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Imaging of Myocardial o, Integrin Expression for Evaluation of Myocardial Injury After Acute
Myocardial Infarction. Wail Nammas et al. See page 132.
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agent targeting medullary thyroid cancer. Thomas Gunther et al. —

Novel minigastrin analogs: Investigating a promising theranostic
See page 33.
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2024 ACNM/SNMMI HOT TOPICS Webinar Series

SNMMI and ACNM are excited to announce the lineup for the 2024 Hot Topics Webinar Series.
These informative webinars will take place at 12:00 pm ET on the second Tuesday of each month
and are complimentary for ACNM and SNMMI members.

O History of Nuclear Medicine Technology
January 9 | Fred Fahey

© Al in Nuclear Medicine: State of the Union
February 13 | Katherine Zukotynski

O Prostate Radioligand Therapy Prior to
Chemotherapy
March 12 | Oliver Sartor

© PET/MR for Pediatrics
April 9 | Helen Nadel

© Evolving Landscape of Prostate Cancer Imaging
May 14 | Francois Benard

© The Evolution of PRRT for NET-Y90, Lu177,
Ac225
June-SNMMI AM | Lisa Bodei

© Advancing Precision Therapeutics in
Dementia—How Does Imaging Fit In?
July 9 | Sandra Black
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© Contemporary Approach to PET Myocardial
Perfusion Imaging
August 13 | Panithaya Chareonthaitawee

© ER/PR/HER2-Targeted Imaging for Breast
Cancer
September 10 | Farrokh Dehdashti

© PET for Histiocytosis/ Erdheim Chester Disease
October 8 | Sonia Mahajan

© What is New in Infection iImaging?
November 12 | Ora Israel

© Prostate Cancer Imaging Agents—Is There a
Difference?
December 10 | Wolfgang Weber
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Register today!
www.acnmonline.org/webinars
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ANNUAL MEETING

The premier educational, scientific, research, and
networking event in nuclear medicine and
molecular imaging, the SNMMI Annual Meeting
provides physicians, technologists, pharmacists,
laboratory professionals, and scientists with an in-
depth view of the latest research and development
in the field as well as providing insights into
practical applications for the clinic.

Mark your calendars to join us in Toronto, June
8-11, 2024, for a front-row seat to explore the most
important nuclear medicine and molecular imaging
science and research happening throughout the
world.

Registration is opening soon!

Registration
Opening
Soon!
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Hoag Family Cancer Institute Presents in Course will emphasize optimal
collaboration with the Society of Nuclear interpretation of FDG, Dotatate,
Medicine and Molecular Imaging: Prostate Specific Membrane

ANNUAL ONCOLOGIC Anigen (PSMA) and Etroer

Receptor (ER) PET/CT and

PET/CT AND M IT COU RSE I corresponding molecular therapies.

Designed for nuclear medicine
physicians, radiologists and others
ordering or interpreting oncologic
PET/CT studies.

|
e

Register at www.hoag.org/
petcourse2024

April 10-12, 2024

Huntington Beach, CA hoag

Three-day course includes 12 lecture hours from world .
experts, 500 computer cases for personal review and Hoag Fam"}’
CME credits Cancer Institute

Explore SNMMI’s Online Career Center!

Explore the benefits of SNMMI’s online career center
by logging in or creating a new account today.

careercenter.snmmi.org

*Note: Single sign-on has been enabled for this platform and you can use your member login credentials to access the SOCIETY OF
Career Center. If you are unsure of your password, to go to the SNMMI password reset link to create a new password. I] NUCLEAR MEDICINE &
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Expanding the Mission and Influence of SNMMI: A
Conversation Between Johannes Czernin and Virginia
Pappas About Her Career in SNMMI Leadership

Virginia Pappas and Johannes Czernin

Artificial Intelligence for PET and SPECT Image

Enhancement
Vibha Balaji, Tzu-An Song, Masoud Malekzadeh, Pedram Heidari, and

Joyita Dutta

Is It Time to Retire PIOPED?
Lionel S. Zuckier and Sean Logan Boone

Clinical

16

Diagnostic Accuracy of MR Spectroscopic Imaging and
8E_FET PET for Identifying Glioma: A Biopsy-Controlled
Hybrid PET/MRI Study

Jorg Mauler, Philipp Lohmann, Andrew A. Maudsley, Sulaiman Sheriff,
Moritz Hoevels, Anna-Katharina Meissner, Christina Hamisch,

Anna Brunn, Martina Deckert, Christian P. Filss, et al.

= BRIEF COMMUNICATION. Increased Metabolic Activity
of the Thymus and Lymph Nodes in Pediatric Oncology

Patients After Coronavirus Disease 2019 Vaccination
Gaurav Luthria, Lucia Baratto, Lisa Adams, Wipawee Morakote, and
Heike E. Daldrup-Link

Noninvasive Monitoring of Immunotherapy in Lung
Cancer by Lymphocyte Activation Gene 3 PET Imaging

of Tumor-Infiltrating Lymphocytes
Zhen Quan, Zhaoguo Han, Yang Yang, Jiannan Wang, Hui Wang,
Lili Yang, Rong A, Xinxin Hu, Jing Wang, Xiaona Li, et al.

® FEATURED BASIC SCIENCE ARTICLE. Preclinical
Evaluation of Minigastrin Analogs and Proof-of-Concept
[*®GalGa-DOTA-CCK-66 PET/CT in 2 Patients with
Medullary Thyroid Cancer

Thomas Giinther, Nadine Holzleitner, Oliver Viering, Roswitha Beck,
Georgine Wienand, Alexander Dierks, Christian H. Pfob,

Ralph A. Bundschuh, Malte Kircher, Constantin Lapa, et al.

Fibroblast Activation Protein-Targeted PET/CT with
8F-Fibroblast Activation Protein Inhibitor-74 for
Evaluation of Gastrointestinal Cancer: Comparison

with '®F-FDG PET/CT

Weizhi Xu, Jiayu Cai, Tianxing Peng, Tinghua Meng, Yizhen Pang,
Long Sun, Hua Wu, Jingjing Zhang, Xiaoyuan Chen, and

Haojun Chen
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THERANOSTICS

Immunohistochemical FAP Expression Reflects %2Ga-FAPI
PET Imaging Properties of Low- and High-Grade Intraductal
Papillary Mucinous Neoplasms and Pancreatic Ductal
Adenocarcinoma

Anna-Maria Spektor, Ewgenija Gutjahr, Matthias Lang,

Frederik M. Glatting, Thilo Hackert, Thomas Pausch, Christine Tjaden,
Mathias Schreckenberger, Uwe Haberkorn, and Manuel Réhrich

= BRIEF COMMUNICATION. Characterizing Normal Variant
[°®Ga]Ga-FAPI-46 Uptake in the Epididymis
Peter George Maliha, Masatoshi Hotta, Johannes Czernin, and

Jeremie Calais

Clinical
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Examining the Relationship and Prognostic Significance
of Cell-Free DNA Levels and the PSMA-Positive Tumor
Volume in Men with Prostate Cancer: A Retrospective-
Prospective [®®GalGa-PSMA-11 PET/CT Study

Kilian Kluge, Holger Einspieler, David Haberl, Clemens Spielvogel,
Stefan Stoiber, Chrysoula Vraka, Laszlo Papp, Sabine Wunsch,
Gerda Egger, Gero Kramer, et al.

Renal and Multiorgan Safety of '7’Lu-PSMA-617 in Patients
with Metastatic Castration-Resistant Prostate Cancerin the
VISION Dosimetry Substudy

Ken Herrmann, Kambiz Rahbar, Matthias Eiber, Richard Sparks,
Nicholas Baca, Bernd J. Krause, Michael Lassmann, Walter Jentzen,
Jun Tang, Daniela Chicco, et al.

Long-Term Nephrotoxicity of '7’Lu-PSMA Radioligand
Therapy

Lisa Steinhelfer, Lukas Lunger, Lisena Cala, Christian H. Pfob,
Constantin Lapa, Philipp E. Hartrampf, Andreas K. Buck,
Hannah Schafer, Christoph Schmaderer, Robert Tauber, et al.

= INVITED PERSPECTIVE. Unraveling the Impact of

177 u-PSMA Radioligand Therapy on Renal Impairment:
Distinguishing Causation from Correlation

Aravind S. Ravi Kumar and Michael S. Hofman

Comparison of Multiple Segmentation Methods for
Volumetric Delineation of Primary Prostate Cancer
with Prostate-Specific Membrane Antigen-Targeted
8F.DCFPyL PET/CT

Felicia Wang, Chen Liu, Igor Vidal, Margarita Mana-Ay,
Andrew F. Voter, Lilja B. Solnes, Ashley E. Ross, Andrei Gafita,
Edward M. Schaeffer, Trinity J. Bivalacqua, et al.

Reproducibility and Accuracy of the PRIMARY Score

on PSMA PET and of PI-RADS on Multiparametric

MRI for Prostate Cancer Diagnosis Within a Real-World
Database

Louise Emmett, Nathan Papa, William Counter, Jeremie Calais,
Francesco Barbato, Irene Burger, Matthias Eiber, Matthew J. Roberts,
Shikha Agrawal, Anthony Franklin, et al.

