetic deposition in primary motor cortex) in 64% of subjects.

We examined the relationship between metabolic patterns
within the VOIs under examination with other clinical measures
and the genetic background (C9orf72 mutation), although none of
them showed a significant association.

After the PET/MRI study, follow-up lasted between 2 and 55 mo
(median, 33 mo), during which patients showed a steep drop in their
average ALS-FRS-r score (from 37.2 = 6.5 to 29.4 = 10.6). The
calculated progression rate (Table 2) mildly correlated with medulla
oblongata hypermetabolism (correlation coefficient, 0.45) but not
with pontine (correlation coefficient, —0.02) or cervical spinal
cord (correlation coefficient, 0.3) hypermetabolism. The variation in
ALS-FRS-r score (last ALS-FRS-r as compared with the first
one) did not, however, demonstrate a significant correlation with
BF-FDG hypermetabolism considering pontine (correlation coeffi-
cient, —0.13), medulla oblongata (correlation coefficient, 0.31), or
cervical spinal cord (correlation coefficient, 0.31) regions.

During the study follow-up, 10 patients died (7 ALS and 3
FTD-MND); however, univariate Cox regression analysis did not
prove significant for C9orf72 mutation, sex, clinical phenotype, or
cognitive impairment (FTD-MND patients).

An analysis of the metabolic patterns of the midbrain/pons,
medulla oblongata, and cervical spinal cord revealed a strong cor-
relation between metabolic patterns of the 3 VOIs (Fig. 2A).
Moreover, as visible from the density plots (Fig. 2B), the
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distribution of the uptake values was unbalanced between controls
and patients, with the former showing decreased '8F-FDG uptake
in all regions under examination compared with the latter.

After normalization for the background VOIs and adjustment for
age (25), an increase in glucose metabolism in ALS/FTD patients,
when compared with controls, was detected in all 3 regions under
examination. '8F-FDG uptake reached significantly higher values
for patients than for controls in the midbrain/pons and medulla
oblongata (Fig. 3) but not in the cervical spinal cord.

Analysis of spinal, bulbar, and FTD-MND subgroups showed a sta-
tistically significant relative hypermetabolism in the midbrain/pons
and medulla oblongata when normalized to the white matter in
patients with spinal and behavioral onset with respect to controls
(Fig. 4). Uptake in patients with bulbar onset was not significantly dif-
ferent from controls, most likely because of their small number (n =
5). On the other hand, analysis among the 3 subgroups (bulbar, spinal,
and FTD-MND) did not show any significant difference in '*F-FDG
uptake in any of the explored regions, apart from the cervical spinal
cord between spinal and bulbar-onset patients.

The Kaplan—Meier analysis and univariate Cox regression analy-
sis (Table 3) at 50 mo after PET/MRI showed that the patients with
normalized medulla oblongata uptake above the fifth decile (9/16
ALS and 5/12 FTD-MND presented normalized medulla oblongata
uptake > 50%) had a significantly higher mortality rate than those
below the fifth decile (log-rank test, P < 0.001) (Fig. 5), whereas the
analysis results were not significant for the other regions under
examination. A multivariate Cox regression analysis confirmed that
a higher medulla oblongata uptake and a longer time from symptom
onset to PET are independently associated with a shorter survival
(Table 3). Clinical bulbar signs (such as dysarthria and dysphagia) at
the time of PET examination (in 9/16 ALS and 2/12 FTD-MND
subjects) did not statistically correlate (correlation coefficient, 0.18)
with normalized hypermetabolism in the medulla oblongata.
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FIGURE 3. Results of residual analysis for regression between control
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DISCUSSION

This study, to our current knowledge, was the first to exploit
integrated '8F-FDG PET/MRI to study the metabolic patterns of
patients with ALS and FTD. In our population, MRI could be use-
ful when differentiating ALS subjects from FTD-MND because
corticospinal tract hyperintensities seem to be more frequent in the
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former group (40% vs. 8%). Furthermore, we have noticed the
motor band sign (susceptibility-weighted sequence) in the majority
(64%) of ALS subjects. This qualitative finding could comple-
ment, at a single-subject level, the diagnostic accuracy of PET
regional glucose hyper- and hypometabolism.

We detected midbrain/pons and medulla oblongata increased
uptake in patients as compared with controls, confirming previous
PET/CT findings (15,16). Furthermore, we determined how medulla
oblongata metabolism relates to patient survival, suggesting a possi-
ble prognostic value for PET/MRI.

The results of our study indicated that the uptake of all 3 brain
regions investigated (midbrain/pons, medulla oblongata, and cervical
spinal cord) correlates significantly, as shown by the paired correla-
tion (Fig. 2A). An explanation for the correlation of metabolic pat-
terns in the 3 regions is the involvement of the corticospinal and
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TABLE 3
Univariate and Multivariate Survival Analysis

Univariate survival analysis

Multivariate survival analysis

Factor Hazard ratio P Hazard ratio P
Medulla oblongata uptake 10.2 (2.14 to 48.56) 0.00352* 1.016e+07 (15.95 to 6.47e+12) 0.0180*
Age at PET 1.02 (0.93 to 1.11) 0.642 0.6667 (0.42 to 1.05) 0.0845
Site of onset
Bulbar 1 (reference) - 1 (reference) -
Spinal 0.8532 (0.15 to 4.67) 0.855 5.459e—06 (5.23e—11 to 0.57) 0.0398*
FTD 0.8532 (0.15 to 4.67) 0.855 3.716e—06 (2.6e—11 to 0.53) 0.0390*
Genetics
Negative 1 (reference) — 1 (reference) -
VCP 2.4632 (0.29 to 20.67) 0.406 0.1239 (8.01e—07 to 1.923e+4) 0.7320
C9orf72 0.3441 (0.04 to 2.8) 0.319 1.161e+03 (0.148 to 9.07e+06) 0.1228
Unknown 1.0770 (0.13 to 8.78) 0.945 5.778e+04 (0.12 to 2.8e+10) 0.1008
Time from onset to PET 1.008 (0.99 to 1.02) 0.233 1.152 (1.02 to 1.29) 0.0175*

*Statistically significant.

Data in parentheses are 95% Cls. Higher medulla oblongata uptake and longer time from symptoms onset to PET are associated with

shorter survival.
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FIGURE 5. Kaplan—-Meier curve. After normalization of uptake for occipi-
tal white matter, patients were split into 2 subgroups: the 14 individuals
with medulla oblongata uptake over 50th percentile showed significantly
shorter survival than patients with medulla oblongata uptake below 50th
percentile. Survival is expressed in months after PET/MRI scan. P value
was calculated through log-rank test.

corticobulbar tracts containing the projections of upper motor neu-
rons from the motor cortex. A bimodal distribution could be seen in
the density plot distribution of controls as compared with the ALS/
FTD continuum in Figure 2B. The second lower peak of the bimodal
distribution was, however, due to a single, slightly outlier, control
subject.

Theoretically, the expected effect of a neurodegenerative disease
is a reduction in tissue metabolic rate caused by neuronal loss;
indeed, frontal hypometabolism is one of the cortical signatures of
the diseases along the ALS/FTD spectrum (/2—14). Nevertheless,
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strong evidence has been brought in favor of neuro-inflamma-
tion as one of the key steps in the pathogenic cascade that leads
to ALS/FTD. Initially described in pathology studies, glial infil-
tration has later been confirmed in vivo both in models and in
humans (4, 5).

A possible explanation, which links neuroinflammation with neuro-
degeneration, involves these 2 types of glial cells, namely activated
microglia and astrocytes. Activated microglia, which have been found
in the motor cortex, pons, and thalamus of patients with ALS, contrib-
ute to the pathogenesis propagating and sustaining the tissue damage
through the release of free radicals and other neurotoxic substances
such as glutamate. Moreover, a shift from a neuroprotective to a dis-
rupting phenotype is apparent starting in the early stages of the
disease (2). Astrocytes physiologically account for a consistent
share of central nervous system glucose consumption. Thereafter,
they start glycolysis to provide lactate to neurons; in hindsight,
astrocytes play a key role in coupling glucose metabolism with syn-
aptic activity. In the case of neurodegeneration, glutamate excess
leads to an increased glucose accumulation in astrocytes, even
though neurons degenerate (26). Moreover, during the course of
the disease, astrocytes replace dead neurons and axons following
the corticospinal and corticobulbar tracts, further increasing the
metabolic uptake of the degenerating brain region. Neuroimaging
evidence for the involvement of these glial cells in the pathogen-
esis of ALS/FTD has been brought by studies that exploited neu-
roinflammation-specific ligands such as ''C-L-deprenyl-D, (4),
mapping of astrocyte activation, the activated microglia marker
'C(R)-PK11195 (5,6), and translocator protein ligand 'SF-DPA-
714 (27), showing increased tracer uptake along the corticospinal
tract.

From a metabolic perspective, these phenomena result in an
increased relative '8F-FDG uptake in regions of neuronal
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degeneration in affected individuals compared with controls. How-
ever, when evaluating the relative weight of the 2 cell types, one
must consider that the microglia seem to relate more to hypometa-
bolic areas, as shown in frontotemporal areas of FTD patients
(5,6), whereas astrocytosis drives glucose consumption and is,
therefore, more likely associated with the hypermetabolic burden
(26), in line with previous findings (4). We acknowledge that this
evidence cannot prove the exclusive role of 1 of these 2 glial
cells—a role that is based on a continuous interplay involving
other cell types also—and that longitudinal studies will be needed
to better characterize the interplay between neurodegeneration and
hypermetabolism and differences in their behavior between upper
and lower motor neurons.

An alternative reason for the finding of glucose hypermetabo-
lism in ALS/FTD patients can be a methodologic issue involving
the normalization process of '®F-FDG data. We normalized the
uptake values of the regions of interest for the values of the occipi-
tal white matter to exclude interindividual differences. Normaliz-
ing for other regions would require an a priori assumption, namely
that none of the background VOIs will be affected by hypo- or
hypermetabolism. In the present study, occipital white matter was
chosen as the reference because it seems spared from the ALS/
FTD neurodegenerative process (/4,24), and none of the PET/CT
studies on subjects affected with the disease showed significant
metabolic variations in that region.

Another issue we faced was the difference in age distribution
between the 2 groups. To ignore this effect on the uptake values, we
adjusted for age through a linear regression model (25) and we then
used the residual values for the group analysis (Fig. 3). However, we
usually expect a higher metabolism in younger patients with respect
to controls. On the contrary, in this setting, although the controls
were younger than the patients, they had a lower metabolism; this
fact reassures us about the choice of groups selected and about the
obtained results.

Although considering a small cohort, the subgroup analysis inclu-
ded patients with differences in ALS onset, namely spinal (z = 11),
bulbar (n = 5), and behavioral/cognitive (n = 12). Although the
groups with spinal or behavioral onset showed higher *F-FDG up-
take than did controls, bulbar onset did not prove significant because
of the small number of individuals in that group. Interestingly, the
density plot of normalized '*F-FDG uptake in FTD-MND was simi-
lar to that of patients with ALS (Figs. 2 and 4). Therefore, we can
state that hypermetabolism in the corticospinal tract could be a com-
mon feature for all the ALS subgroups, thereby suggesting, once
again, common metabolic and pathophysiologic patterns within the
disease spectrum. Prospective studies involving a larger number of
individuals with different sites of onset, including FTD patients with-
out clinical MND, as well as comparisons between cortical and sub-
cortical regions with lower motor neurons (to elucidate the possible
metabolic relations between upper and lower motor neurons), are
expected to strengthen the current results.

Bulbar-onset ALS is a prognostic factor associated with short sur-
vival (28). Here, we instead showed that the metabolic uptake of the
medulla oblongata was significantly associated with short survival
(Fig. 5). This finding supports the hypothesis that neuroinflamma-
tion of midbrain structures is one of the main mechanisms involved
in ALS progression, highlighting a potential role for neurometabolic
studies as prognostic and outcome predictors. Moreover, a previous
study (/7) reported a significant relationship between the whole-
spinal-cord—normalized uptake value and patient survival; thus, it
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will be necessary to compare the metabolic patterns of these 2 re-
gions to draw consistent evidence.