Preclinical Development of PNT6555, a Boronic
Acid-Based, Fibroblast Activation Protein-a
(FAP)-Targeted Radiotheranostic for Imaging and
Treatment of FAP-Positive Tumors

Sarah E. Poplawski, Robin M. Hallett, Mark H. Dornan, Kyle

E. Novakowski, Shuang Pan, Anthony P. Belanger, Quang-De Nguyen,
Wengen Wu, Albert E. Felten, Yuxin Liu, et al.
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212pyy_pretargeted Theranostics for Pancreatic Cancer
David Bauer, Lukas M. Carter, Mohamed I. Atmane,

Roberto De Gregorio, Alexa Michel, Spencer Kaminsky,

Sebastien Monette, Mengshi Li, Michael K. Schultz, and Jason S. Lewis
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Clinical Value of ®Ga-Pentixafor PET/CT in Subtype
Diagnosis of Primary Aldosteronism Patients with Adrenal
Micronodules

Jie Ding, Xiang Li, Shengyan Liu, Yinjie Gao, Guoyang Zheng,
Marcus Hacker, Yushi Zhang, Anli Tong, and Li Huo

AI/ADVANCED IMAGE ANALYSIS

Clinical

Clinical
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Quality Assurance Considerations in Radiopharmaceutical
Therapy Dosimetry Using PLANETDose: An International
Atomic Energy Agency Study

Gunjan Kayal, Nathaly Barbosa, Carlos Calder6n Marin, Ludovic Ferrer,
José-Alejandro Fragoso-Negrin, Darko Grosev, Santosh Kumar Gupta,
Nur Rahmah Hidayati, Tumelo C.G. Moalosi, Gian Luca Poli, et al.
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® FEATURED ARTICLE OF THE MONTH. Imaging of
Myocardial a,33 Integrin Expression for Evaluation of
Myocardial Injury After Acute Myocardial Infarction

Wail Nammas, Christian Paunonen, Jarmo Teuho, Reetta Siekkinen,
Pauliina Luoto, Meeri Kékeld, Ari Hietanen, Tapio Viljanen,
Matthieu Dietz, John O. Prior, et al.

Automated Motion Correction for Myocardial Blood Flow
Measurements and Diagnostic Performance of 32Rb PET

Myocardial Perfusion Imaging

Keiichiro Kuronuma, Chih-Chun Wei, Ananya Singh, Mark Lemley,
Sean W. Hayes, Yuka Otaki, Mark C. Hyun, Serge D. Van Kriekinge,
Paul Kavanagh, Cathleen Huang, et al.

LETTER TO THE EDITOR

165 Debating the Future of Nuclear Medicine: The Greek

DEPARTMENTS

10A This Month in JNM

147 MRI or "®F-FDG PET for Brain Age Gap Estimation:

Links to Cognition, Pathology, and Alzheimer Disease
Progression

Elena Doering, Georgios Antonopoulos, Merle Hoenig,

Thilo van Eimeren, Marcel Daamen, Henning Boecker,

Frank Jessen, Emrah Diizel, Simon Eickhoff, Kaustubh Patil, et al.

156 Prognostic Value of '®F-FDG PET Radiomics Features at

Baseline in PET-Guided Consolidation Strategy in Diffuse
Large B-Cell Lymphoma: A Machine-Learning Analysis from
the GAINED Study

Thomas Carlier, Gauthier Frécon, Diana Mateus, Mira Rizkallah,
Frangoise Kraeber-Bodéré, Salim Kanoun, Paul Blanc-Durand,

Emmanuel Itti, Steven Le Gouill, René-Olivier Casasnovas, et al.

of Multiple Myeloma Using [**™Tc]Tc-PentixaTec
Johanna S. Enke, Nic G. Reitsam, Bianca Grosser, Malte Kircher,
Alexander Dierks, Ralph A. Bundschuh, Georgine Wienand,
Luise Uhrmacher, Martin Trepel, Margret Schottelius, et al.
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Panagiotis Georgoulias, George Angelidis, Sophia Koukouraki, and
John Koutsikos
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WHAT IS AN ”
SNMMI RPT www.Snmmi.org/RPTCOE
CENTER OF
EXCELLENCE?

SNMMI created the Radiopharmaceutical Therapy (RPT) Center of Excellence (COE) Program to

allow centers with expertise in RPT to showcase their capabilities and services, including research. A
designation means that your site has the personnel, expertise, and equipment to manage the care of
patients requiring RPT. The designations levels are Comprehensive, Clinical, or Basic Therapy Center.

Targeted RPTs are changing the way patients with cancer are treated. These advances have allowed
providers to treat and manage a multitude of other cancers and diseases. Not all sites have the
expertise to use these agents clinically or in clinical trials.

If your site has experience with one or more radiopharmaceutical therapies, we encourage you to
apply for the SNMMI RPTCOE designation.
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DISCUSSIONS WITH LEADERS

Expanding the Mission and Influence of SNMMI

A Conversation Between Johannes Czernin and Virginia Pappas About Her

Career in SNMMI Leadership

Virginia Pappas' and Johannes Czernin®

Society of Nuclear Medicine and Molecular Imaging, Reston, Virginia; and *David Geffen School of Medicine at UCLA, Los Angeles,

California

Johannes Czernin, MD, editor-in-chief of The Journal of
Nuclear Medicine and a professor at the David Geffen School of
Medicine at UCLA, talked with Virginia Pappas, CAE, chief exec-
utive officer (CEO) of the Society of Nuclear Medicine and
Molecular Imaging (SNMMI), about her career in professional
society leadership. For more than 45 years she has worked in vari-
ous capacities to advance the society’s mission and the interests of
its diverse membership. Her involvement in multiple efforts to
make the wider medical community aware of the evolving roles of
nuclear medicine has resulted in authorship of more than 50 peer-
reviewed publications. In June 2023 she was recognized as an
honorary SNMMI Fellow for her many years of service to the
society.

Dr. Czernin: Virginia, you have been an SNMMI leader for
quite some time. How did you enter the field of nuclear medicine?

Ms. Pappas: In 1978 I was working for a hematologist at
Cabrini Health in Manhattan in the blood bank, but I looked for a
change. I applied for an open position at the (then) Society of
Nuclear Medicine. I knew nothing about association management
or nuclear medicine, and the proposed position paid less than
another job that I was offered at Cornell. But I liked the opportu-
nity and started out as assistant to the director of administration,
working directly with the executive director. What it brought to
me was not only work in nuclear medicine and medicine in gen-
eral but also association management, which turned into a career.
A few years later I became first the director of administration and
then the deputy executive director, and over the course of time,
I have held just about every director position. My time at the soci-
ety has always been creative, always doing something different.
And that’s how I ended up in my current position.

Dr. Czernin: When did you become the CEO?

Ms. Pappas: March 1, 2002.

Dr. Czernin: How many members did SNMMI have when you
started?

Ms. Pappas: The society had 17,000-18,000 members. Member-
ship has decreased slightly over time, because not enough nuclear
medicine physicians and technologists have entered the field to
replace those who have retired.

Dr. Czernin: With the emergence of theranostics as the major
driving force in nuclear medicine, do you already see a change?
Are physicians coming back?

COPYRIGHT © 2024 by the Society of Nuclear Medicine and Molecular Imaging.
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Ms. Pappas: Not yet, but we do
anticipate growth. I see a resurgence
of interest and enthusiasm, especially
among younger nuclear medicine prac-
titioners. We’re developing programs
for them, such as the SNMMI Future
Leaders Academy. We are also actively
reaching out to residents and medical
students to attract them to the field.

Dr. Czernin: Eli Lilly and Company
recently acquired POINT Biopharma
Global, Inc., and the Novartis acquisi-
tion of Advanced Accelerator Applications is a well-known story.
The National Institutes of Health offer various funding mechanisms
to foster industry—academia collaborations, thus suggesting that
these collaborations are no longer considered immoral. The same
awareness has emerged in academic institutions that need the sup-
port of industry to create startup companies to monetize intellectual
property they create. Are you creating a home for smaller biotech
as well as major pharmaceutical companies in SNMMI, so that
they can become corporate or individual members?

Ms. Pappas: Yes and no. As a specialty society, we have to fol-
low very strict rules about the involvement of industry in our pro-
grams and education. We don’t have an industry membership
category, but we do have affiliate memberships for individuals
who work for industry. Although these members can’t serve on
committees or influence our strategic plan directly or indirectly,
we offer a lot of advantages for companies. Through the Industry
Partners Circle of our Center for Molecular Imaging Innovation
and Translation, we invite industry and academia to come together
to improve scientific collaborations. They meet at least once a year
to tackle issues in this area.

Dr. Czernin: SNMMI now has around 15,000 members. This
year’s hybrid annual meeting had a high attendance of around
7,000. Do you see the European Association of Nuclear Medicine
(EANM) as the major competitor? Is such competition actually
good, in that it creates a larger market?

Ms. Pappas: We have a very friendly competition with the
EANM. Both our meetings attract attendees from around the
world, and membership is international for both socicties. We
compete mainly on the format of meetings and types of program-
ming, and as you mention, competition is actually good for both
organizations. In the United States, our biggest competition comes
from the radiology societies, since many of our physician mem-
bers are now dual boarded in radiology and nuclear medicine.

/\

Virginia Pappas, CAE
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Dr. Czernin: You have made significant progress in selecting
more attractive meeting sites, which makes the meeting more
competitive. Sites such as Washington, DC, Toronto, Vancouver,
Chicago, and New Orleans are really attractive. This helps to
increase in-person attendance.

Ms. Pappas: The SNMMI meeting has grown over the years,
and we have specific space requirements for our meeting. The sci-
entific program committee decided to rotate through a few large
cities, thus making the meeting more attractive and competitive.

Dr. Czernin: SNMMI has created the Value Initiative. Could
you describe its purpose and the targeted outcomes?

Ms. Pappas: Satoshi Minoshima, MD, PhD, created the idea for
the SNMMI Value Initiative, which seeks to educate and promote
the value of nuclear medicine to the community at large, including
industry and government. This initiative focuses on quality of prac-
tice, research and discovery, advocacy, workforce pipeline and life-
long learning, outreach, and organizational strength and stability.
We have raised more than $10 million in 6years, which has
enabled SNMMI to increase programming and activities in every
single domain. It has increased the enthusiasm of industry partici-
pants at our meetings for supporting SNMMI in other areas, includ-
ing exhibits, advertising, and sponsorship.

The society’s core values are innovation, education, and research.
Our number 1 goal (as it has been for many years) is to continue the
growth of the profession and help our members with resources and
education. The SNMMI Mars Shot for Nuclear Medicine, Molecular
Imaging, and Molecularly Targeted Radiopharmaceutical Therapy,

meeting spaces where people can network. Simplifying the meet-
ing is also a consideration, by streamlining the sessions, avoiding
duplication in programming, and improving the poster sessions.
This is a heavy lift, since SNMMI has so many constituents.

Dr. Czernin: That was my next question. The EANM website
lists 15 major committees. SNMMI has innumerable committees
and subcommittees. The meeting design should be led by a small
leadership group that then recruits people who know about speci-
fic areas. They can then help with recruiting the best national and
international speakers. Do you agree that we have too many com-
mittees at SNMMI?

Ms. Pappas: Another major goal of the SNMMI strategic plan
is to redesign the governance structure. Yes, there are too many
committees, and we just keep adding more. We find it difficult to
eliminate committees once they are created, even when they no
longer have significant roles. The redesign task force is looking
very critically at duplication and whether some committees are
still needed. However, we have 3 distinct constituents in our mem-
bership, each with its own foci and needs: the technologist compo-
nent, the practicing physicians, and the scientists. The redesign
task force is currently working on this and has completed a survey
looking at every single committee to ask, “What is your goal?
‘What are your objectives? Have these been met? Are you still cur-
rent? Are you still needed today?”

Dr. Czernin: Isn't it difficult for a committee to say, “We’re no
longer needed”?

Ms. Pappas: Yes.

“SNMMI is a wonderful source of innovation and vision. Nuclear medicine and theranostics are among the most
exciting fields in medicine. The patient-centric creativity and innovation keep us all engaged. New therapies
have turned around the visibility and image of nuclear medicine and are making extraordinary differences
in the lives of our patients.”

created by Richard Wahl, MD, is an example of the ways in which
we’re working to enhance research in the profession.

Dr. Czernin: One initiative that was talked about was attracting
young people to join the field, even involving high school students
by offering educational opportunities. Is that something that is still
being pursued in terms of making the field better known?

Ms. Pappas: Yes. We’re working with science teacher organi-
zations and with medical student organizations to increase aware-
ness of the field, as well as actively engaging with the American
Medical Association in their medical student and resident sections.
We also just created a video series, “Jobs of Tomorrow,” to edu-
cate young people on the career opportunities available for physi-
cians, scientists, and technologists within the profession. The
workforce pipeline domain’s goals are to develop programs and
find ways to encourage physician—scientists and technologists to
enter the field.

Dr. Czernin: Let me get back to the SNMMI annual meeting.
Heather Jacene, MD, is doing an excellent job as chair of the sci-
entific program committee. Of course, professional scientific meet-
ings are always works in progress, but what areas of improvement
would you like to see for the meeting?

Ms. Pappas: One of the main goals of the new SNMMI strate-
gic plan is to reimagine the annual meeting. Dr. Jacene and the
scientific program committee are doing a wonderful job. Changes
will be made over the next several years to make the annual meet-
ing more entertaining and interactive, as well as adding more

Dr. Czernin: Wouldn't it be more efficient to ask leadership to
decide whether a committee is still needed? I asked that once of a
previous program chair, and the response was, “But I cannot dis-
enfranchise the committees.” I replied, “Oh, you have to. There’s
no way around it. You have to disenfranchise the committees.”

Ms. Pappas: The redesign task force will spend the next year
performing surveys and interviewing other organizations to be
able to make recommendations to SNMMI leadership and the
board of directors. The goal is to simplify the governance struc-
ture. I really believe that with a redesign, we will eliminate a large
number of committees and improve our structure and function.
We have more than 100 committees right now and more than 700
associated volunteers, not including speakers and editorial board
members.

Dr. Czernin: That’s a nightmare!

Ms. Pappas: Yes, and we have limited staff resources to man-
age them.

Dr. Czernin: The structure of governance and leadership of
SNMMI is also different from that of other organizations, where
presidents may be in office for 2 or 3years to get work done.
SNMMI has 1-year terms.

Ms. Pappas: There have been some discussions about increas-
ing the SNMMI presidential term to 2 years. But the 1-year term
has not been a problem, because SNMMI leadership members
work closely together, beginning with the vice-president-elect
term. So before assuming office, our presidents have 2years of
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active preparation in understanding the issues, meeting interna-
tional leaders, etc.

Dr. Czernin: Fairly recently you initiated a survey of the SNMMI
membership. What were the key outcomes? What were the member-
ship’s most important and relevant concerns or suggestions?

Ms. Pappas: We conducted several surveys, including one for
the website and another for the SNMMI strategic plan. Regarding
the website, a redesign is absolutely necessary to create a more
modern site to which members can come to locate essential informa-
tion for professional needs and to answer questions about SNMMI.
Our new website is planned to be up and running in June 2024.

The survey of our members identified several opportunities and
challenges, including the need to focus on theranostics and capacity
building, improve communication and messaging so that members
know what we are doing for them, follow through with organiza-
tional redesign and restructuring of the society, and address work-
force pipeline and reimbursement issues.

Dr. Czernin: Based on the strategic initiatives, what are the
priorities for the next 3—5 years?

Ms. Pappas: Radiopharmaceutical therapy (RPT) is obviously
at the top of the list, including creating educational programs in
RPT, advancing our Therapy Center of Excellence program, and
establishing productive relationships with referring physicians.
Improving patient access to high-quality treatment centers is
another important priority. As mentioned before, target efforts also
include redesigning the annual meeting and society governance
structure, improving and increasing communication, enhancing
educational opportunities, and creating a platform for a new and
more user-friendly learning management system. We would also
like to become more integrated and established within the National
Comprehensive Cancer Network and similar alliances. All these
are priorities.

Dr. Czernin: All these future goals will cost money. Are new
finance models under consideration? Is it allowed to ask industry
for support?

Ms. Pappas: If the Value Initiative continues to be strong,
we’re raising more than $2 million/year. If this continues at the

current level, it’s more than enough to help us do the work we
need to do.

Dr. Czernin: Who is supporting the Value Initiative?

Ms. Pappas: Around 35 companies contribute to the Value Ini-
tiative. This may grow significantly with the growing industry
interest in theranostics. The funds raised are used to further the
goals of the Value Initiative domains. We have many meetings
with industry, including in one-on-one settings, as part of the
Value Initiative and via industry advisory board meetings. Compa-
nies can share information, provide feedback, and give us sugges-
tions about areas in which we could improve. Often strategies of
the society align with those of these companies.

Dr. Czernin: Any good enterprise must have a leadership suc-
cession plan, whether short- or long-term. What is your succession
plan at SNMMI?

Ms. Pappas: A good association will conduct a search via a
search company, and the succession can be from within or from
the outside. The good news about SNMMI is that we have a strong
leadership team. If needed, our leadership team and the board
could step up and assign an interim CEO. I was the interim direc-
tor 3 times during periods when the society searched for a new
executive director. The society will run very competently with or
without me. To handpick someone would not be the best way to
go about succession.

Dr. Czernin: We usually end this discussion by asking the inter-
viewee for a special message about our field for young people.
What would be your message for the next generation, either the
administrative leaders or people joining the field of nuclear
medicine?

Ms. Pappas: SNMMI is a wonderful source of innovation and
vision. Nuclear medicine and theranostics are among the most
exciting fields in medicine. The patient-centric creativity and inno-
vation keep us all engaged. New therapies have turned around the
visibility and image of nuclear medicine and are making extraordi-
nary differences in the lives of our patients.