CONCLUSION

This study analyzed the brain metabolism of ALS/FTD patients
through PET/MRI and demonstrated that bulbar uptake could be a
strong survival predictor. Notwithstanding the limited sample size and
the retrospective design, we confirmed the presence of increased glu-
cose metabolism in the midbrain/pons and medulla oblongata, support-
ing the importance of neuroinflammation in the pathogenesis of the
disease spectrum. Considering the present need for reliable diagnostic
and prognostic biomarkers in ALS and FTD, our results support PET
neuroimaging as one of the most promising candidates for this role,
although the cost and expertise required pose a barrier to the transla-
tion of this technology to clinical practice. A further step will be to
design longitudinal studies involving large cohorts of age-matched
patients—individuals with ALS-mimics and healthy controls—to
assess the early predictive value of PET imaging, understand the
neuroradiologic course of the disease, and evaluate the effect of thera-
pies. These studies will need to thoroughly indagate central nervous
system metabolism and to relate metabolic patterns within different
brain regions to disease genotype and phenotype, with particular
regard to the differences between upper- and lower-motor-neuron
involvement.
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KEY POINTS

QUESTION: Is there a significant increment in glucose metabolism
in the midbrain/pons and medulla oblongata of ALS/FTD patients
as compared with controls, and is it related to mortality rates?

PERTINENT FINDINGS: An increase in glucose metabolism in
ALS/FTD patients, as compared with controls, was noted in all 3
regions under examination (midbrain/pons, medulla oblongata,
and cervical spinal cord). The Kaplan—-Meier analysis at 50 mo
after PET/MRI showed that the patients with normalized medulla
oblongata uptake above the fifth decile had a significantly higher
mortality rate than those below the fifth decile (log-rank test,

P < 0.001).

IMPLICATIONS FOR PATIENT CARE: Considering the present
need for reliable diagnostic and prognostic biomarkers in ALS
and FTD, our results support PET neuroimaging of the medulla
oblongata as one of the most promising candidates for this role.
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13E_Fluorocholine PET/CT Is More Sensitive Than
H_Methionine PET/CT for the Localization of
Hyperfunctioning Parathyroid Tissue in Primary

Hyperparathyroidism
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Preoperative molecular imaging is paramount to direct surgery in pri-
mary hyperparathyroidism (pHPT). We investigated the diagnostic
performance of '8F-fluorocholine (‘®F-FCH) PET/CT compared with
"C-methionine (''C-MET) PET/CT for localization of hyperfunctioning
parathyroid tissue in patients with pHPT and negative or inconclusive
®mTc-sestaMIBl (**™Tc-MIBl) SPECT findings. Methods: Fifty-eight
patients with biochemical evidence of pHPT and negative or inconclu-
sive ®*™Tc-MIBI SPECT findings were referred for presurgical detection
and localization of hyperfunctioning parathyroid tissue by '"C-MET and
8F_FCH PET/CT. The PET/CT results were classified into 3 categories
(positive, inconclusive, or negative) based on the nodular aspect of
tracer uptake and the visualization of corresponding nodules on CT. The
PET/CT results were correlated with the surgical and histopathologic
findings, which were used as the gold standard. Results: Fifty-three
patients were included for analysis. '8F-FCH PET/CT was positive in 39
patients (74%), inconclusive in 5 (9%), and negative in 9 (17%), com-
pared with 25 (47%), 12 (23%), and 16 (30%), respectively, for "'C-MET
PET/CT. ®F-FCH localized 11 additional foci (6 positive and 5 inconclu-
sive), compared with "'C-MET. Twenty-six patients (sex ratio, 10/16
M/F) underwent surgery, with resection of 31 lesions (22 adenomas, 6
hyperplastic glands, and 3 carcinomas) and 1 normal gland. At follow-
up, 21 patients (81%) were considered cured after surgery, whereas 3
patients (12%) had persistence of hypercalcemia. With inconclusive
cases being considered negative, '®F-FCH PET/CT correctly localized
26 lesions in 24 of 26 patients (92%), compared with 16 lesions in 15 of
26 patients (58%) localized by ''C-MET PET/CT. Per-patient-based
sensitivity and positive predictive value were 96% and 96%, respec-
tively, for "®F-FCH and 60% and 94%, respectively, for "'C-MET (P <
0.0001). Per-lesion-based sensitivity and positive predictive value were
84% and 90%, respectively, for '®F-FCH and 52% and 94%, respec-
tively, for ""C-MET (P < 0.0001). Conclusion: In the presence of bio-
chemical evidence of pHPT with negative or inconclusive *™Tc-MIBI
SPECT findings, '®F-FCH PET/CT performs better than "'C-MET PET/
CT for the detection of pathologic parathyroid tissue, allowing localiza-
tion of parathyroid adenoma or hyperplasia in 96% of patients.

Key Words: primary hyperparathyroidism; parathyroid adenoma;
8F_fluorocholine; ''C-methionine; PET/CT
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Primary hyperparathyroidism (pHPT) is one of the most frequent
endocrine disorders, with a prevalence of about 2% in women older
than 50 y. Long-term consequences of pHPT affect mainly the skele-
ton (osteoporosis, fractures) and the kidney (nephrolithiasis, impaired
renal function). Diagnosis is based on increased serum calcium, low
phosphorus levels, and inappropriate parathyroid hormone (PTH)
levels (). pHPT is associated with a solitary parathyroid adenoma
(PA) in 80%—90% of patients or, more rarely, multiglandular disease
or diffuse parathyroid hyperplasia (7).

Optimal management of pHPT consists of preoperative localiza-
tion of the abnormal parathyroid gland, allowing for minimally
invasive parathyroidectomy (2,3). Conventional first-line presurgi-
cal imaging is based on **™Tc-sestaMIBI (**™Tc-MIBI) parathy-
roid scintigraphy with subtraction images, usually complemented
by ultrasonography. It ideally includes a SPECT/CT acquisition,
with a detection rate of 84%—88% (4,5).

Currently, in cases of negative or equivocal scintigraphy results,
results discrepant with ultrasonography, or persistence or recurrence
of HPT after surgery, an alternative investigation is recommended
involving hybrid PET/CT technique, usually with an amino acid
tracer such as !'C-methionine ('C-MET) (6,7). Use of PET/CT for
that purpose offers a shorter acquisition time and higher spatial reso-
lution and sensitivity (§). Metaanalyses reported 'C-MET to have
sensitivity of 77%-81% in a per-patient-based analysis in patients
with pHPT and negative or inconclusive **™Tc-MIBI SPECT find-
ings (6,9). However, the short halflife of !C-MET imposes on-site
production and strict acquisition conditions (6).

More recently, '8F-fluorocholine (**F-FCH) PET/CT used for imag-
ing prostatic neoplasia assessment (/0) has been shown capable of
localizing an abnormal parathyroid gland in patients with negative or
inconclusive *™Tc-MIBI SPECT results (3,8,77,12). It has the advan-
tages over ''C-MET of a longer half-time and a more favorable posi-
tron energy. Choline is a precursor of phospholipids, which are
essential constituents of cellular lipidic structures. '®F-FCH is therefore
a tracer of lipid metabolism whose uptake increases after increased
intracellular metabolism requiring synthesis of phospholipids.
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The aim of this study was to investigate whether, in patients with
pHPT and negative or inconclusive **™Tc-MIBI SPECT results, the
diagnostic performance of '®F-FCH PET/CT is similar to that of
"'C-MET PET/CT from a preoperative perspective. The secondary
objective was to compare the performance of the 2 methods in the
detection of individual hyperfunctioning parathyroid lesions.

MATERIALS AND METHODS

Patients

Between November 2015 and December 2018, we prospectively
included 58 patients with biologically proven pHPT (hypercalcemia and
elevated or inappropriately normal PTH levels) and negative or inconclu-
sive results on **™Tc-MIBI imaging performed at various institutions,
including ours, and involving SPECT with or without combined CT.

On inclusion, and when there was no recent blood test (<3 mo)
confirming hyperparathyroidism, a blood sample was taken to measure
serum values of calcium, phosphorus, PTH, albumin, and vitamin D.
The serum calcium level was measured the day after surgery to check
for normalization.

Institutional ethics committee approval was obtained before the start
of this prospective study, and all subjects signed an informed-consent
form (P2015/307).

PET/CT Procedure

All PET/CT was performed on a Gemini GXL (n = 15) or a TF64
(n = 38) PET/CT camera (Philips), with essentially identical protocols
on both systems. All patients sequentially underwent ''C-MET and
'8F_.FCH PET/CT (Supplemental Fig. 1; supplemental materials are
available at http://jnm.snmjournals.org).

1IC.MET PET/CT. All patients were injected with an average bolus
of 555 MBq of ''C-MET while in a fasting state. Fifteen minutes after
injection, unenhanced CT (40 mAs; 120 kV; slice thickness, 2.0 mm;
interval, 1.5 mm) was performed, followed by a PET acquisition of the
neck and upper mediastinum (3 bed positions, 7 min per bed position).
Images were reconstructed with 2 different algorithms depending on
the PET camera (blob-basis function ordered-subsets time of flight or
line-of-response—based row-action maximum likelihood).

8E_FCH PET/CT. Approximately 3 h after ''C-MET injection, un-
enhanced CT (40 mAs; 120 kV; slice thickness, 2.0 mm; interval, 1.5
mm) was acquired. Then, with the patient lying in the PET/CT tomo-
graph, a 4-MBq dose of '*F-FCH per kilogram of body mass was admin-
istered intravenously. '8F-FCH was prepared in 2 steps using a fully
automated radiochemistry synthesizer (Trasis All-in-One) (/3). A 15-min
dynamic PET acquisition covering the neck was started at the time of
tracer injection, followed by a static acquisition (early 'SF-FCH ['®F-
FCHg]) on the neck and the upper mediastinum (3 bed positions, 7 min
per bed position). PET/CT imaging of the neck and upper mediastinum
was repeated 60 min after injection (late '3F-FCH ['3F-FCH), ]) and used
for image analysis in the present work. Images were reconstructed with 2
different algorithms depending on the PET camera (blob-basis function
ordered-subsets time of flight or line-of-response—based row-action-maxi-
mum likelihood).

Image Interpretation. All PET/CT images were analyzed indepen-
dently by a nuclear medicine physician (11 y of experience) and a radiolo-
gist (18 y of experience), who were aware of previous imaging and
laboratory findings for the patients, and by a nuclear medicine physician
(27 y of experience) masked to any clinical and imaging information. Dis-
cordant image interpretation occurred in 11 patients. In all these cases, a
consensus reading led to a final common interpretation. There was no
pause between '®F-FCH and ''C-MET readings.

The images (maximum-intensity projection and 3-dimensional vol-
ume) were evaluated visually to determine the number and exact loca-
tion of uptake areas suggestive of hyperfunctioning parathyroid glands.
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The results were classified into 3 categories based on the aspect of the
tracer uptake area and the visualization of corresponding nodules on
CT: positive, in cases of a clear circumscribed uptake area on PET
images or a faint circumscribed uptake area corresponding to a nodular
lesion on CT; inconclusive, in cases of a faint uptake area with no cor-
responding nodule on CT; or negative, in cases of no discernable tracer
uptake area. Lesion localization was assigned to 6 anatomic regions:
right and left upper, right and left lower, intrathyroidal, and ectopic. In
cases of a discrepancy between readers’ assessments, the appropriate
category and anatomic localization were assigned by consensus.

The semiquantitative analysis was performed with Philips Intelli-
Space Portal software (version 9). The SUV . and SUV ¢, of the
PA were measured. We estimated the contrast between the lesion and
the thyroid using the ratio of PA SUV ,,,« to thyroid SUV . (PA/thy-
roid). By this ratio, we evaluated the capacity to identify the parathy-
roid activity close to the organ it usually lies behind. The SUV a5
and SUV,yean of the thyroid were measured by placing a spheric
volume of interest 1 cm® in diameter on the contralateral thyroid lobe
unless morphologically pathologic or the right lobe in the absence of a
lesion.

Surgery and Histology

Surgeons were aware of !'C-MET and '®F-FCH PET/CT data for
all patients. They used this information to direct the surgical proce-
dure, which was an open, minimally invasive parathyroidectomy in
cases of a single area of uptake on ''C-MET or '®F-FCH PET/CT. If
multiple lesions or an ectopic location were suspected, the surgical
approach was adapted. In cases of a coexisting multinodular goiter or
suggestive thyroid nodules, an additional hemithyroidectomy or total
thyroidectomy was performed. All operated cases had at least 1 lesion
categorized as positive on either the ''C-MET or the '%F-FCH PET/
CT, except for 1 patient with negative results on PET/CT, for whom
full surgical exploration was decided for recurrent pHPT.

The results of ''C-MET and '®F-FCH PET/CT were compared with
the surgical exploration and histopathologic findings. Surgical success
was established according to normalization of postoperative serum cal-
cium level.

Statistical Analysis

Quantitative variables are expressed as mean = SD for normally
distributed continuous variables and as median with 25th and 75th per-
centiles for nonnormal continuous variables.

For the sake of comparison, negative, inconclusive, and positive
lesions were scored 0, 1, and 2, respectively. Tracer comparison of
visual scoring performance was evaluated with a Wilcoxon matched-
pairs signed-rank test. For visual decision performance on matched
pairs of ''C-MET and '®F-FCH PET/CT images, inconclusive results
were considered negative, and the McNemar test with the continuity
correction was used.