Dr. Czernin: With this I thank you for your service and contri-
butions and for sharing your views with our readers.
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STATE OF THE ART

Artificial Intelligence for PET and SPECT Image

Enhancement

Vibha Balajil, Tzu-An Songl, Masoud Malekzadehl, Pedram Heidariz, and Joyita Dutta'

! Department of Biomedical Engineering, University of Massachusetts Amherst, Amherst, Massachusetts; and *Division of Nuclear
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Nuclear medicine imaging modalities such as PET and SPECT are
confounded by high noise levels and low spatial resolution, necessi-
tating postreconstruction image enhancement to improve their quality
and quantitative accuracy. Artificial intelligence (Al) models such as
convolutional neural networks, U-Nets, and generative adversarial
networks have shown promising outcomes in enhancing PET and
SPECT images. This review article presents a comprehensive survey
of state-of-the-art Al methods for PET and SPECT image enhance-
ment and seeks to identify emerging trends in this field. We focus on
recent breakthroughs in Al-based PET and SPECT image denoising
and deblurring. Supervised deep-learning models have shown great
potential in reducing radiotracer dose and scan times without sacrific-
ing image quality and diagnostic accuracy. However, the clinical utility
of these methods is often limited by their need for paired clean and
corrupt datasets for training. This has motivated research into unsu-
pervised alternatives that can overcome this limitation by relying on
only corrupt inputs or unpaired datasets to train models. This review
highlights recently published supervised and unsupervised efforts
toward Al-based PET and SPECT image enhancement. We discuss
cross-scanner and cross-protocol training efforts, which can greatly
enhance the clinical translatability of Al-based image enhancement
tools. We also aim to address the looming question of whether the
improvements in image quality generated by Al models lead to actual
clinical benefit. To this end, we discuss works that have focused on
task-specific objective clinical evaluation of Al models for image
enhancement or incorporated clinical metrics into their loss functions
to guide the image generation process. Finally, we discuss emerging
research directions, which include the exploration of novel training
paradigms, curation of larger task-specific datasets, and objective
clinical evaluation that will enable the realization of the full translation
potential of these models in the future.

Key Words: artificial intelligence; denoising; superresolution; PET;
SPECT

J Nucl Med 2024; 65:4-12
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PET and SPECT are nuclear medicine-based molecular imag-
ing modalities that generate 3-dimensional (3D) visualizations of
the biodistribution of exogenous radiotracers. These modalities
provide functional and physiological information and are vital for
disease diagnostics, staging, treatment planning, and therapeutic
evaluation for a wide range of disorders, including many cancer
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types, neurodegenerative disorders, cardiovascular disease, and
musculoskeletal disorders (/—6). Recent advances in hardware and
software have greatly enhanced the quantitative capabilities of PET
and SPECT imaging, addressing issues related to both high noise
and low spatial resolution, while also augmenting their traditionally
semiquantitative clinical utility. The emergence of artificial intelli-
gence (Al) has brought forth a multitude of image enhancement
techniques for denoising, deblurring, and partial-volume correction
of PET and SPECT images. Al-based enhancement methods can be
implemented after reconstruction into existing PET/SPECT clinical
workflows to achieve purely software-based improvement in image
quality without expensive hardware upgrades. These models that
learn image representations directly from data benefit from the
increasing volume (i.e., more training examples) and variety (i.e., a
diverse training population) of training datasets. Al-based image
enhancement techniques accomplish a range of tasks, including
boosting the signal-to-noise ratio, enhancing spatial resolution,
shortening scan times, and reducing radiotracer dose. In this review,
we discuss emerging denoising and deblurring techniques that can
be potentially transformative for PET and SPECT imaging.

Most Al-based image enhancement techniques rely on a deep-
learning model that receives a corrupt image as its input and gener-
ates a clean image as its output. For denoising, the corrupt input
image is noisy, whereas for deblurring, it is low resolution. Deblur-
ring efforts for PET and SPECT encompass partial volume correc-
tion approaches that seek to mitigate the partial volume effect. The
latter arises from the blurring of tissue boundaries (the predominant
factor for modalities such as PET and SPECT) and discretizing the
image space (7). Unlike image reconstruction, Al-based image
enhancement models do not require raw data and can be readily
trained and validated by existing image repositories. These methods
are thus rapidly gaining popularity in nuclear medicine, where large
image-domain datasets are much more accessible than list-mode or
sinogram datasets. Al models for image enhancement have consis-
tently outperformed filtering, deconvolution, and other traditional
analytic or model-based iterative approaches for denoising or partial
volume correction. Al has led to new approaches for multimodality
fusion (8) that can provide improved cross-modality anatomic guid-
ance to PET and SPECT using information from high-resolution
MRI or CT. The evolution of deep neural network architectures,
training strategies, and data requirements over the past several years
has contributed to the accuracy, usability, robustness, and versatility
of these models.

Figure 1 presents a Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) flowchart illustrating this
review’s systematic article selection process, and Figure 2 offers a
breakdown of the selected articles. We exclude articles that involve
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FIGURE 1. PRISMA flow diagram demonstrating selection strategy of research articles included in
review.

projection- or sinogram-domain approaches, data correction techni-
ques, and motion compensation methods. In the subsequent sections,
we present a survey of recent works on PET and SPECT image
enhancement and highlight emerging areas in this field. We provide
an overview of predominant deep-learning architectures, loss func-
tions, and training strategies relevant to PET and SPECT image

NOTEWORTHY

B A variety of recent advances in deep neural network architec-
tures, loss functions, and training strategies have facilitated
the application of Al models to PET and SPECT image
enhancement.

B Unlike supervised learning models, which require paired cor-
rupt and clean images for training, emerging unsupervised
approaches obviate paired training data and are better suited
for most clinical image enhancement applications.

B Task-based objective clinical evaluation of Al-based
approaches for PET and SPECT image enhancement is
required to ensure their future clinical and diagnostic use.

Al rFor PET AND SPECT IMAGE ENHANCEMENT  *

enhancement. We then present and chrono-
logically tabulate a selection of related arti-
cles for each modality, emphasizing
publications from the last 2y. A discussion
of emerging directions concludes the review.

TECHNICAL CONSIDERATIONS FOR
AI-BASED IMAGE ENHANCEMENT

Deep-learning models are characterized
by multilayered network architectures that
learn complex feature representations at var-
ious levels of abstraction directly from the
data. Figure 3 illustrates a typical supervised
learning setup for an image-denoising task.
In this setup, the neural network’s layer
weights are iteratively adjusted during the
training phase to minimize a loss function
that compares the denoised image with a tar-
get low-noise or noiseless image. The
denoised image is assessed using evaluation
metrics in the subsequent validation phase.

Network Architectures

The current state of the art in PET and
SPECT image enhancement features a variety
of network architectures. Early implementa-
tions used convolutional neural networks
(CNNSs) that reduce computational complexity
via parameter sharing. Many CNNs discussed
here have an encoder—decoder structure,
wherein an encoder estimates a latent repre-
sentation through downsampling operations
and a decoder upsamples it to match the input
image’s dimensions. Skip connections are
often used to recover finer details.

Articles Reviewed: 36

Supervised PET: 15
Denoising PET: 19

PET: 25

Unsupervised PET: 7 I
Deblurring PET: 8 I

Self-supervised PET: 1 =

SPECT: 11 H
Denoising SPECT: 10
- Supervised SPECT: 9
[

Deblurring SPECT: 1 m
Unsupervised SPECT: 2 [

FIGURE 2. Categorywise split of selected articles reviewed here.
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FIGURE 3. Typical supervised framework for PET image denoising using deep learning with training phase that minimizes loss function and validation
phase that evaluates deep-learning model’s performance. conv = convolution; ReLU = rectified linear unit; maxpool = maximum pooling; up-conv =

upsampling convolution.

The U-Net (9), which evolved from fully convolutional archi-
tectures, has a U-shaped structure with a contracting path followed
by a symmetric expanding path. It is widely used in image
enhancement models, including those for PET and SPECT, with
most being 3D because of the nature of the input images (10).
Promising variants include conditional U-Nets, capturing mutual
conditional dependence across modalities (//), and coupled
U-Nets, containing modified single U-Nets that are interconnected
for reduced learning redundancy (72).

The deep image prior (DIP) (/3) is a widely used convolutional
architecture for medical image enhancement that relies on a gener-
ator to learn clean image characteristics directly from noisy data
without prior training. DIP architectures often use U-Net-like gen-
erators. In the case of PET image synthesis, anatomical images
can be used for DIP initialization.

Generative adversarial networks (GANs) consist of a generator
network that synthesizes an enhanced version of a subject’s corrupt
input image and a discriminator network that assesses how realistic
the synthetic image is by comparing it with a clean image from the
same subject or an unpaired clean image from a different subject
(14). Both networks are jointly trained in competition with each
other. Various GAN variants have been applied to PET and SPECT
image enhancement, including conditional GANs (cGANSs), which

use additional prior information to guide image synthesis (/5), and
cycleGANs, which use 2 generator—discriminator pairs and can be
trained with unpaired datasets (/6).

Transformer architectures have shown potential in enhancing
PET images by capturing long-range dependencies between differ-
ent image regions (/7). Additionally, diffusion models, which pro-
gressively contaminate the training data with increasing noise
levels and then reverse the process to recover the data, are gaining
popularity in medical imaging (/8).

Loss Functions

Alongside network architecture, the loss function, which com-
pares the target and predicted output, has a profound impact on
model performance. Standard loss functions used in training image
enhancement models include mean-squared error and mean abso-
lute error. These functions compute the L2 and L1 norms, respec-
tively, of voxelwise differences between the enhanced and target
images. Mean-squared error is more sensitive to outliers in the
training data. These loss functions lack sensitivity to visual per-
ception, as they ignore voxel interactions and overall image struc-
ture. Perceptual loss functions address this limitation by using a
pretrained network to assess high-level content and global struc-
ture in the enhanced and target images. GANs use adversarial loss
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functions, which are a type of loss function used to determine
whether images synthesized by a generator network have character-
istics comparable to target images. However, joint generator—
discriminator training can be unstable. Among GAN variants, Was-
serstein GANs implement adversarial losses based on Wasserstein
distances and have more training stability and less sensitivity to net-
work architecture and parameter selection than regular GANS.
CycleGANS use cycle-consistency loss functions to reduce the num-
ber of mappings between corrupt and clean image domains.

Training Strategies

Conventional supervised learning frameworks, such as the one
illustrated in Figure 3, require paired clinical datasets for training,
which are easy to simulate but challenging to obtain clinically as
they require dual scans or access to raw data for synthesizing low-
count images from standard-count ones. Furthermore, supervised
learning models may not generalize well across datasets. Unsuper-
vised approaches are thus gaining traction as they obviate the need
for paired training data. Certain approaches rely solely on corrupt
input data. For example, Noise2Noise (/9) uses noisy inputs
exclusively during training. Methods such as DIP benefit from the
addition of anatomic information or from population-based unsu-
pervised pretraining, which has a regularizing effect (20).

PET IMAGE ENHANCEMENT

Table 1 showcases many recent efforts that use Al for PET
image enhancement. Most works on PET image enhancement
focus on the image denoising task, the goal of which is to generate
standard- or high-count PET images from noisy, low-count inputs.
Early attempts using Al for PET denoising involved supervised
CNNs. One study used an autocontext CNN with a sequence of
convolutional modules to denoise '|F-FDG PET images and
examined the impact of additional anatomic T1-weighted MRI
inputs on denoising performance (27). A dose reduction factor of
200X was reported using an encoder—decoder architecture that
outperformed autocontext CNNs, nonlocal means filtering, block
matching, and 3D filtering (22). A shift toward generative models
helped overcome the limitations of traditional CNNs in capturing
the underlying statistical distribution of PET images. One paper
proposed a progressive refinement scheme based on concatenated
3D cGANSs (23). Their network relied on a U-Net-like generator.
Concatenated 3D cGANs were compared with single 3D cGANS,
2-dimensional ¢cGANs, and U-Nets using '8F-FDG PET brain
scans from both healthy subjects and patients with mild cognitive
impairment. One of the first applications of Al-based denoising to
a non—'8F-FDG dataset was a cGAN-based ultralow-count PET
imaging technique applied to '®F-florbetaben scans for amyloid
plaques in the brain (24). Importantly, the loss function in this
work included a task-specific perceptual loss term that compares
actual and predicted amyloid status determined by 2 expert radiol-
ogists. One paper proposed a locality-adaptive GAN model for
PET image denoising in which the parametric weights are
location-dependent and channel-dependent, providing a more eco-
nomic way to fuse multimodal information than standard CNNs,
where weights are shared across voxel locations and input chan-
nels (25). One work reported task-specific evaluations conducted
by clinicians to determine overall image quality and lesion detect-
ability for a denoising model based on a 3D U-Net architecture
(26). Dilated convolutional kernels have been proposed in the con-
text of PET image denoising to enable CNNs to capture a larger
spatial context and detect features more robustly without the

Al ror PET anp SPECT IMAGE ENHANCEMENT  ©

expensive downsampling and upsampling of internal representa-
tions (27). Several GAN refinements have improved GAN denois-
ing performance in standard supervised learning scenarios. These
include self-attention (28), cycleGAN implementations (29), and
alternative loss functions such as the Wasserstein loss (30). As
with other imaging modalities, there is currently great interest in
diffusion models in the PET field. One paper proposed a diffusion
model for PET denoising that leveraged an MRI-based prior and
reported results based on '¥F-FDG and '3F-MK-6240 radiotracers
(31). A spatially adaptive technique and a transformer fusion net-
work outperformed existing U-Net methods using a spatially adap-
tive block to extract features from both T1-weighted MRI and
PET and a transformer network that established a pixelwise rela-
tionship between the 2 modalities (32). A Spach transformer was
developed for PET denoising, which can capture long-range infor-
mation efficiently, and outperformed other transformer networks
and U-Nets (33). Notably, whereas the models were trained using
8F_FDG and '8F-ACBC (fluciclovine) data, the test dataset
included 2 additional tracers, '®F-DCFPyL and ®3Ga-DOTA-
TATE, which were not used for model training.

In recent years, the research emphasis has largely shifted toward
unsupervised models that can be trained using a single noisy
image (no clean ground-truth images needed for training). The
DIP has successfully performed unsupervised denoising using sin-
gle noisy PET images (34). An extension of this idea showed
improved results via population-level pretraining followed by indi-
vidual fine-tuning (35). Noise2Void is another unsupervised
approach applied for PET image denoising (36). It uses a single
noisy input and is based on the idea of a blind spot network to esti-
mate the intensity of a central pixel from its neighbors in a noisy
image patch. Noise2Void has also been demonstrated to benefit
from population-level pretraining and individual fine-tuning.

A key challenge with most supervised denoising approaches is
their poor generalizability across different noise levels. A person-
alized denoising strategy has been proposed that uses different
noise levels for training and incorporates a weighting factor that is
based on the noise level in a task-dependent manner (37). A feder-
ated learning framework for PET image denoising was success-
fully tested with a simulated dataset with different noise settings
corresponding to protocols from different institutions (38). Gener-
alizability concerns also emphasize methods that can be adapted
across scanners and tracers. One study customized a cGAN model
for cross-scanner and cross-tracer optimization working with 3
scanner models (GE Healthcare Discovery MI, Siemens Biograph
mCT, and Siemens Biograph Vision) and 3 radiotracers (**F-FDG,
8F_fluoroethyl-L-tyrosine ('®F-FET), and !8F-florbetapir) (39).
The results were independently assessed by 3 clinicians to ensure
clinical utility.

Another key research theme for PET image enhancement centers
around image deblurring and the related tasks superresolution and
partial volume correction. A supervised approach for superresolving
PET images by mapping from the lower-resolution Siemens HR+
scanner to the higher-resolution Siemens HRRT scanner used a very
deep CNN with anatomic and spatial inputs (40). Later, a self-
supervised solution to the same problem was proposed using a
cycleGAN-like architecture and incorporating simulation guidance
(41). This model was trained using unpaired low- and high-resolution
images from the 2 scanners. A supervised cycleGAN framework was
used to map PET image inputs not corrected for partial volume to
outputs corrected for partial volume (42). The method was applied
to '8F-FDG, '®F-flortaucipir, '3F-flutemetamol, and '3F-fluorodopa

Balajietal. 7



IS
ES1)

[ELESIoAPY

[BLBSIoAPY

uoljeLiea
[B10} ‘ADUB}SISUOD 8|0AD ‘|elieSIanpY

Ivin

Jaiuuogiey)

SSIM[OXOA JUSJUOD [BUOUSAUOD
IS

IS

IS
ES1)
=S
Ivin

IS

[eLesIaNAPY ‘ISIN

Ayuapl {Aousisisuod 81040 {elesIanpy
[eesIonpe sasenbs-ises)| ‘IS

v

ES)

[euesianpe ‘JyIN

juau09 ‘lenydedsad NYHO ‘YN
NVD2 IVIA

IvN

IS

‘pioe oljAx0qJeo- | -eUBINGO|IAD0I0N-,, -E-OUIWE-| = DFOV-d,, 4018 8INj0Sqe UesW = Jy|\ Joue pasenbs-uesw = ISV

19N-N [enpises ag
(19N-N) sHoMIU Paseq-uonueNY

NVD9|9AD

NVD9I9AD

(NVDP|9AD) uonnjosauadns pasiniedns-jog

NND uonnjosasadns desp Aiop

Jawuojsuely yoedg
NV
18N-N [enpisa. uoiuaje deaq

1BN-N de

(s19A9] UOHN|OSal € YUM 19N-) PIOAZSSION

di@ Yum 1N-N ae PayIPon

did yum 18N-N ae PaBIPON

MIOM}BU UOISN) Jswlojsues) pue aandepe Ajenedsg

[epow onsijiqeqo.d uoisnyip Buisiousq
NVD UIs1SI8SSeA\ paliajsuell-islaweled
NVYD8|9A0 pesiniedng