The sensitivity and positive predictive value of PET/CT imaging
were evaluated on a per-lesion and per-patient basis and calculated
using histology analysis as the gold standard. Since no histologic data
were available in most patients with negative results on PET/CT, spe-
cificity and negative predictive values were not evaluated.

The D’Agostino and Pearson test and the Shapiro-Wilk test were used
to assess the normality of the sample values. Repeated measures of each
relevant quantitative parameter (SUV . PA and PA/thyroid) were ana-
lyzed with the Friedman test. Dunn tests were subsequently applied
for multiple comparisons between tracers (''C-MET, 8F_FCHg, and
'8F-FCHL). Nonparametric Spearman correlation » was calculated between
8F_FCHg, and '8F-FCH; PET/CT with respect to ''C-MET images for
PA/thyroid. After exclusion of negative cases, simple linear regression
was further calculated to evaluate how this quantitative parameter varies in
8E.FCHg and 'SF-FCH_ PET/CT with respect to the corresponding
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parameter on ''C-MET images. Runs tests were performed to assess lack
of fit. Goodness of fit was assessed with R°. Statistical analyses were per-
formed using Prism, version 9.0 (GraphPad Software), and its online
McNemar test calculator. For all tests, a P value of less than 0.05 was con-
sidered statistically significant.

RESULTS

Among 58 patients who prospectively underwent ''C-MET and
8E_.FCH PET/CT, 53 patients were included in the analysis (Fig. 1).
Five patients were excluded because of unconfirmed pHPT (n = 4)
or technical problems (n = 1). The characteristics of the 53 patients
are summarized in Table 1. Among them, 7 had a previous history
of parathyroidectomy and persistent or recurrent pHPT. Four patients
with familial pHPT were included, 3 of whom had previous surgery.
Participants underwent !C-MET and '8F-FCH PET/CT on the same
day, except for 7 patients who underwent their 2 PET/CT scan
within 5 mo. Twenty-six patients (16 women and 10 men) had para-
thyroidectomy, with histopathologic confirmation of the presence of
adenoma or hyperplasia in 24 patients. Fourteen patients had nega-
tive (9/53) or inconclusive (5/53) PET/CT results. Goiter was present
in 10 patients (19%), and 29 patients had nodular thyroid disease
(55%).

18F_FCH PET/CT Outperforms ''C-MET PET/CT for Lesion
Localization at Both Early and Late Time Points in the
Prospect of Surgery Guidance

18E_FCH PET/CT was positive in 39 patients (74%) and inconclu-
sive in 5 patients (9%), compared with 25 patients (47%) and 12
patients (23%), respectively, for ''C-MET PET/CT (Table 2). The

visual scoring performance of 'F-FCH PET/CT was greatly supe-
rior to that of ''C-MET PET/CT on a per-patient basis (Wilcoxon
P < 0.0001). Also, the McNemar test of matched-pairs discordant
results also demonstrated the superiority of ¥F-FCH over !'C-MET
PET/CT in visual decision performance on a per-patient basis (P =
0.0005; x> = 12.071 with 1° of freedom), with 14 patients positive
only with "®F-FCH PET/CT and no patient positive only with ''C-
MET PET/CT, whereas 25 patients were positive and 14 were nega-
tive with both tracers. Of 26 patients with negative or inconclusive
99mTe-MIBI results and positive PET/CT results (either ''C-MET or
18E_.FCH) who had surgery, 17 were switched from a cervical explo-
ration to a minimally invasive parathyroidectomy approach.

In 24 of 26 (92%) patients who had surgery, hyperfunctioning
parathyroid tissue (adenoma/hyperplasia/cancer) was correctly
localized with '8F-FCH (26 lesions), compared with 15 patients
with ''C-MET (16 lesions). On a per-patient basis, the positive
predictive value was 96% for '8F-FCH and 94% for ''C-MET.
One patient was negative on both PET/CT scans and underwent a
surgical exploration allowing the resection of a PA followed by
calcemia normalization. No hyperfunctioning parathyroid tissue
was found in a patient with persistent pHPT after surgery. The
per-patient sensitivity of '®F-FCH PET/CT was 96%, compared
with 60% for ''C-MET PET/CT (P < 0.0001). In addition, 5
patients had multiglandular disease detected on '*F-FCH PET/CT
(19%). Postoperative calcemia used to define therapeutic success
was obtained at 11.5 * 6.9 mo after surgery. Twenty-one (81%)
patients who underwent parathyroidectomy were considered cured,
3 (12%) patients had recurrent or persistent hypercalcemia, and 2
patients were lost to follow-up.

The comparison of lesion visual scoring

Patients referred for pHPT after noncontributive parathyroid
scintigraphy (N = 58)

performance between the 2 tracers is reported
in Supplemental Table 1. '8F-FCH PET/CT

—ﬁ Patients excluded due to unconfirmed pHPT (N = 4) ‘

detected a single uptake area in 37 of 53
patients and multiple uptake areas in 7 of 53

4

Patients with biologically demonstrated pHPT who
underwent '"C-MET- and "®F-FCH-PET/CT imaging (N = 54)

patients. On per-lesion basis (Table 2), ‘°F-
FCH PET/CT showed 47 positive and 9
inconclusive uptake areas. '*F-FCH PET/CT

—4 Patient excluded due to technical difficulty (N = 1) ‘

allowed detection of 11 additional uptake

'

areas (6 positive and 5 inconclusive) com-

""C-MET-PET/CT "C-MET-PET/CT
positive (N = 25) inconclusive (N = 14)

MC-MET-PET/CT
negative (N = 14)

pared with '"C-MET PET/CT. Thirteen
inconclusive uptake areas on ''C-MET were

| ! ¢

! positive on '8F-FCH. Three ectopic parathy-

SF.FCH- F-FCH- OF-FCH- OF-FCH- F-FCH- SF-FCH- roid glands in the superior mediastinum and
PET/CT PET/CT PET/CT PET/CT PET/CT PET/CT . . . A
positive positive inconclusive positive inconclusive negative 2 mtrathyr()ldal localizations were identified
(N=25) (N=10) (N=4) (N=4) (N=1) (N=9) with both PET tracers. Comparison of tracers
— - } " . {' " ' : for visual scoring performance on a per-
patients patients . . 1 patient with . . .
&\ with 19 PET with 8 PET RN no PET lesion basis revealed the superiority of '®F-
3z I i I .
» "”°"‘T ee a”""Ta'es | Ty FCH over 'C-MET PET/CT (Wilcoxon P <
- - - - - —— 0.0001). Again, the McNemar test revealed,
«+3 ’ Patients with pathologically confirmed parathyroid adenoma/hyperplasia/carcinoma (N = 24) ‘ .. 18 11
< 8 T T as well, the superiority of "°F-FCH over " 'C-
zse ZeA |:¢:|1 oh I:b oA MET PET/CT for visual decision perfor-
Bo 14 PA . .
s 3PH 2PH mance on a per-lesion basis (P < 0.0001;
8o 3PC . .
2% | | 1 nomal giand x> = 17.053 with 1° of freedom), with 19
1 lesions positive only with '®F-FCH PET/CT
A A 4
: P s 11
11 patients cured 8 patients cured 1 patient cured 1 patient cured and no lesion positive Only with ~C-MET
e 3 patients with PET/CT, whereas 28 lesions were positive
persistent . .
8 hypercalcemia and 18 were negative with both tracers.
S 2 patients with . . . .
6 o biologic Except for 2 lesions with rapid washout visu-
follow-up alized only on 'F-FCHg, and 1 uncertain
lesion found only on '8F-FCHy, all lesions
FIGURE 1. Flowchart. PCa = parathyroid carcinoma; PH = parathyroid hyperplasia. were visualized on early and late acquisitions,
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TABLE 1
Patient Characteristics (n = 53)

Characteristic Value Normal value
Sex (M/F) 16/37
Age (y) 58 + 16
Body mass index (kg/m?) 282 +55
Prior parathyroidectomy 7 (13)
Prior
99MTc-MIBI SPECT/CT
Negative 38 (72)
Inconclusive 15 (28)
Ultrasonography 35 (66)
Other 9(17)
Baseline laboratory values
PTH (ng/L) 72.0 (54-101) 4-49
Calcium (mmol/L) 2.67 (2.62-2.69) 2.12-2.62
Phosphorus (mmol/L) 0.75 = 0.17 0.81-1.45
25-hydroxycholecalciferol (ng/mL) 24.74 = 8.97 30-80
"C-MET results
Positive 25 (47)
Negative* 28 (53)
"8F-FCH results
Positive 39 (74)
Negative* 14 (26)
Surgical results (n = 26)
Pathologic parathyroid tissue found 24 (92)
Biologic normalization during follow-up 21 81)1

*Negative imaging includes negative or inconclusive results.
T2 patients were lost to follow-up.

Qualitative data are number and percentage; continuous data are mean = SD; nonnormal continuous data are median and 25th-75th

percentiles (D’Agostino—Pearson omnibus test).

without a significant difference in visual scoring assessment of con-
trast. Two cases are illustrated in Supplemental Figure 2.

In total, 31 glands were surgically removed, and histology
revealed 22 PAs, 6 hyperplastic glands, and 3 parathyroid carcinomas

TABLE 2
Contingency Tables
Positive Negative

Parameter 18F_FCH 18F_FCH Total
Per patient

Positive ''C-MET 25 0 25

Negative "'C-MET 14 14 28

Total 39 14 53
Per lesion

Positive ''C-MET 28 0 38

Negative "'"C-MET 19 18 37

Total 47 18 75

788

(Supplemental Table 2). The locations of removed glands are listed
in Supplemental Table 1.

All localizations described on PET/CT were concordant with
surgery, except for 1 patient with a multiple endocrine neoplasia in
which the uptake area was found in the lower left retropolar region
on PET/CT whereas the PA was identified in the lower right retro-
polar region; 2 normal glands were also surgically removed on the
left in this patient. In another patient with multiple foci observed
on 8F-FCH and !'!C-MET, pathologic tissue had probably been
left in place because he was not cured after removal of 1 correctly
localized lesion (parathyroid hyperplasia) and 2 thyroid nodules.
One uptake area found on both PET/CT scans was not explored
during surgery, and in 4 cases, parathyroid hyperplasia was found
in false-negative '8F-FCH PET/CT locations. On a per-lesion basis
(Supplemental Table 2), sensitivity and positive predictive value
were 84% and 90%, respectively, for '*F-FCH PET/CT and 52%
and 94%, respectively, for ''C-MET PET/CT (P < 0.0001).

Contrast-to-Thyroid and PA Uptake Are Significantly Higher
with "®F-FCH PET/CT Than with ''C-MET PET/CT

The visual comparison of the contrast-to-background in the
detected anomalies for '®F-FCH and ''C-MET revealed a
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superiority of '®F-FCH over ''C-MET, both at early and at late
imaging times (Supplemental Fig. 3). Higher uptake was observed
in 71%-82% (39-45/55) of anomalies for *F-FCH than for !'C-
MET, and a similar uptake of the 2 tracers was observed in 25%
(14/55) and 16% (9/55) of cases for '3F-FCHg and '3F-FCH,,
respectively. When we consider only the cases that underwent
parathyroidectomy, we found similar proportions. Only 1 case
operated on had a lesion better visualized on ''C-MET than on
I8F_FCH PET/CT.

Supplemental Figure 4 shows the distribution of SUV .« PA and
PA/thyroid for each tracer. SUV,,.x PA on '8F-FCHg and 'SF-
FCHy, given as median, was 3.26 (25th-75th percentiles,
2.45-4.74) and 3.52 (25th—75th percentiles, 2.58-4.91), respec-
tively, whereas the median SUV,,x PA on ''C-MET was 1.51
(25th—75th percentiles, 0.96-2.73). So, the SUV,,.x PA on '8F-
FCHg, and '8F-FCH; was approximatively twice higher than ''C-
MET SUV . (P < 0.0001). There was no statistically significant
difference between SUV,,. PA and PA/thyroid on '®F-FCHf, and
BE_FCH,, (P = 0.3569). PA/thyroid on '"®F-FCHg, and '8F-FCH;,
was 1.39 (25th—75th percentiles, 1.29-1.54) and 1.39 (25th—75th
percentiles, 1.29—1.68), respectively (P = 0.1005). The quantitative
analysis resulted in nonsignificant differences for both SUV,,,, and
PA/thyroid between adenoma and hyperplasia on both '®F-FCH
and ''C-MET PET/CT.

We observed a positive correlation between PA/thyroid on '!'C-
MET and '8F-FCH PET/CT, despite the difference in the incorpo-
ration mechanisms (Fig. 2). Linear fit revealed that PA/thyroid
was 11% higher in '®F-FCHg, and 31% higher in '®F-FCH, than
in "C-MET: for '8F-FCHg, r = 0.6843, with a slope of 1.11 and
an intercept of 0.0175, and #* = 0.79; for '8F-FCH,, r = 0.5665,
with a slope of 1.315 and an intercept of 0.046, and % =0.75.

DISCUSSION

To the best of our knowledge, this was the first study comparing
''C-MET and '3F-FCH tracers for the preoperative detection and
localization of hyperfunctioning parathyroid tissue. Our results
demonstrate the diagnostic superiority of '®F-FCH over ''C-MET
PET/CT for PA and hyperplasia detection in patients with negative
or inconclusive results on **™Tc-MIBI exploration.

Precise preoperative localization of a hyperfunctioning parathy-
roid gland is a prerequisite for efficient minimally invasive surgery.
For this purpose, PET/CT recently emerged as a complementary
second-line imaging technique with the advantage of a higher

resolution associated with PET than with SPECT, as well as a
shorter acquisition time (/4).

Several publications concluded that the diagnostic performance
of 18F-FCH and !'C-MET PET/CT for the localization of parathy-
roid lesions is better than that of conventional imaging methods
(3,7,8,11,15-17). The present study confirmed the added value of
this new tracer in the detection and precise localization of hyper-
functioning parathyroid tissue in the subgroup of patients with
pHPT and negative or inconclusive results for **™Tc-MIBI with
SPECT. The sensitivity of '8F-FCH PET/CT was 96% on a per-
patient basis and 84% on a per-lesion basis. As in the APACHI1
study (8), we considered the histopathologic results as the gold
standard for per-lesion analyses (&). Our findings are comparable to
those reported in previous studies. A recent metaanalysis (/8) con-
cluded on pooled sensitivity of 93.7% and 91.3% on patient-based
and lesion-based analyses, respectively. The detection rates of
lesions were 77%—-94% (on a patient basis) and 80%—96% (on a
lesion basis) (15).

Our cohort included patients for whom the choice of surgical man-
agement was challenging (familial hyperparathyroidism, relapsing or
persistent HPT, multiglandular forms) compared with most previous
studies. Five of the 6 patients with persistent or relapsed postsurgical
pHPT had areas of abnormal uptake revealed by '®F-FCH, and we
detected 19% of histologically confirmed multiglandular diseases.
Still, most of our patients presented with a confirmed solitary lesion
(81%), which was consistent with the rate reported in the literature
(74% in Beheshti et al. (5)). There was no SUV,, cutoff in '*F-FCH
that could be set to distinguish PA from parathyroid hyperplasia.

The optimal time point for '®F-FCH image acquisition remains
controversial (3,17,19,20). This controversy results from a 3-phase
temporal pattern of '*F-FCH PA uptake, with an early washout fol-
lowed by an intermediate phase of stability and a late phase of
increase (21). We therefore opted for a dual-time-point mode
of acquisition in this study. On the basis of the visual evaluation of
the images and the analysis of PA/thyroid, that is, a target-to-back-
ground ratio, we did not better discern lesions on the late images than
on the early ones. Rep et al. (/7) described in late-acquisition images a
greater accumulation of '®F-FCH in PA than in the thyroid, with a
slightly slower decrease in signal, translating into a better lesion con-
trast. In agreement with our results, Broos et al. (/9) reported a
decrease in absolute uptake in PA over time, with an increase in con-
trast relative to the thyroid because of a weaker retention in the thyroid.
Conversely, Michaud et al. (/6) concluded that late images did not
yield additional findings over early ones. Noticeably, in all previous

studies, early images were acquired at 5 min

after injection, whereas we decided for a
slightly later acquisition. We found 2 patients
with lesions showing a rapid '®F-FCH wash-
out in our population. Nevertheless, since
most parathyroid lesions were observed on
both acquisitions, we recommend performing
the acquisition at 15 min, reserving additional
late imaging for patients whose early acquisi-
tion has negative or inconclusive results, as
also suggested by Uslu-Besli (22).

Before '8F-FCH, ''C-MET has been widely
used as a reliable second-line agent in pHPT.
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nificantly higher sensitivity, with more cases
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FIGURE 2. Correlation between "®F-FCH (early [A] and late [B]) and "'C-MET uptake. ****P < 0.0001.
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inconclusive **™Tc-MIBI exploration. Conse-
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[Patient 31
Patient 3

quently, our results cannot be extrapolated to
patients with tertiary hyperparathyroidism and
cannot determine to what extent |F-FCH
should replace *™Tc-MIBI as first-line molec-
ular imaging in pHPT. Also, not all patients
underwent surgery after presurgical PET/CT.
So, our findings on the diagnostic impact of
8E_FCH PET/CT relate only to the 26 of 53

FIGURE 3. Patient 3. Coronal PET/CT images of 67-y-old woman with pHPT and inconclusive
99mTc-MIBI SPECT/CT (doubtful right inferior focus). (A) ''C-MET images show asymmetric thyroid
lobes with lower extension on left (arrow). (B) *®F-FCH, images shows nodular uptake under base of
left thyroid lobe (arrow). (C) PET/CT images detail nodular aspect of '®F-FCH uptake (arrow) in PA

confirmed at histopathologic analysis.

over !'C-MET imaging seems to be strongly related to the fact that it
produces more conclusive data. Indeed, 13 anomalies judged inconclu-
sive on ''C-MET PET/CT were considered positive on '®F-FCH PET/
CT. The superior imaging qualities of '®F-labeled radiotracers over ''C-
labeled ones probably contribute to this better performance of '8F-FCH.
Apart from an effect of the positron energy, differences in the molecular
properties and uptake mechanisms involved probably explain the differ-
ences in diagnostic performance between ®F-FCH and ''C-MET.
Indeed, the 2 tracers explore very different biochemical pathways. ''C-
MET uptake most probably depends on expression and activity of
amino acid transporters such as L-type amino acid transporter 1 and sec-
ondarily on its incorporation in the protein prepro-PTH. So, !'C-MET
uptake may be closely dependent on the level of synthesis and release
of PTH. In contrast, '®F-FCH uptake enters chief cells—those responsi-
ble for PTH production—and oxyphilic cells of parathyroid tissue
through a specific membrane transporter. After reaching the cytoplasm,
8F.FCH accumulates in the mitochondria in relation to its positive
charge, as is the case for ™ Tc-MIBI. In the chief cells, "*F-FCH is
also phosphorylated by a choline-kinase, which is overexpressed in
patients with pHPT, leading to a phosphorylated form—that is, phospha-
tidylcholine—incorporated into the cytoplasmic membrane. The fact
that 2 different mechanisms favor ¥F-FCH incorporation into the PTH-
producing cells may represent an advantage over the other tracers such
as ''C-MET and *™Tc-MIBI (23).

For the evaluation of patients with pHPT and negative or incon-
clusive *™Tec-MIBI SPECT results, a pooled sensitivity of 86%
had been reported in a per patient-based analysis of !'C-MET PET/
CT (24). Two other metaanalyses reported sensitivity ranging from
69% to 81% and a detection rate per patient of 70% (6,9). In our
population, we reached a slightly lower sensitivity (60%), probably
related to a high prevalence of clinical statuses that negatively
influence the outcome of presurgical localization imaging, that is,
postsurgical recurrence and familiar forms of pHPT (7/2,15). The
visual analysis more frequently resulted in inconclusive uptake on
UC-MET than on '¥F-FCH PET/CT. Noticeably, as in other analy-
ses (/1), we assimilated inconclusive results to negative ones
because we considered that such results would preclude valuable
image-guided planning of a minimally invasive parathyroidectomy.
Such a position is not adopted by all authors (8).

Our study had some limitations. First, it did not directly compare
8E_.FCH PET/CT with *™Tc-MIBI SPECT/CT. Such analyses have
already been made, showing the far superiority of '®F-FCH imaging
(3,8,11,15-17). This comparison was not among the objectives of our
study since we selected only patients with pHPT and negative or

790

patients for whom histopathologic data were
available.

Finally, although '8F-FCH PET/CT shows
good performance for hyperfunctioning para-
thyroid tissue localization, potential draw-
backs must be considered before adopting
this modality as the single presurgical imag-
ing procedure in pHPT. As in previous studies (/2), we observed
false-positive and false-negative findings. The 3 false-positive results
related to 1 case of localization discordance between PET/CT and sur-
gery, 1 case of uptake in a normal parathyroid gland, and 1 case of
uptake in a thyroid nodule. Even if all 3 cases are classified as false-
positive because of the lack of histologic evidence of PA or parathy-
roid hyperplasia, 2 patients were not cured after surgery, leaving open
the possibility that resection did not involve the lesions pointed
out by '8F-FCH PET/CT. Five false-negative results concerned 4 cases
of parathyroid hyperplasia and 1 patient with recurrent pHPT who
ultimately had a PA resection during an extensive bilateral neck explo-
ration. As in previous studies (/1,14,16), discordant PET/CT interpre-
tation between readers occurred in 2 situations in which nodular
uptake was found within the thyroid gland. The differential diagnosis
between a hypermetabolic thyroid nodule and an intrathyroidal PA
appeared difficult because of the lack of comparison with a specific
thyroid tracer (/4). Still, as illustrated in Figure 3 and Supplemental
Figure 2, mild to moderate physiologic '®F-FCH uptake by the thyroid
did not affect image interpretation in most of our cases, contrary to
what has been reported (5). Another source of potential misinterpreta-
tion (Supplemental Table 3) is the presence of reactive lymph nodes in
classic locations for PAs. Globally, despite the high prevalence of nod-
ular thyroid in our patients and the frequent occurrence of hypermeta-
bolic lymph nodes, both ®F-FCH and 'C-MET PET/CT correctly
localized the parathyroid lesions in most surgically treated patients.

To determine which PET tracer should be privileged for a par-
ticular indication, various factors must be considered, including
availability, diagnostic performance, and duration of examination
(25). '8F-FCH outperforms ''C-MET for these 3 criteria.

CONCLUSION

Our study demonstrated that in the presence of biochemical evi-
dence of pHPT with negative or inconclusive **™Tc-MIBI results,
8F_FCH PET/CT performs better than ''C-MET PET/CT for the
detection of pathologic parathyroid tissue, allowing localization of
PA or hyperplasia in 96% of patients. Since '3F-FCH has been
proved to be superior to **™Tc-MIBI in previous studies, our
results position '8F-FCH PET/CT as the modality of choice for
lesion localization in pHPT.
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KEY POINTS

QUESTION: Is "®F-FCH superior to "'C-MET PET/CT for the
localization of hyperfunctioning parathyroid tissue in patients with
pHPT and negative or inconclusive **™Tc-MIBI SPECT findings?

PERTINENT FINDINGS: In this prospective clinical study,
'8F-FCH correctly localized lesions in 92% of patients, compared
with 58% by ''C-MET.

IMPLICATIONS FOR PATIENT CARE: '®F-FCH is more sensitive
than "'C-MET for the localization of hyperfunctioning parathyroid
tissue in patients with pHPT and negative or inconclusive
99MTc-MIBI SPECT results.
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deiolabeled exendin 4, the glucagonlike peptide-1 (GLP-1)
receptor agonist, has great prospects for imaging and perhaps quanti-
fication of pancreatic 3-cells. The GLP-1 receptor is found in high
density in the pancreas and liver and plays a key role in postprandial
blood glucose homeostasis, including stimulation of insulin synthesis
and promotion of B-cell proliferation. 3-cells constitute only a small
volume of the pancreatic mass, comprising up to 2% of the pancre-
atic mass and 65%—-80% of endocrine cells in the islets of Langer-
hans. A synthetic peptide agonist of the GLP-1 receptor, exendin-4,
also known as exenatide, is used for the treatment of diabetes melli-
tus, making it an ideal peptide for radiotracer development (/,2). The
desire to quantify [-cell mass has been a focus of radiotracer
research since the initial first-in-humans studies by Boss et al., which
have led to a variety of SPECT and PET radiotracers focused on dif-
ferent targets of glucose metabolism. Initially, Boss described a
high-specificity and nanomolar-affinity radioiodinated tracer for the
GLP-1 receptor (3). It is assumed from studies by Eng et al. that the
GLP-1 receptor density reflects B-cell mass (4). Improvements in
the spatial resolution and sensitivity of PET scanners have fueled the
recent focus on PET radiotracers for this application.

In this issue of The Journal of Nuclear Medicine, the article by Eriks-
son et al. (§) demonstrates a stepwise approach necessary for GLP-1-
receptor—targeting radiotracer development from the lab to the clinic.
The authors investigated the utility of **Ga-labeled 1,4,7-tris(carboxyme-
thylaza)cyclododecane-10-azaacetyl (DO3A)-exendin-4 (®*Ga-exendind)
in adults with type 2 diabetes (T2D) and its association with (3-cell
mass in overweight-to-obese T2D individuals, building on prior studies
(6,7). Furthermore, the authors provided a simplified imaging protocol,
a step toward higher throughput needed for large clinical trials.