NVD satenbs-}ses)| [enpisal uojusne e
18N-N peela

1BN-N

NVD Anfepowninw sandepe A1jeoor

IojeiousB a¥iI-1ON-N UM NV

IojesousB SXIIAN-N AE B YIM NYDI € Pyeusieoucy
1BN-N

NNO 1Xejuoooiny

13d ©a4-4,, Apog-sjoum g/
10/13d 9044, Uteiq 09t

[owEleWaIN-dg,
ureiq 00} “NIdIONEHOY--;, 00} ‘D4, UreId 00+

IHW LL + VdOQ-0Jonj-4,, Uleiq 9/ ‘loweiewsiny-d4,,
ureiq 9g “uidioNeLol-4,, UteIq 0G ‘DAd-4,, Utelq 05

13d
DAd-dg, UleIq [BOIUID OE 13d DAd-dg, Ulelq parenwis 0g

4N 1L + 13d
D0d-dg, UlRIG [BO1UIO OF ‘13d DAd-dg, URIG PeIeINWIS 02

31V1V10Q-BD,, AP0g-sjoum gL “IAd40a-4,, Apoq
-9loym 0} ‘0g0V-dg, APOG-8j0UM O ‘DAd-dg, APOT-Bj0UM 11

13d N1de1eqIol-dg, ‘134-dg, ‘DAd-dg, SSOI0E URIq 0LE
13d [euoinyisullnw snosuaboleloH
13d ©a4-dg, 0S40} OBIPIED GB

IHN LL
+ 13d ©Ad-dg, URIQ /] ‘13d DAL, Ulelq psiejnwis 0g

IHN 11/13d Da4-dg, Buni 0¢ {10/13d 2ADHd-ED,, Bun| 0}
IHN 11/13d ©a4-dg, Bun| 0g {10/13d 2aDHd-ED,, Bun| 0}
4N LL + 13d D044, Ureiq 0/

IHN 1L
+ 13d 0729-MN-dg, UIeIq OY} :13d DAd-dg, UleIq 0Z}

13d ©04-dg, 08I0} OeIp.IeD 6
10/13d 9044, Uteiq 60+
13d ©a4-4,, Apog-sjoum oL
13d 5a4-4,, ureiq ge

13d 9044, bun Lg

Buibew Josusa} uoisnyip
‘IHN L1 ‘13d ©dd4-dg, Uleiq [BOUIO 9} + Pale|nWIS 0g

13d UsqeIeqiol-4y, Ureiq 6€
13d 504, Ureiq oL

IHW LL + 13d D04, Ureid 6
[N LL + 13d DA4-d,, Ureid 9L

(Sp) 'le 1@ ueluedysiy
(#p) "le 10 1wizy

(#) "|e 10 yeeUES

(ep) "1 1o yeeues

(Lv) "Ie 1@ Buog

(0%) "Ie 1o Buog

(e€) 1e 3o Buer
(6¢) "e 30 onx
(8¢€) "Ie 1@ noyz
(£g) "leyo nn

(9¢) "[e 10 Buog
(e) ‘e 3@ IND
(#€) "le 10 InD

(¢¢€) "Ie 10 Bueyz

(L&) "le 30 Buon

(0€) "Ie 1o Buon

(62) "le 10 oeyz

(82) "1e 10 enx

(£2) e 1 Joynds

(92) e 18 JoneOMIaysRYDS

(G2) “Ie 10 Buepm
(#2) e 1 Buednp
(€2) “Ie 10 Buepm
(€2) 1e 1 nx

(L2) “Ie 1o Buerx

uopouny ssoT

a1nj08)yoIy

sielep eleq

Jaded

Juswedueyug abew| | 3d 40} seyoeoiddy |y jo Arewwng

L 3navi

THE JOURNAL OF NUCLEAR MEDICINE * Vol. 65 « No. 1 « January 2024

8



datasets. In a joint denoising and partial volume correction frame-
work, a cycleGAN variant was also trained in supervised mode to
generate standard-count partial-volume—corrected PET images from
low-count inputs for 3 tracers (\*F-FDG, '8F-flortaucipir, and '8F-flu-
temetamol) (43). A similar concept was also presented using a
U-Net-based model for joint denoising and partial volume correction
(44). Time-of-flight PET imaging has been shown to improve the
image signal-to-noise ratio significantly. Although most denoising
works focus on reducing scan time or tracer dose, one Al-based
denoising approach computed time-of-flight—quality images from
non-time-of-flight PET image inputs (45).

SPECT IMAGE ENHANCEMENT

Several recent efforts that use Al for SPECT image enhance-
ment are highlighted in Table 2. Similar to PET reports, most
papers on SPECT image enhancement focus on image denoising
models, which generate standard- or high-count SPECT images
from noisy, low-count inputs. One of the earliest applications of
Al for SPECT myocardial perfusion imaging (MPI) using a
99mTc-sestamibi rest-and-stress protocol involved a 3D convolu-
tional autoencoder to map low-count SPECT images (1/8 and 1/16
of standard) to standard-count images (46). An extension of this
work reported comparisons of several convolutional autoencoder
architectures and evaluated the denoising model for the clinical
task of perfusion-defect detection at several successively reduced
dose levels (1/2, 1/4, 1/8, and 1/16 of standard count) (47). The
paper also showed that dose-specific models outperformed a one-
size-fits-all model trained using inputs at different noise levels.
Pix2Pix, a ¢cGAN architecture, was applied to 99MTe_gestamibi
stress scans with reduced counts (7/10 to 1/10 of standard) and led
to improved denoising performance relative to convolutional

autoencoders and conventional gaussian and Butterworth filters
(48). A dual-gated (cardiac and respiratory) SPECT MPI study
suggested that using a patient’s own dataset for training a cGAN
architecture was superior to conventional training based on cross-
patient data (49). The cGAN led to the lowest noise level but also
exhibited the poorest defect detection performance compared with
CNN and U-Net. One recent study provided a theoretical frame-
work for assessing signal detection accuracy for Al-based SPECT
denoising and demonstrated the utility of virtual clinical trials in
the evaluation of Al-based approaches (50). This study highlighted
discrepancies between image-based and task-based evaluation out-
comes and stressed the significance of task-based objective evalua-
tion for denoising SPECT images.

Although most denoising studies focus on the reduction of the
radiotracer dose, several studies specifically focus on the reduction
of scan duration. One SPECT MPI study compared the denoising
performance of a CNN with residual learning for half-time versus
half-projection datasets (i.e., halving the scan duration vs. halving
the number of projection views) and reported stronger perfor-
mance for the former (57). Another study focused on scan-time
reduction for pediatric patients with kidney disease imaged using
99mTc-dimercaptosuccinic acid and showed that a 3D residual
U-Net for denoising led to good diagnostic performance for the
detectability of defects in the renal cortex despite a reduction in
the scan time (52). By using a U?Net, a novel 2-layer nested
U-shaped structure with a residual U-block that effectively cap-
tures contextual information on different scales, 1 study demon-
strated good lesion detectability performance for ultra-high-speed
(1/7 of standard scan time) SPECT bone imaging using **™Tc-
methyl diphosphonate (53). Notably, the model incorporated a
lesion attenuation loss function to enhance its accuracy at generat-
ing SUV measures for lesion regions.

TABLE 2
Summary of Deep-Learning Techniques for SPECT Image Enhancement

Paper Data details

Architecture Loss function

Ramon et al. (46) 930 cardiac torso ®°™Tc-sestamibi
Ramon et al. (47)

Sun et al. (48)

1,052 cardiac torso ®°™Tc-sestamibi

100 simulated; 20 cardiac torso
clinical ®**™Tc-sestamibi

3D convolutional autoencoder
Convolutional autoencoder, CNN
Pix2Pix GAN

MSE
MSE
MAE; adversarial

Sohlberg et al. (49) 93 cardiac torso 98MTc-tetrososmin CNN, residual network, U-Net, MSE
cGAN

Yu et al. (50) 4,800 simulated CNN MSE

Shiri et al. (57) 363 cardiac torso *°™Tc-sestamibi Deep residual neural network MSE

Lin et al. (52) 112 cardiac torso **™"Tc-DMSA 3D residual U-Net MSE

20 cardiac torso %*°*™Tc-MDP
SPECT/CT

Pan et al. (53)

Lesion-attention weighted U?Net

MAE; structural similarity index

Liu et al. (54) 895 cardiac torso *°™Tc-sestamibi Noise2Noise (U-Net) MSE
Liu et al. (55) 1,050 cardiac torso ®*™Tc-sestamibi  3D-coupled UNet MSE
Xie et al. (56) 28 cardiac *°™Tc-RBC Densely connected MAE; structural similarity

multidimensional dynamic
U-Net

index; Sobel operator;
intramyocardial blood
volume

MSE = mean-squared error; MAE = mean absolute error; DMSA = pentavalent dimercaptosuccinic acid; MDP = methyl

diphosphonate; RBC = red blood cell.
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Some SPECT MPI image denoising efforts leverage recent
advances in unsupervised learning. One such effort uses Noise2-
Noise, a deep-learning framework for denoising that is trained with-
out clean images but requires 2 noisy realizations of a ground-truth
image, one used as the input and the other as the training target
(54). The study used a coupled U-Net architecture that incorporates
multiple U-Nets to reuse feature maps within the network. To evalu-
ate the detection performance for perfusion defects at multiple con-
trast levels, the authors used a bootstrap procedure to generate
multiple noise realizations from list-mode clinical acquisitions. Fur-
thermore, the study was extended to quantify perfusion defect detec-
tion accuracy using receiver operating characteristics on a large
training and validation dataset for SPECT MPI, which included
1,050 human subjects (55). Notably, the results revealed significant
discrepancies between image-based and task-based evaluation and
underscored the importance of task-based objective evaluation in
SPECT image denoising. They demonstrated that pretraining with
subsequent fine-tuning can meaningfully enhance the detectability
of perfusion defects.

Applications of Al for SPECT image enhancement tasks other
than denoising are still emerging. One paper proposed a
segmentation-free partial volume correction approach for SPECT
MPI, which uses a densely connected multidimensional dynamic
network that allows adaptive adjustment of convolutional kernels
after training (56). Importantly, the approach incorporated intra-
myocardial blood volume into the loss function to add clinical rel-
evance to the generated images.

DISCUSSION

We have presented here a summary of recent progress in
Al-based PET and SPECT image enhancement. Al-based techni-
ques have shown great promise in enhancing image quality by
reducing levels of noise and blur and have shown clinical promise
in many task-based evaluation studies. Importantly, many studies
have suggested that Al-based denoising approaches can reduce
radiotracer dose and scan times without sacrificing diagnostic
accuracy. Al-based models have also been more successful than
their predecessors at combining multimodal information (e.g.,
using CT or MRI for PET or SPECT image enhancement).

Al-based image enhancement is of great clinical significance.
Denoising approaches can lead to reductions in radiotracer dose or
scan duration. Whereas the former reduces patient radiation expo-
sure and addresses challenges arising from radionuclide shortages,
the latter enhances patient comfort, increases scanning throughput,
and reduces motion artifacts that could compromise diagnostic
accuracy. Several of the cited papers show that denoising could
improve both image quantitation and lesion detectability in addi-
tion to improving scan logistics. Deblurring approaches can miti-
gate partial volume effects that can compromise the accuracy of
quantitative image-based metrics such as SUV ratios computed
from small regions of interest. This is of particular importance in
the imaging of neurodegenerative diseases, where image-based
quantitative metrics from small anatomic targets could have diag-
nostic or prognostic value. The growing clinical relevance of
Al-based image enhancement is underscored by the availability of
U.S. Food and Drug Administration—approved vendor-neutral
commercial software such as SubtlePET (Subtle Medical) for
Al-based denoising, as exemplified in a study using SubtlePET’s
CNN to enhance low-count scans to diagnostic quality (57).

Despite the field’s initial focus on supervised learning techni-
ques that require paired clean and corrupt images for model train-
ing, an array of promising unsupervised or weakly supervised
alternatives has emerged in the PET and SPECT fields in recent
years. Most of these approaches either use only corrupt images for
training or use corrupt inputs with unpaired training targets. These
methods are attractive because of their easy applicability to most
clinical datasets when ground-truth images for training are not
available. However, they tend to produce inferior image quality
and are often slower than their supervised counterparts. Thus,
there is active research interest in further developing unsupervised
approaches.

Although Al-based methods have consistently outperformed tra-
ditional approaches in terms of image-based figures of merit,
whether the improved image quality leads to a tangible clinical
benefit remains a topic of continued research and investigation.
Accordingly, there is an increased focus in the current literature on
task-based objective clinical evaluation of these approaches. Inter-
estingly, several of the noted approaches for both PET and SPECT
have incorporated clinical metrics (such as amyloid positivity or
lesion detectability) into their loss functions to encourage clini-
cally meaningful solutions. Furthermore, the incorporation of mul-
timodal fusion, which integrates information from different
imaging modalities such as CT and MRI, holds promise for
improving diagnostic accuracy.

Although a sizable fraction of existing research is focused on '3F-
FDG PET and SPECT MPI, applications to other tracers are rapidly
expanding. Transfer-learning strategies are facilitating the applica-
tion of data-hungry Al models to smaller datasets for newer radio-
tracers, which can enable model fine-tuning with limited data using
cross-tracer pretraining (39,58,59). Unsupervised models have also
leveraged transfer-learning paradigms using a combination of
population-level pretraining and individual fine-tuning (36). Transfer
learning has also aided cross-scanner image-mapping strategies that
are enabling purely software-based generation of higher-resolution
images mimicking the image characteristics of state-of-the-art scan-
ner models (41).

Although most clinical applications of image enhancement tech-
niques are currently aimed at diagnostics, given the growing sig-
nificance of radiopharmaceutical therapy, clinical applications of
Al-based image enhancement could span beyond diagnostics, as
image-quality improvements due to Al could potentially lead to
more accurate image-based dosimetry. Given the privacy and
security concerns surrounding health care, there is also a growing
interest in federated learning approaches for image enhancement,
wherein code sharing can circumvent the many challenges associ-
ated with data sharing, thus enabling the creation of robust models
trained and validated over multiple sites and data sources.

CONCLUSION

Al methods have shown great promise in improving the quality
and utility of PET and SPECT images. From traditional CNNs to
more advanced GANs and transformer networks, deep-learning
architectures have been applied to a range of clinical applications.
Although encouraging results based on both image-domain and
task-based evaluations have been reported, several roadblocks lin-
ger for the clinical translation of Al tools. Accordingly, there is a
pressing need for large disease-specific datasets, standardized eval-
uation metrics, and integration of image enhancement tools with
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existing clinical workflows. The future of Al in PET and SPECT
imaging holds great potential to improve diagnostic accuracy,
enable novel clinical applications, and ultimately benefit patients.
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HOT TOPICS

Is It Time to Retire PIOPED?

Lionel S. Zuckier' and Sean Logan Boone?

"Division of Nuclear Medicine, Department of Radiology, Montefiore Medical Center and Albert Einstein College of Medicine, Bronx,
New York; and 2Departmem‘ of Radiology, St. Joseph’s Hospital and Medical Center, Phoenix, Arizona

Since its publication in 1990 (7), the Prospective Investigation
of Pulmonary Embolism Diagnosis (PIOPED) study has played a
central role in informing algorithms used to diagnose pulmonary
embolism (PE). Indeed, PIOPED-based algorithms maintain a cen-
tral role in current best practices and procedure standards (2).
Given that most early-career practitioners and trainees were born
after the PIOPED results were released in 1990, its chronology
bears retelling.

PIOPED was a National Institutes of Health—financed prospective,
multiinstitutional study that analyzed the diagnostic usefulness of
ventilation—perfusion lung scintigraphy in acute PE (7,3-5). Symp-
tomatic adult subjects were enrolled and imaged by planar scintigra-
phy after administration of '**Xe gas and **™Tc-macroaggregated
albumin. PIOPED was notable for its prospective interpretation crite-
ria, large cohort of patients, efforts to avoid selection bias, and rigor-
ous gold standard, including pulmonary catheter angiography, which
was performed on most subjects. Though not the first to do so,
PIOPED used a probabilistic model of reporting, casting the lung
scan results as normal/near normal or as low, intermediate (indeter-
minate), or high probability for PE.

The original PIOPED investigation was flawed from the start.
Because it was a prospective trial, the criteria for scintigraphic inter-
pretation were assigned before initiation; unfortunately, these were
ultimately determined to be suboptimal. This Achilles’ heel led to
poor correlation between scintigraphic interpretation and interven-
tional angiography, the standard of truth used in the trial (7). A lack-
luster outcome contributed to impugning of lung scintigraphy’s value
in the minds of many clinicians, bringing about its near demise (6).
The PIOPED investigators subsequently moved beyond their initial
error by retrospective reanalysis of the study’s large data pool, giving
rise to revised (7) or modified (§) PIOPED criteria, which were then
prospectively tested in new patient cohorts, though generally with a
weaker, composite, clinical gold standard (9). These revised criteria
have been incorporated into various diagnostic protocols (2,10). After
the original PIOPED study, PIOPED II and III were conducted,
which were National Institutes of Health—funded trials of spiral CT
angiography (//) and gadolinium-enhanced MR angiography (/2)
for the diagnosis of PE, which bear only tangential relevance to our
current discussion.

Incredibly, accrual of patients in the PIOPED study occurred
over 37y ago; at that time the term evidence-based medicine had
not yet been coined (/3), Technegas (Cyclomedica) was a new
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product available in only limited markets (/4), SPECT cameras
were being initially introduced in the clinic, and SPECT/CT did
not yet exist (/5). In essence, the landscape of clinical nuclear
medicine bore little resemblance to the current terrain. Is the ven-
erable PIOPED too dated and dissonant to be applicable in the
contemporary environment? It is telling that a similar question
was raised in this journal some 15y ago (6). We will first reflect
on the contributions made by PIOPED to lung scintigraphy and
consider which of these features, if any, retain currency in the
modern era, over 30y since their introduction.