The strengths of this article include the description of preclinical
data collected in vitro and in vivo using nonhuman primates. The
in vitro studies define binding specificity and internalization charac-
teristics and were followed by nonhuman primate studies evaluating
dose escalation and self-blocking effect. The evaluation of biodistri-
bution and physiology in nonhuman primates provided safety infor-
mation and guidance for the application in human adults.
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In addition to the preclinical data, the authors also provided the
initial evaluation in overweight-to-obese individuals. This study of
13 human subjects, 12 men and 1 woman, gives information on
biodistribution and kinetics in the mostly male subjects. The
results of this study show high pancreatic uptake compared with
background activity. An unsuspected finding was variability in
pancreatic radiotracer uptake across patients. This prompted fur-
ther investigation, which revealed no association of uptake with
pancreatic volume or patient age, as (3-cell mass is thought to be
uniformly distributed and to decrease with age.

The self-blocking evaluation described in this paper is an
important analysis used in the evaluation of a novel radiotracer to
show strong binding in the presence of cold peptide, representing
endogenous proteins or administered medication. This competitive
binding is of great importance because the treatment dose of exe-
natide is in the microgram range. The authors studied the effect of
higher mass by coinjecting the study participants with up to 0.2
png/kg. The study team did not observe a difference in the volume
of distribution at the lower dose; however, a decrease in binding
was seen at 0.45 pg/kg. We found this information encouraging
for the development of an !®F-labeled exendin-4 analog, which
suffered the drawback of requiring a higher amount of labeling
precursor and difficulties of purification. Compared with %¥Ga,
18F_labeled tracers offer several distinct advantages, including lon-
ger half-life (118 vs. 60 min), higher amount of starting activity
(cyclotron bombardment vs. limit on the *3Ge generator synthesis),
and ideal imaging qualities. All warrant the need to develop an
18F_labeled exendin-4 analog. A successful '3F-labeled exendin-4
analog can also enable the distribution of large-scale, multicenter
trials needed for tackling the complex question of B-cell mass
quantification and monitoring and provides less focus on sophisti-
cated equipment and expertise (cyclotron and radiochemist) while
still allowing joint efforts in research.

The proposed goal of this study was achieved by providing a
recommendation for a protocol to be used in human subjects for
subsequent phase II and III trials in adults. This phase I study also
evaluated the safety and utility of a safe dose range, resulting in a
proposed dose. Technical efficacy was achieved by providing
image generation and procedural feasibility, which is addressed in
the discussion. A limitation of this study is related to sample size.
Although a phase I study does not require a control population or
randomization, a larger cohort pool enables the establishment of a
better baseline. The small sample size makes it impractical to con-
sider a variety of subject characteristics. Further investigations
should evaluate female subjects and subjects of racial backgrounds
known to have a high incidence of diabetes.
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As stated in the abstract, the overall goal of this project is to enable
longitudinal studies of the GLP-1 receptor in the human pancreas.
The next step in this research would be a test-retest study to evaluate
the within-subject variability of tracer uptake. The changes caused by
the pathologic progression of T2D or type 1 diabetes (T1D) are likely
to be small and will have to be followed over time to assess disease
stability or progression. A tracer with small test-retest variability
would be crucial to detect the difference throughout the course of
disease. This would allow for monitoring changes in density, occu-
pancy, or functionality (8). The intrasubject variability is an important
step needed to assess feasibility for repeat studies to evaluate the effi-
cacy of medications. One of the questions to be answered is the rea-
son for subject variability in tracer uptake. Is this caused by the status
of the GLP-1 receptor, the volume of the pancreas, or other reasons?
Additional studies to elucidate the relationship will provide additional
insight to show clinical utility in the monitoring of treatment. A radio-
tracer to evaluate the density of the B-cell mass would have a great
impact on the management of disease, on understanding of the patho-
logic processes, and on evaluation of the ability of medical treatment
to stabilize or potentially reverse disease.

The overall impact of this work extends beyond this subgroup
of T2D. Diabetes is not only an adult disease. T1D is a pediatric
disease with onset typically in the second decade of life and is
characterized by a progressive destruction of up to 70% of B-cell
mass. T1D is increasing in prevalence and accounts for up to 10%
of cases of diabetes worldwide (9). Diabetes progression is evalu-
ated clinically on the basis of insulin needs; however, insulin
needs do not necessarily predict B-cell mass, as there is a signifi-
cant loss of B-cell mass before detection. This promising PET
radiotracer can potentially have a pivotal role in the assessment of
the stage of disease and response to therapy for both T1D and
T2D. If successful, the translation to pediatric care will have the
potential to alter the progression of disease in adolescents and
young adults, thus improving the quality of life for children and

adults with diabetes. This article is an important contribution to
the literature and successfully shows technical efficacy, reproduc-
ible image generation of the pancreas, and procedural feasibility
with a proposed protocol.
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The glucagonlike peptide-1 receptor (GLP1R) is a gut hormone recep-
tor, intricately linked to regulation of blood glucose homeostasis via
several mechanisms. It is an established and emergent drug target in
metabolic disease. The PET radioligand ®8Ga-DO3A-VS-exendin4
(%®Ga-exendind) has the potential to enable longitudinal studies of
GLP1R in the human pancreas. Methods: %Ga-exendin4 PET/CT
examinations were performed on overweight-to-obese individuals
with type 2 diabetes (n = 13) as part of a larger target engagement
study (NCT03350191). A scanning protocol was developed to opti-
mize reproducibility (target amount of 0.5 MBg/kg [corresponding to
peptide amount of <0.2 ng/kg], blood sampling, and tracer stability
assessment). The pancreas and abdominal organs were segmented,
and binding was correlated with clinical parameters. Results: Uptake
of ®8Ga-exendin4 in the pancreas, but not in other abdominal tissues,
was high but variable between individuals. There was no evidence of
self-blocking of GLP1R by the tracer in this protocol, despite the high
potency of exendin4. The results showed that a full dynamic scan can
be simplified to a short static scan, potentially increasing throughput
and reducing patient discomfort. The ®3Ga-exendin4 concentration in
the pancreas (i.e., GLP1R density) correlated inversely with the age
of the individual and tended to correlate positively with body mass
index. However, the total GLP1R content in the pancreas did not.
Conclusion: In summary, we present an optimized and simplified
%8Ga-exendin4 scanning protocol to enable reproducible imaging of
GLP1R in the pancreas. ®Ga-exendin4 PET may enable quantification
of longitudinal changes in pancreatic GLP1R during the development
of type 2 diabetes, as well as target engagement studies of novel glu-
cagonlike peptide-1 agonists.
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homeostasis via several mechanisms such as insulin secretion, gas-
tric emptying, and control of food intake (/). Endogenous GLP1
peptide is released from the intestinal L cells in response to nutrient
intake. Synthetic GLP1 agonists are already approved for treatment
of such conditions as type 2 diabetes (T2D), and further insight into
their mechanism of action is still of the utmost interest. Several
recent studies have demonstrated beneficial effects of GLP1 ago-
nists on hemoglobin Alc, cardiac function, and survival (2,3).

Exendin4 is a synthetic peptide that binds to GLP1R with nano-
molar affinity and high specificity (4). The development of
%8Ga-radiolabeled analogs of exendind (5,6) has recently enabled
noninvasive PET imaging in humans, primarily for the diagnosis
and localization of insulinomas (7,8), as well as expression of
GLPIR in the pancreas.

The possibility of longitudinal imaging to quantify GLP1R den-
sity in the pancreas is of interest both in the assessment of drug
mechanisms of action (e.g., in the context of unimolecular dual
and trigonal agonists) (9,/0) and because of the potential associa-
tion between GLP1R expression and the remaining B-cell mass
(11). Here, we used °*Ga-DO3A-VS-exendind (°®Ga-exendind)
for PET imaging of GLPIR in the human pancreas. The current
study was performed as part of a clinical trial investigating the tar-
get engagement of a novel GLP1/glucagon receptor dual agonist,
SAR425899, in individuals with T2D (clinicaltrials.gov identifier
NCT03350191) (12).

Here, we demonstrate for the first time—to our knowledge—the
noninvasive quantification of GLP1R density in the pancreas of
individuals with T2D by PET imaging. We furthermore outline a
protocol for reproducible, longitudinal, and accurate °®Ga-exen-
din4 PET/CT scanning and explore the origin of the variability of
pancreatic GLP1R density this patient population.

MATERIALS AND METHODS

Nonhuman Primate (NHP) PET Study

A %8Ga-exendind PET/CT imaging study on healthy cynomolgus
NHPs was in part reported and described in detail previously (3).
Briefly, NHPs were scanned by °®Ga-exendin4 PET using a dose esca-
lation study design in which several examinations were performed,
several hours apart, over the course of one or several experimental
days. Each subsequent scan entailed a higher peptide mass and radio-
active dose to minimize influence from the preceding scan (Table 1).
The resulting dataset enabled analysis of the self-blocking effect of the
increasing amounts of coinjected unlabeled exendin4 precursor
peptide.
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TABLE 1
Overview of Dose Escalation of ®8Ga-Exendin4 and
Coinjected DO3A-VS-Exendin4 in NHPs

NHP
Scan Unit of measurement 1 2 3 4 5
kg (body weight) 56 55 74 9.0 6.0
1 ng/kg 2 0.05 0.15 0.05 0.0025
MBg 111 20 46 23 0.2
2 ng/kg - 1 20 1 0.5
MBqg — 6.5 111 6.7 6.9
3 ng/kg - 10 - 3 15
MBqg — 52 — 49 187

NHPs 2 and 5 were same individual scanned twice, 6 mo apart.

Previously, only the simplified SUV analysis of 3 of the NHPs
(8 scans) was reported (9). In preparation for the design of the clinical
study, to better understand the peptide doses at which self-blocking
starts to occur, we reanalyzed the dynamic NHP data from all 12 scans
by graphical analysis using an image-derived blood plasma input.

Pancreas and other tissues of interest (such as spleen as a negative ref-
erence tissue) were delineated using PMOD, version 4.0 (PMOD Tech-
nologies). The PET signal for each tissue and time frame was corrected
for the injected amount, and the image-derived input function was
extracted by segmenting voxels fully within the lumen of the descending
aorta as identified on early PET frames and coregistered CT projections.
The aorta signal was further corrected for the plasma partition.

The volume of distribution (V,) of ®Ga-exendin4 in the pancreas
was estimated by graphical analysis according to Logan by applying
the image-derived input function using the PMOD PKIN module ({3).
Patlak graphical analysis was also attempted (/4), assuming irrevers-
ible uptake of **Ga-exendin4 in tissue due to receptor agonism and
internalization, but this model failed in some individuals and is not
reported.

The pancreatic V, for each scan was plotted against the amount of
coinjected unlabeled precursor peptide to explore the self-blocking at
different doses.

Furthermore, the pancreatic V, was plotted against the static uptake
values at different time points, to determine whether static SUV's could
replace full dynamic PET scans with invasive plasma sampling.

Clinical Study Design

These *®Ga-exendin4 PET/CT examinations were acquired as part
of a phase Ib single-center, open-label study assessing the glucagon
receptor and GLP1R occupancy of dual-agonist SAR425899 in over-
weight-to-obese T2D patients (clinicaltrials.gov identifier NCTO03
350191). Individuals with T2D (n = 13) were recruited and underwent
PET/CT scanning for GLPIR availability in the pancreas (**Ga-exendin4)
and glucagon receptor availability in the liver (®®Ga-DO3A-VS-
Tuna-2) at baseline. Participants were then treated with up to 0.12 or
0.2 mg of SAR425899 daily from 3 wk, followed by on-drug scanning
with ®®Ga-exendin4 and **Ga-DO3A-VS-Tuna-2. Six participants com-
pleted the full NTC03350191 occupancy study, and the results from
those individuals, especially the occupancy of SAR425899 as evaluated
by PET, were previously reported (/2). This study reports the results of
all 13 baseline ®*Ga-exendin4 PET scans and the details of the proce-
dures. The baseline examination of the 13 °*Ga-DO3A-VS-Tuna-2
examinations was similarly reported independently (15).

GLPIR IMAGING IN TYPE 2 DIABETES  *

Patient Population

Overweight-to-obese individuals diagnosed with T2D (n=13)
were recruited to the study. The participants had a median age of 69 y
(range, 5076 y) and a mean body mass index (BMI) of 31.2 + 3.0 kg/m?.
Of the 13 participants, 12 were men and 1 was a woman. Patients
were not allowed to be on any antidiabetic medication during the
study except for stable metformin or sulfonylurea treatment.

No control group with nondiabetic individuals was included, since
the full study was aimed at assessing drug efficacy and occupancy and
thus included 3 wk of drug treatment with SAR425899.

All study participants provided written informed consent. Study
protocols were approved by national health authorities and an indepen-
dent ethics committee, and the trial was performed in accordance with
the guidelines established by the Declaration of Helsinki and the Inter-
national Conference on Harmonization—-Good Clinical Practice.

PET/CT Examinations

Good-manufacturing-practice DO3A-exendind was provided by
Sanofi. Good-manufacturing-practice—quality **Ga-exendin4 was pro-
duced on an automated synthesizer (Modular Lab Pharm Tracer; Eck-
ert and Ziegler) as developed and reported previously (/2,16). The
radiochemical purity was over 90%, with no unknown single impurity
of over 5%.

The PET assessments were performed 3 h after a standardized meal
followed by fasting, to minimize the variability in GLP1 levels at the
time of scanning. The individuals were examined over the abdomen
with a Discovery MI PET/CT scanner (20-cm field of view; GE
Healthcare). Low-dose CT was performed for attenuation correction
and anatomic coregistration of PET images. The dose of the CT scan
was limited by dosimetry considerations, given that each individual
underwent up to 4 PET/CT examinations over the entire clinical study.

A 0.5 MBq/kg target dose of ®*Ga-exendin4 (0.46 + 0.03 MBg/kg,
corresponding to 0.14 =0.04 pg of peptide per kilogram) was
administered intravenously as a bolus. The amount of administered
%8Ga-exendin4 was based primarily on limiting the associated dose of
DO3A-VS-exendin4 precursor peptide to below 0.2 pg/kg. This limit
was imposed to minimize any self-blocking, and the cutoff was deter-
mined from the NHP dose escalation studies.

Dynamic PET was initiated at administration and continued for
60 min. Blood sampling for glucose was performed before and during
the scan as a safety precaution, as exendin4 can stimulate insulin secre-
tion at pharmacologic doses. For 3 individuals, arterial sampling was
performed at 5, 30, and 60 min after **Ga-exendin4 administration to
measure the radioactivity in whole blood and plasma and to determine
the metabolic stability of the tracer (the methods are shown in the sup-
plemental materials, available at http://jnm.snmjournals.org) (/7).

PET images were reconstructed using an iterative VUE Point FX-S
algorithm (GE Healthcare) (3 iterations, 3 subsets, 256 X 256 matrix,
3-mm z-axis postprocessing filter) with all relevant corrections per-
formed (30 frames in total: 12 X 10s, 6 X 30s,5 X 120, 5 X
3005, 2 X 600 s).

PET Image Analysis

Abdominal tissues of interest, including pancreas (target tissue),
aorta (input signal), kidney (excretion), and spleen and erector spinae
muscle (negative reference tissues) were manually segmented on core-
gistered PET/CT images using Carimas software, version 2.9 (Turku
PET Center). The aorta was delineated by segmenting single voxels
fully within the lumen of the descending aorta. The arterial plasma
image-derived input function was generated by correcting the aorta
signal for plasma—to—whole-blood partitioning and for the percentage
of intact %®Ga-exendin4 during the scan (based on a population
estimate).
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The kinetic data were fitted to different compartmental models and
graphical analyses, including 1- and 2-tissue-compartment models and
Patlak and Logan analysis. On the basis of the fitting, performance,
and complexity of the models (Supplemental Tables 1-5), Patlak
graphical analysis was selected as the optimal analysis method for the
dynamic PET data. Furthermore, ®*Ga-exendin4 triggers internaliza-
tion in GLP1R-positive tissues, leading to intracellular *Ga trapping
(Supplemental Figs. 1A—1B), theoretically fulfilling the irreversible
binding criteria during the time of the scanning as assumed in Patlak
analysis. The ®3Ga-exendin4 net uptake rate (K;) was estimated using
Patlak graphical analysis in Microsoft Excel (/4).

K; (mL/[mL-h]) was considered a measurement of the concentration
of *8Ga-exendin4 binding in the pancreas (likely proportional to the
GLPIR density in the pancreas). The total GLP1R content was thus
estimated by multiplying K; (mL/[mL-h]) by the pancreatic volume
(mL) as segmented from the PET/CT images.

Statistics

Data on a group level are reported as mean = SD. Differences
between groups were assessed by 1-way ANOVA. Correlations were
assessed by linear regression and the Pearson correlation coefficient
(GraphPad Prism for Mac [Apple], version 8.0).

Data and Resource Availability Statements

The data that support the findings of this study are available from
Sanofi, but restrictions apply to the availability of these data, which
were used under license for the current study and therefore are not
publicly available. Data are, however, available from the authors on
reasonable request and with the permission of Sanofi.

RESULTS

NHP PET Dose Escalation Study

%8Ga-exendin4 exhibited visually strong binding and a high V,
in the pancreas on all scans coinjecting up to a 0.2 ng/kg dose of
unlabeled DO3A-VS-exendin4 precursor peptide (Fig. 1A). There
was already a sharp decrease in binding at a peptide mass dose of
1 png/kg, whereas doses in excess of 10 pg/kg reduced the pancreas
binding to the background level. The dose inducing a 50%
decrease in binding (the in vivo half-maximal inhibitory concen-
tration) was estimated to be approximately 0.45 pg/kg, indicating
very high potency.

Binding was also estimated with a simple semiquantitative SUV
measurement of pancreatic binding during the static time frame

from 50 to 60 min after injection (SUVss min). SUVss min corre-
lated strongly with V, (P < 0.0001, » = 0.96) (Fig. 1B).

Binding and Biodistribution in Individuals with T2D

%8Ga-exendin4 was rapidly distributed in the abdominal tissues
after intravenous administration (Figs. 2A and 2B). Initially, the
aorta and the left ventricle (i.e., blood signal) were clearly seen,
followed by uptake in the pancreas, kidney, and liver in the first
Smin. For the remainder of the scan (60 min), increasing uptake
in the pancreas and kidney continued, whereas the remaining tis-
sues demonstrated clearance.

After 60 min, the uptake of ®8Ga-exendin4 (assessed as
SUVss5min) Was clearly higher in the pancreas than in, for example,
the spleen, which has high perfusion comparable to that of the
pancreas but is devoid of GLP1R (Fig. 2C). There was marked
variability, almost 4-fold, in the magnitude of the pancreas uptake
in different individuals (Figs. 2C and 2D). Importantly, this vari-
ability was not reflected in other abdominal tissues or the blood
signal, indicating it is not due to general differences in biodistribu-
tion or metabolism.

%8Ga-exendin4 uptake was obvious in all 3 pancreatic seg-
ments—caput (head), corpus (body), and cauda (tail)—but tended
to be higher in the cauda. However, separate delineation of the
cauda was difficult because of potential spillover from the kidney
in some individuals.

Metabolic Stability, Self-Blocking, and Protocol Simplification

After administration, °®Ga-exendin4 demonstrated high stability
in the blood, with more than 90% of the intact tracer being present
in plasma at 60 min (Table 2). ®Ga-exendin4 also exhibited high
plasma partitioning (=1.8) throughout the scan; that is, most tracer
was free in the plasma and available for distribution into tissue
(Table 2). The net K; of ®®Ga-exendin4 in the pancreas was calcu-
lated by Patlak graphical analysis, using the metabolite-corrected
arterial plasma curve as input (Table 3).

As per the study design, all individuals were administered less
than a 0.2 pg/kg dose of DO3A-VS-exendind peptide to avoid
self-blocking due to the high potency of the compound for
GLPI1R. As predicted, there was no negative correlation between
the peptide mass dose and the net K;, indicating that the self-
blocking at these levels was also negligible in humans (Fig. 3A).

SUVss min correlated well with the net K; (P <0.0001, » = 0.92),
indicating that the lengthy dynamic scanning and invasive blood

sampling may be replaced by shorter static

scanning from 50 to 60min after tracer

A 10- B 101 . administration with only a minor loss in
= 81 o = 8| P<0.0001 e accuracy (Fig. 3B).
= = Correlation of Binding with Age and BMI
f 61 :« 61 There was a distinct variability in the
g 4 S 4 %8Ga-exendind net K; in the pancreas. We
% é therefore explored the potential correlation
o 24 o 2 between ®3Ga-exendin4 binding and the
o . e ; . 0 . . . . . . characteristics and biometrics of patients.
0.001  0.01 0.1 1 10 100 0 2 4 6 8 10 12 The variability in *®Ga-exendin4 binding
DO3A-VS-Exendin4 (ug/kg) SUVsemin(1/1) as assessed by K; (i.e., GLPIR density)

FIGURE 1. In vivo binding of ®®Ga-exendin4 in NHP pancreas. (A) Dose escalation studies demon-
strated strong binding in pancreas at mass doses below 0.2 pg/kg (black dotted line), which was
progressively blocked by coinjection of increasing amounts of unlabeled DO3A-VS-exendin4 precur-
sor peptide. A 50% blocking dose is indicated by gray dotted line. (B) There was strong correlation
between V, (obtained from dynamic 90-min scan and requiring blood plasma input signal) and
SUVss mins indicating that just static scan from 50 to 60 min can replace dynamic scan.
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correlated negatively with the age of the
participant (P < 0.05, » = —0.61) (Fig. 4A).
The same correlation with age, but using
SUVss min, Wwas —0.50 (P =0.082). Fur-
thermore, there was a tendency toward a
positive correlation between **Ga-exendin4
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FIGURE 2. Abdominal biodistribution of ®Ga-exendin4 in humans with T2D. (A and B) ®®Ga-exen-
din4 was rapidly distributed, followed by washout from most tissues except pancreas and kidneys
(average of 13 individuals). Representative maximume-intensity-projection PET images are shown.
(C) There was strong variability in pancreas binding, which was not reflected in other tissues. (D)
Representative transaxial PET/CT images demonstrate high, average, or low pancreas binding of

of around 0.5 pg/kg elicit up to 50% block-
ing of the signal. This result is not entirely
unexpected, given the high potency of
%8Ga-exendind for GLPIR. In fact, peptide
mass effects of similar magnitude were
seen for 2 other gut hormone peptide PET
tracers, %8Ga-DO3A-VS-Tuna-2 (a gluca-
gon receptor agonist) and **Ga-S02-GIP-T4
(a glucose-dependent insulinotropic poly-
peptide receptor agonist), both with a
potency in the picomolar range (20,21).
Here, we further demonstrated from
NHP data that a peptide mass effect can be
avoided at less than 0.2 pg/kg doses of
coinjected DO3A-VS-exendin4. This find-
ing influenced the design of the clinical
study, which subsequently showed minimal
mass effects. Thus, any future clinical stud-
ies with ®8Ga-exendin4 should aim to
administer no more than a 0.2 pg/kg dose
of precursor peptide. This limitation will
likely entail an optimized automated radio-
chemistry setup (/6), since a molar activity
of at least 20-30 MBg/nmol will be

%8Ga-exendind. ***indicates P < 0.0001.

binding in the pancreas and the BMI of the participants (P = 0.064,
r=0.53) (Fig. 4B). Similarly, the correlation between BMI and
SUVs5 min Was 0.43 (P = 0.145). However, when we estimated the
total %®Ga-exendin4 binding (i.e., total GLPIR content) by multi-
plying by the pancreatic volume, no correlations remained (Figs.
4C and 4D). The pancreatic volume of the participants ranged
between 48 and 135 mL and did not correlate with, for example,
age or BMI in this cohort (Figs. 4E and 4F).

DISCUSSION

In this study, we demonstrated the binding and biodistribution
of ®3Ga-exendin4 in the pancreas of humans with T2D. Further-
more, we developed an optimized and simplified *®Ga-exendin4
scanning protocol based on these initial experiences.

Native exendin4 is a highly potent GLP1R agonist, with subna-
nomolar potency (/8). Radiolabeled *®*Ga-exendin4 has excellent
specificity for GLP1R (Supplemental Fig. 1A) and affinity in the
nanomolar range (/9). In the absence of suitable antagonists, ago-
nists such as exendin4 can be used as PET tracers, but care must
be taken to avoid unwanted pharmacologic effects. We have previ-
ously demonstrated that ®*Ga-exendin4 also exhibits self-blocking
at low administered precursor peptide mass doses in NHPs. Doses

TABLE 2
Metabolic Stability and Blood Plasma Ratio of
68Ga-Exendin4 in Individuals with T2D (n = 3)

required. Furthermore, even at an optimal
molar activity, 0.2 pg/kg will probably
correspond to no more than 50-100 MBq
to be administered; this, in turn, necessitates highly sensitive PET
instrumentation for sufficient image quality.

Quantitative PET assessment usually entails quite complex cor-
rection of imaging data, including dynamic imaging acquisition of
a long duration, arterial sampling, and metabolic stability measure-
ment. Such complicated scanning protocols present logistical chal-
lenges and are uncomfortable for the patient. Additionally, the

TABLE 3
Patlak Graphical Analysis K; Net Uptake Rate and
Goodness of Fit for All Individuals Examined with
68Ga-Exendin4

Individual Volume (ML) SUVss min (1/1) Ki (mL/[mL-h]) R?

1 78 3.4 0.60 0.99
2 69 6.4 0.93 1.0

3 48 2.0 0.38 0.97
4 66 3.8 0.62 0.98
5 63 3.7 0.63 0.98
6 78 4.3 0.83 0.99
7 &) 2.2 0.45 0.99
8 73 3.7 0.59 1.0

© 57 2.5 0.38 0.99
10 49 2.6 0.43 0.97
11 75 4.6 0.83 0.99
12 135 4.7 0.58 0.99
13 117 5.6 0.97 1.0

Time (min) Intact peptide (%) Plasma-to-blood ratio (1/1)
5 98.1 = 0.9 1.76 = 0.06
30 95.2 + 0.4 1.80 *= 0.05
60 90.1 =+ 1.4 1.79 + 0.05

SUVss min @nd pancreas volumes in same individuals are
included for comparison.
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FIGURE 3. In vivo binding of ®3Ga-exendin4 in human T2D pancreas. (A) There was no obvious
self-blocking mass effect at peptide doses below 0.2 ug/kg (i.e., no negative correlation). (B) In
human pancreas, there was strong correlation between model parameter obtained from dynamic
scan including blood (Patlak Kj) and SUVss min, indicating that static scan is sufficient for accurate
quantification.

analysis is time-consuming and requires specialized software and
expertise. Semiquantitative measurements derived from static
scanning protocols, such as SUVs, on the other hand, are simpler
from the point of view of both the patient and the hospital, in

addition to allowing for rapid analysis.

In both the NHP and the clinical studies,
we could show that the static SUV
(SUVssimin) exhibited a very strong correla-
tion with the modeled parameter (which
was derived from the full dynamic scan-
ning protocol including blood sampling
and metabolic stability correction of the
input signal). Thus, it can be assumed that
a shortened static scan at 50-60 min after
injection provides reasonable accuracy in
the assessment of GLPIR density in the
pancreas, with only a minor loss in repro-
ducibility compared with a full dynamic
scan. In many cases, this trade-off may be
acceptable to substantially increase patient
comfort and simplify scanning procedures
and logistics. However, ®Ga-exendin4
uptake as assessed by SUVss nin did not

correlate as well with, for example, age as did Patlak net K;, indi-
cating that the simplification of the analysis and scanning protocol
may reduce the power of the assessment.

A limitation of this study is the lack of a test-retest assessment,

that is, repeated scanning of the same subject without any intervention

>
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FIGURE 4. Correlation of ®Ga-exendin4 pancreas binding with biometric parameters. (A and B)
Pancreatic GLP1R density (concentration of ®Ga-exendin4 binding) correlated negatively with age
of examined individuals (A) and exhibited tendency to correlate with BMI (P = 0.064) (B). (C and D)
However, total pancreas GLP1R content (i.e., ®Ga-exendin4 concentration multiplied by volume)
did not correlate with age (C) or BMI (D) of participants. (E and F) Similarly, size of pancreas did not

correlate with either age (E) or BMI (F) in this study.
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in between. Such data would provide impor-
tant information on the reproducibility of the
assessment—either analyses by SUVss i, or
analyses by Patlak net K; Unfortunately,
test—retest scanning was not possible because
of the design of the full occupancy study (clini-
caltrials.gov identifier NCT03350191) (12).

In short, future PET studies using *3Ga-
exendin4 for assessment of GLPIR in the
pancreas should aim to coinject less than a
0.2png/kg dose of peptide. Moreover,
patient comfort and scanning throughput
could be increased by limiting the scanning
protocol to a static scan approximately
60 min after injection.

Despite the rigorous standardization of
our scanning protocol, %3Ga-exendin4
exhibited a marked variability in pancreatic
binding. We further explored potential rea-
sons for this variability. There was a nega-
tive correlation with age in this study,
indicating a lower GLPIR density in the
pancreas of older individuals. A progres-
sive decrease in GLP1R in the mouse brain
has previously been reported (22). One of
the major sources of ®*Ga-exendin4 bind-
ing in the human pancreas is the 3 cells,
which exhibit strong GLPIR expression
(23). The known decline of B-cell number
and function with age (24) thus presents a
possible mechanism for this reduction in
%8Ga-exendind with increasing age. How-
ever, when we calculated the total GLP1R
content (by multiplying 3Ga-exendin4
binding by the pancreas volume), the nega-
tive correlation did not prevail.

We also visually observed a general
trend toward higher *®Ga-exendin4 uptake



in the cauda of the pancreas in many individuals. This is again
interesting in the context of B cells, since the cauda has been
shown to exhibit approximately 2-fold the islet density of the
caput and the corpus (25). Thus, we observed several features of
the *8Ga-exendin4 binding that were consistent with known B-cell
distribution and function. Additionally, the large variability in
%8Ga-exendin4 observed here (almost 4-fold) is in line with the
large variability in (-cell mass seen in individuals with T2D as
assessed by biopsy morphometric studies (26). More studies dedi-
cated to this question are required to further establish the associa-
tion between ®3Ga-exendin4 binding and the B-cell mass in the
human pancreas in T2D.

We observed a trend toward a positive correlation between
%8Ga-exendin4 binding and BMI in this cohort; that is, an increas-
ing pancreatic GLP1R density correlated with a higher BML. 1t is
difficult to assess whether this is a reasonable observation, as there
are limited data on GLP1R density in the pancreas of obese sub-
jects—likely because of the challenge of obtaining diverse biopsy
material of high quality, lack of reliable monoclonal antibodies for
GLPIR, and the time-consuming effort required for sectioning,
staining, and analyzing a sufficiently large dataset to draw firm
conclusions. Again, the correlation with BMI did not remain when
the total GLP1R content in the pancreas was estimated by multi-
plying by volume.

A limitation of the study and the correlations discussed above is
the imbalanced sex distribution of the study population. Of the 13
included individuals, 12 were male and only 1 was female. Pancre-
atic binding in the female individual in this study was around the
population average. However, the correlations seen here may
reflect mainly the male population.

%8Ga-exendin4 could conceivably serve as a biomarker for
response to therapy. GLP1 efficacy studies sometimes delineate
subgroups of nonresponding individuals—both in studies targeting
populations with diabetes (27) and in studies targeting populations
with neurologic disease (28). In this small cohort, some of the par-
ticipants (n =7) completed 3 wk of up-titration with the dual
GLP1/glucagon agonist SAR425899, and all responded to treat-
ment with blood glucose lowering and weight reduction, regard-
less of exhibiting a wide range of GLPIR density in the pancreas
(12). Therefore, excessively up- or down-regulated GLP1R in the
pancreas does not seem to predict GLP1 agonist responders or
nonresponders in this admittedly small cohort.

CONCLUSION

We present an optimized and simplified *®Ga-exendin4 scan-
ning protocol to enable reproducible imaging of GLPIR in the
human pancreas. °®Ga-exendin4 PET may enable longitudinal
quantification of changes in pancreatic GLP1R during the develop-
ment of T2D, as well as target engagement studies of novel GLP1
agonists.
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KEY POINTS

QUESTION: Can GLP1R density in the pancreas of individuals
with T2D be evaluated by ®8Ga-exendin4 PET?

PERTINENT FINDINGS: ®®Ga-exendin4 binding in the T2D pan-
creas was high, consistent with the known expression patterns of
GIP1R in the abdominal area. GLP1R density correlated inversely
with the age of the individual and tended to correlate positively
with BMI.

IMPLICATIONS FOR PATIENT CARE: ®®Ga-exendin4 PET may
enable quantification of longitudinal changes in pancreatic GLP1R
during the development of T2D, as well as target occupancy in
drug development studies.
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LETTERS TO THE EDITOR

'SE-FDOPA PET for the Noninvasive Prediction of
Glioma Molecular Parameters: A Radiomics Study

TO THE EDITOR: We have read with interest the paper by Zara-
gori et al. about the role of PET using 6-'F-fluoro-L-DOPA ('*F-
FDOPA) in the prediction of molecular parameters by radiomics
(1). We agree that radiomics is a promising approach to improve
the accuracy of amino acid PET (2). This has been demonstrated,
for example, for the differentiation of recurrent tumor from treat-
ment-related changes (3,4).

Zaragori et al. report that radiomics features of static and dynamic
I8E_.FDOPA data in patients with a neuropathologic diagnosis of
grade II, III, or IV glioma were able to predict IDH mutations and
the 1p/19q codeletion with an area under the curve of 0.831 and
0.724, respectively. The authors conclude that '*F-FDOPA PET
using a full set of radiomics features is an effective tool for the non-
invasive prediction of IDH mutations and for prediction of the 1p/
19q codeletion in routine practice.

Although we have no doubt about the quality of the study, we would
like to point out a problem with the preselection of patients. For this
study, 74 patients with grade II-IV gliomas were retrospectively
selected from a larger collective. The authors assume that the results
of the study are valid for the noninvasive prediction of molecular
parameters in patients with suspected glioma, that is, in the setting of
preoperative diagnostics in which, apart from clinical and radiologic
parameters, no information is available about the histology of the
tumors.

Previous studies investigating the final diagnosis of patients referred
for amino acid PET with suspected brain tumor, however, reported that
20%-40% had benign lesions or nonglial tumors (e.g., inflammation,
ischemia, or lymphoma) (5—7). The radiomic features of these lesions
were not considered in the present analysis and could significantly
affect the results of the study. Therefore, the validity of the study for
noninvasive prediction of molecular parameters in the setting of preop-
erative diagnostics is at least doubtful.

A similar issue could also be observed in another recently published
study (8), which investigated the prediction of TER Tp mutation status in
IDH wild-type (IDHwt) high-grade gliomas using pretreatment
dynamic O-(2-'8F-fluoroethyl)-L-tyrosine ('*F-FET) PET radiomics.
In that study, patients with IDHwt tumors were selected from a mixed
population of patients, and the authors reported that radiomics based
on time-to-peak images extracted from dynamic '®F-FET PET scans
could predict the TERTp mutation status of IDHwt diffuse astrocytic
high-grade gliomas with high accuracy preoperatively. Since the IDH
mutation status in the preoperative population is not known, the analysis
is considerably affected by the IDH-negative gliomas and benign
lesions, and the validity of this study also—in the setting of preoperative
diagnostics—has to be viewed with great caution.

Summarizing, we would like to point out that image analysis
methods aiming at noninvasive prediction of molecular parameters
have to be based on a representative preoperative population. Prese-
lection of such populations based on postoperative histologic data
leads to an erroneous and not clinically useful conclusion.

COPYRIGHT © 2022 by the Society of Nuclear Medicine and Molecular Imaging.

We conclude that the results of such studies can be considered
only as hypotheses and have no relevance for clinical practice.
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Reply: '"®F-FDOPA PET for the Noninvasive
Prediction of Glioma Molecular Parameters:
A Radiomics Study

REPLY: We read with interest the letter to the editor by Langen and
colleagues in response to our recent study published in The Journal
of Nuclear Medicine (1). We agree with them that radiomics analysis
is a promising approach for PET imaging in neurooncology,
although its application in clinical practice needs to be defined
more precisely on the basis of the clinical question at hand. The
added value of 6-'®F-fluoro-L-DOPA (‘®F-FDOPA) PET radiomics
over conventional static analysis, derived from SUV parameters,
appears to hold more promise for the initial diagnosis (/) than for
detecting recurrent disease (2). Extensive effort is also needed to
study these radiomics tools prospectively, including in a real clinical
setting of nonglioma lesion, as well as to make these tools available
and amenable to accurate interpretation by nuclear physicians in
clinical routine practice. We would like to respond to this letter by
raising 3 points.

First, and from a methodologic point of view, radiomics analysis
needs to be compared with a robust benchmark (3,4). Immunohisto-
logic analysis of tumor samples is still considered the gold standard
for defining brain tumors at the initial diagnosis. Although these
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parameters, obtained from VOI-based or
voxel-based extractions combined with
radiomics analysis, for respectively predict-
ing IDH and TERTp mutations. As already
extensively discussed elsewhere (17),
aggressive brain gliomas are associated
with high tracer uptake within the first few
minutes after injection followed by a
decrease in the uptake curve, whereas less
aggressive gliomas typically show a slow
increase in amino acid uptake, with the
highest values observed at later time
frames. Amino acid PET imaging of brain
inflammation is also associated with a con-
sistently increasing SUV curve (/4). Figure
1 provides representative 'SF-FDOPA PET
images of a brain inflammation case. Other
dynamic amino acid PET studies also sug-
gest that lymphomas (/8) and benign lesions
(19) show dynamic patterns similar to the
ones observed in less aggressive gliomas.
Dynamic PET imaging of brain lesions at
the initial diagnosis, in addition to conven-
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tional static analysis (/3), should therefore

FIGURE 1.

Axial slices of inflammatory lesion of midbrain (arrows) in hypersignal fluid-attenuated
inversion recovery MRl (top left panel), showing moderate ®F-FDOPA uptake in PET image (top middle
panel) and PET/MR image (top right panel) in 68-y-old woman. Interestingly, dynamic acquisitions (bot-

help identify nonglioma brain lesions. This
possibility will, of course, need to be further
confirmed by well-designed prospective
studies.

tom panel) showed constantly increasing SUV curve suggestive of nonaggressive lesion.

analyses are considered as the reference in oncology, we know that
they suffer from several limitations. Information extracted from
immunohistologic analysis is representative of only the region
from which the sample was taken and of only the time of collection,
which means that this type of analysis is both spatially (5—7) and
temporally limited (&). In this vein and for lack of a better alternative,
the recently published retrospective amino acid PET radiomics stud-
ies exploring the prognostic benefits of molecular parameters of
brain tumors at initial diagnosis were, similarly to ours, all based
on immunohistologic analyses (9—/7). In differential diagnoses,
brain tumors, brain inflammatory lesions, ischemia, or primary cen-
tral nervous system lymphomas are typically “do not touch” lesions
(12), with correspondingly very low rates of available histologic
analyses, which restricts their inclusion in these types of retrospec-
tive studies. In their study, Renard et al. (/3) underline that less
than one third of their pseudotumor patients had available histology.
Second, PET imaging in neurooncology needs be interpreted in
the era of multimodal and multiparametric approaches as advocated
by the current European guidelines, which recommend amino acid
PET at the initial tumor diagnosis as an adjunct to MRI (/4).
High-grade gliomas may be accurately distinguished from primary
central nervous system lymphomas using morphologic MRI (75),
with recent MRI technical advances expected to further increase per-
formance in differentiating from inflammatory brain lesions (16).
These improvements in MRI-based brain lesion characterizations
will allow more specific identification of the best candidate brain
lesions to refer for amino acid PET imaging. Moreover, conven-
tional static analysis of '*F-FDOPA PET imaging is also useful in
discriminating between pseudotumoral and tumoral lesions (/3).
Finally, the 2 amino acid PET studies mentioned by Langen and
colleagues (/,11) reported the prognostic significance of dynamic
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To summarize, radiomics analysis of
amino acid PET imaging has the potential to emerge as a truly effective
tool for the noninvasive characterization of gliomas, provided that mul-
timodal and multiparametric imaging is used. Currently, the primary
aim of radiomics analyses in neurooncology is to generate hypotheses
with promising results, to consider in a next step toward prospective
evaluation in the real clinical setting.
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Single-Time-Point Tumor Dosimetry Assuming
Normal Distribution of Tumor Kinetics

TO THE EDITOR: An excellent recent review by Sgouros et al. on
the multifaceted complexities of tumor dose-response was highly
informative (/). However, it did not address a practical aspect—
how to routinely implement tumor dosimetry in the context of
today’s stifling economic mantra of “cheaper, better, faster.” The
fine balancing act between clinical needs and health-care economics
is an everyday challenge in any busy clinic. But there is hope, in the
form of single—time-point dosimetry as a compromise for resource-
intensive multiple—time-point imaging.

Previous work by Hanscheid et al. on single-time-point dosime-
try works well for normal organs, but its application to metastases is
questionable because of widely heterogeneous tumor biology (2).
Tumors are, by definition, inherently abnormal. Therefore, the effec-
tive half-life (Teg) of any tumor type will have a wide spread of val-
ues. This means that a single average T.¢ defined for a tumor type
might not be sufficiently personalized to an individual patient.

An alternative framework for single—time-point tumor dosimetry
is proposed here to complement that by Hanscheid et al. (2). It
assumes a normal distribution of tumor T, around its mean and
uses =1 SD to rationalize tumor T.s values for faint (poor), mild
(weak), moderate (good), and intense (excellent) tumor avidity.
Whichever method of single-time-point tumor dosimetry the user

eventually chooses will depend on whether each method’s assump-
tions are reasonably valid for the patient at hand.

To illustrate this alternative method, let us consider *'I-avid bone
metastases from differentiated thyroid cancer. For this exercise, it is
necessary to quote preliminary data. From a very small dataset of
8 bone metastases by 2 studies (6 lesions) and 2 lesions from our
own data, the mean tumor Tegr in *'I-avid bone metastasis prepared
by thyroid hormone withdrawal was approximately 4.07 + 2.52 d
(3,4). Its wide SD reflects the highly heterogeneous biology of
metastases.

Next, we invoke the central-limit theorem to assume a normal dis-
tribution of tumor T,graround its mean. This assumption is obviously
false in the current example of only 8 lesions but will eventually
trend closer to the truth with future additional data. Within this nor-
mal distribution framework, bone metastases that are visually
assessed to have faint '*'I avidity will be to the left of —1 SD
(Teg, <1.55d), mild avidity will be at —1 SD (Tegg, 1.55 d), moderate
avidity will be at the mean (T, 4.07 d), and intense avidity will be at
+1 SD (T, 6.59 d). The visual classification of '*'T avidity may be
referenced to the liver, analogous to the Krenning score (5).

Lesionmass is measured by sectional volumetry. Lesion activity at
time # (d) after administration of '3'I is measured by calibrated scin-
tigraphy. Finally, the tumor-absorbed dose (Gy) may be calculated
by the method described by Jentzen et al., which assumes a linear ini-
tial time—activity concentration rate and a time to peak tumor uptake
of 8 h, followed by monoexponential clearance in accordance with
tumor Teg (6). This alternative method of single—time-point dosime-
try could also be applied to '*'I-avid soft-tissue metastases, with pre-
liminary data suggesting that the mean tumor T, prepared by thyroid
hormone withdrawal could be approximately 2.55 = 0.35d (7,8).
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Reply: Single-Time-Point Tumor Dosimetry
Assuming Normal Distribution of Tumor Kinetics

REPLY: We thank Dr. Kao for carefully reading our article (/) and
for illustrating the value of single—time-point imaging in the practi-
cal implementation of patient-specific dosimetry for radiopharma-
ceutical therapy. We chose to focus on fundamental knowns and
unknowns, particularly tumor dose-response relationships, rather
than addressing the admittedly challenging logistics of patient-
specific dosimetry. As noted in Dr. Kao’s letter, single—time-point
formulations exist that may be applied to normal-organ and tumor-
absorbed doses, although due to the potentially larger variability in
tumor kinetics there may be larger error associated with application
to tumor. However, the error in the tumor activity quantification step,
depending on tumor size, likely dominates the uncertainty in the
dose calculations. Overall, the uncertainty associated with single—
time-point methods is unlikely to be clinically impactful. Clinical
experience suggests that a severalfold difference in tumor-absorbed
dose is needed to overcome the impact of differences in tumor radio-
sensitivity, dose distribution within the tumor, dose-rate differences,
and other biologic effects that impact tumor response to therapy in
patients.

Recognizing the imperative of achieving the right balance, we
would promote an approach that enables the treating physician—
in establishing treatment doses—to consider the multifaceted trade-
offs among absorbed dose accuracy, health economics, the chal-
lenges of a busy clinic, and the clinical aspects of the disease. By
defining a level of certainty or uncertainty in all calculated absorbed
dose values, including those obtained by reduced-time-point or sin-
gle—time-point methods, the treating physician is provided the infor-
mation needed to make what is ultimately a clinical decision for a
specific patient. If, on the basis of the disease extent and endpoints
to be achieved, the physician seeks greater precision in the nor-
mal-organ and tumor-absorbed dose estimates, an extended multi-
ple—time-point imaging protocol may be devised in conjunction
with the medical physicist.

It is encouraging that in addition to the work described in the let-
ter, the loss of accuracy associated with using a single imaging time

804

point compared with using multiple time points has been recently
investigated. Among the ever-growing list of papers in this area,
we note the early work on peptide receptor radionuclide therapy
by Madsen et al. (2) and Hanscheid et al. (3) and the more recent
extension of this approach to other RPTs by Hou et al. (4) and Jack-
son et al. (5).

We thank Dr. Kao and The Journal of Nuclear Medicine
editor-in-chief for giving us the opportunity to address this impor-
tant topic.

REFERENCES

. Sgouros G, Dewaraja YK, Escorcia F, et al. Tumor response to radiopharmaceutical
therapies: the knowns and the unknowns. J Nuc/ Med. 2021;62(suppl 3):12S—
228.

. Madsen MT, Menda Y, O’Dorisio TM, O’Dorisio MS. Technical note: single time
point dose estimate for exponential clearance. Med Phys. 2018;45:2318-2324.

. Hanscheid H, Lapa C, Buck AK, Lassmann M, Werner RA. Dose mapping after endor-
adiotherapy with '”’Lu-DOTATATE/DOTATOC by a single measurement after 4
days. J Nucl Med. 2018;59:75-81.

4. Hou X, Brosch J, Uribe C, et al. Feasibility of single-time-point dosimetry for radio-
pharmaceutical therapies. J Nucl Med. 2021;62:1006-1011.

. Jackson PA, Hofman MS, Hicks RJ, Scalzo M, Violet J. Radiation dosimetry in 77Lu-
PSMA-617 therapy using a single posttreatment SPECT/CT scan: a novel methodol-
ogy to generate time- and tissue-specific dose factors. J Nucl Med. 2020;61:1030—
1036.

[

%)

wn

George Sgouros”

Yuni K. Dewaraja
Freddy Escorcia

Stephen A. Graves
Thomas A. Hope

Amir Iravani

Neeta Pandit-Taskar
Babak Saboury

Sara St. James

Pat B. Zanzonico

*Johns Hopkins University
Baltimore, Maryland
E-mail: gsgouros@jhmi.edu

Published online Mar. 10, 2022.
DOI: 10.2967/jnumed.121.263717

THE JourNAL OF NUCLEAR MEDICINE * Vol. 63 + No.5 « May 2022



NOW AVAILABLE

A 80 Hour Radionuclide
®,4Y| Authorized User
o TRAINING COURSE

The Society of Nuclear Medicine and Molecular Imaging (SNMMI) and American Society
of Nuclear Cardiology (ASNC) are excited to announce the launch of a new online course
designed to provide nuclear medicine physicians with the knowledge needed to establish a

culture of safety and quality in their practice.

The ASNC/SNMMI 80 Hour Radionuclide Authorized User Training Course

features lectures on radiation protection and safe radioisotope handling, physics and
instrumentation, radiochemistry and radiopharmaceuticals, radiation biology, and nuclear
medicine mathematics and statistics, and will fulfill the 80 hours of classroom training that
the U.S. Nuclear Regulatory Commission (NRC) and Agreement States require for physicians

to become authorized users of radioisotopes for imaging and localization studies.

LEARN MORE: WWW.SNmMMI.org/80HourCourse

VIR Initiative

25
SOCIETY OF NUCLEAR MEDICINE & MOLECULAR IMAGING ,/4'/

VG|UG‘/’/‘/Z4,...{, AMERICAN SOCIETY OF
= NUCLEAR CARDIOLOGY




A STREAMLINED CLINICAL CARE PATH ENABLED BY DIGITAL 360° SPECT/CT IMAGING

VERITON-CT

DIGITAL SPECT/CT

Optimization of every step

For optimal patient outcomes, clinicians require access
to imaging that ensures the most accurate diagnosis and
appropriate treatment management decisions.

Spectrum Dynamics has integrated its ground-breaking
Broadview Technology design into the VERITON-CT
system, providing a digital platform that handles routine
3D workflow in one place. The result is optimization of

every step, from image acquisition to interpretation.

VERITON-CT digital SPECT/CT combines the best-in-class CZT detectors,
novel system design, high resolution CT, and advanced software

technology to elevate the performance of CZT digital SPECT. g
w A

m m

Comprehensive results

Quantitative analysis from transformative
] accessible in TruView technology that provides
Image quality tools in Console integration with a greater volume of high
TruView Console for MIM-SD platform quality data for informed
Workflow is reproducible advanced reconstruction decision-making
Digital Technology and optimized for and artifact reduction for
360° design for high patient needs both NM and CT data

sensitivity and coverage

SPECTRUM

. DYNAMICS MEDICAL
spectrum-dynamics.com ]



The Journal of Nuclear Medicine May 2022 = Vol. 63 = Pages 637-804 I