Two types of validity are required for a research study to sup-
port clinical practice (/6,17). Internal validity (or study quality)
refers to the confidence we have that the study incorporates mini-
mal bias, based on best research practices such as randomization
and masking, leading to conclusions that are internally consistent
and accurate. External validity (or generalizability) refers to
whether the conclusions derived from the sample of subjects stud-
ied can be extended to other broader populations of patients. This
is often achieved by recruiting subjects from multiple institutions
and ensuring that they reflect a wide variety of demographic back-
grounds. The PIOPED study excelled in internal validity, based on
data that were robust, complete, extensive, and validated, includ-
ing an exceptional gold standard. These data were harnessed to
generate new and optimized revised interpretation criteria, which
de facto converted the lackluster prospective trial into a powerful
retrospective study. In its day, PIOPED also reflected excellent
external validity, based on contemporary best imaging practices
that were performed on more than 1,400 study participants across
6 different institutions. As population, equipment, radiopharmaceu-
ticals, and techniques have changed over the ensuing 30y of prac-
tice, the study’s external validity has been gradually eroded.
Patients undergoing lung scintigraphy today are markedly different
from those studied during PIOPED, with a much lower prevalence
of PE. From a technical perspective, only a minority of practi-
tioners still use !*3Xe gas for ventilation, instead substituting aero-
sol ventilation methods (/8), and this fraction may further decrease
now that Technegas has been approved by the United States Food
and Drug Administration and will be adopted into the market.
y-cameras have progressed from analog acquisition and display to
fully digital systems, with superior resolution and larger fields of
view than in the time of PIOPED. Numerous practitioners have
also moved beyond planar imaging to embrace tomography (espe-
cially in Canada and Europe (/8,19)), whereas many more physi-
cians would be amenable to this change if reflected in updated
guidelines. Reinartz has succinctly pointed out that in no other
realm of scintigraphy do we limit ourselves to nontomographic
imaging (6). The concern that tomography will lead to visualization
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and overcalling of small, insignificant defects would be best allayed
by updated criteria and education, not by throttling imaging data. In
toto, it seems clear that changes in practice patterns have led to an
insidious decline in external validity that has eclipsed any advan-
tage gained from the original superior internal validity of the
PIOPED data.

A further feature of the PIOPED interpretation schemata is their
Bayesian or probabilistic reporting nomenclature, although these,
in fact, were introduced by other investigators predating PIOPED
(20). 1t is a mathematic truism that calculation of posttest probabil-
ity of disease must take into account the a priori probabilities
(21,22). Furthermore, clinical diagnostic imaging has been moving
toward—not away from—standardized reporting, use of clearly
defined criteria, and probabilistic interpretation, as evidenced by
the proliferation of “-RADS” systems of reporting throughout
radiology (23-26). For these idealized reasons, the PIOPED crite-
ria were prescient, incorporating medical decision making into the
science of diagnostic imaging. Nonetheless, on a practical level,
the Bayesian categorization of test results is judged by many as
tedious, misunderstood, and impractical. Categorization of the
images into 3 or 4 categories ranging from normal/near normal
through high probability differs radically from binary interpreta-
tions customarily applied in much of medical imaging, including
CT pulmonary angiography, which is currently the dominant radio-
graphic method of evaluating PE. If clinicians do not comprehend
the nuances of a probabilistic diagnosis, more harm than benefit
may result. Has the complexity of PIOPED been shown to really
improve outcomes in the field or is it in fact unhelpful and poorly
understood? Previous research has shown that there is significant
variability in how referring and even interpreting physicians under-
stand the probability categories, particularly intermediate- and low-
probability results (27-29).

How can we move beyond PIOPED? Can we develop new cri-
teria, replete with both internal and external validity, that will
incorporate a Bayesian framework of diagnosis but will also be
manageable and understandable? Can the principles of evidence-
based medicine inherent in the PIOPED design be ported to our
current practice paradigms? In fact, a universal methodology to
replace PIOPED has not emerged in the intervening 33y since it
was developed because of the difficulty of replicating the high-
quality data, the extensive clinical experience, and the need to
embed scan findings into an integrated diagnostic strategy (/0).
For example, the European Association of Nuclear Medicine crite-
ria (19), although widely used in Canada and Europe, have not
been universally embraced in the United States, at least in part due
to concern that the acquisition technique and diagnostic criteria for
reporting tomographic (SPECT) ventilation—perfusion scans are
variable and have not been sufficiently validated (30,37).

It seems conceivable that artificial intelligence (AI) techniques
have the potential to inherit the mantle of PIOPED. Many of the
rigorous concepts that were embodied in the PIOPED approach
can now be applied within Al interpretation of lung scintigraphy,
including harvesting of extensive pretest, test, and validated out-
come data, correlated by complex deep learning models (32—34).
Many features enter into an expert’s evaluation of lung scintigra-
phy, often exceeding the performance of published diagnostic
algorithms (35). The improved performance of expert evaluation
has been attributed to the use of intangible and unique Gestalt fac-
tors (36,37), versus additional personal, though not codified, rules
of interpretation (38). This is clearly the province of Al Lung
scintigraphy was in fact one of the earliest medical imaging

applications of Al (39-42), with a flurry of activity in the 1990s
and early 2000s (43—45), though as CT pulmonary angiography
became the dominant clinical diagnostic modality in PE, it also
became the primary focus of Al research (46). The senescence of
PIOPED should be countered by development of powerful techni-
ques of Al interpretation. In that manner, we can enhance the role
of scintigraphy in patients with suspected PE while simultaneously
improving diagnostic outcomes.
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Diagnostic Accuracy of MR Spectroscopic Imaging and
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Contrast-enhanced MRl is the method of choice for brain tumor diag-
nostics, despite its low specificity for tumor tissue. This study com-
pared the contribution of MR spectroscopic imaging (MRSI) and
amino acid PET to improve the detection of tumor tissue. Methods: In
30 untreated patients with suspected glioma, O-@2-['®F]fluoroethyl)-L-
tyrosine ("8F-FET) PET; 3-T MRSI with a short echo time; and fluid-
attenuated inversion recovery, T2-weighted, and contrast-enhanced
T1-weighted MRI were performed for stereotactic biopsy planning.
Serial samples were taken along the needle trajectory, and their
masks were projected to the preoperative imaging data. Each sample
was individually evaluated neuropathologically. '®F-FET uptake and
the MRS signals choline (Cho), N-acetyl-aspartate (NAA), creatine,
myoinositol, and derived ratios were evaluated for each sample and
classified using logistic regression. The diagnostic accuracy was eval-
uated by receiver operating characteristic analysis. Results: On the
basis of the neuropathologic evaluation of tissue from 88 stereotactic
biopsies, supplemented with '®F-FET PET and MRSI metrics from 20
areas on the healthy-appearing contralateral hemisphere to balance
the glioma/nonglioma groups, '®F-FET PET identified glioma with the
highest accuracy (area under the receiver operating characteristic
curve, 0.89; 95% ClI, 0.81-0.93; threshold, 1.4 X background uptake).
Among the MR spectroscopic metabolites, Cho/NAA normalized to
normal brain tissue showed the highest diagnostic accuracy (area
under the receiver operating characteristic curve, 0.81; 95% Cl, 0.71-
0.88; threshold, 2.2). The combination of '8F-FET PET and normalized
Cho/NAA did not improve the diagnostic performance. Conclusion:
MRI-based delineation of gliomas should preferably be supplemented
by '8F-FET PET.

Key Words: MR spectroscopic imaging; "8E_FET PET; brain tumors;
multimodal imaging; stereotactic biopsy
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Currently, contrast-enhanced MRI is the method of choice for
diagnosis and treatment monitoring in patients with brain tumors (/),
but differentiation between the tumor center, infiltration zone, and
peritumoral tissue changes, such as edema, may be challenging, par-
ticularly in patients with nonenhancing gliomas (2). Consequently,
accurate delineation of glioma extent based on conventional MRI
alone may be challenging. Accurate imaging-based tumor localiza-
tion is essential for treatment planning and for identifying the most
metabolically active parts for biopsy planning (3,4), especially when
biopsy sampling is difficult, such as in the brain stem (J5).

Advanced MRI methods and amino acid PET are of value to
obtain additional diagnostic information in clinically challenging
situations (6). In brain tumor diagnostics, amino acid PET has been
recommended by the Response Assessment in Neuro-Oncology
Working Group as a supplement to structural MRI (7). In contrast
to '8F-FDG, uptake of radiolabeled amino acids is low in normal
brain tissue, and brain tumors can be depicted with high tumor-to-
background contrast. A key feature of common amino acid tracers
such as O-(2-['8F]fluoroethyl)-L-tyrosine (!3F-FET) is their ability
to pass through the intact blood-brain barrier, which enables depic-
tion of the tumor mass beyond contrast enhancement on MRI and of
nonenhancing gliomas (6,8). Local maxima of 8F-FET uptake in
heterogeneous gliomas usually colocalize with the highest '*F-FDG
uptake, but '8F-FET PET is considerably more sensitive than 'SF-
FDG PET for biopsy guidance (6).

Another approach for detecting neoplastic tissue with high accu-
racy is the use of metabolic markers derived from MR spectro-
scopic imaging (MRSI) (9). Most commonly, the MR signal of
increased total choline (Cho), which reflects the abnormal Cho
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metabolism in cancers (/0), is used as a marker of malignant trans-
formation. However, the congruency between the tumor borders
delineated by the increased Cho-to—N-acetyl-aspartate (NAA) ratio
measured using MRSI, compared with '8F-FET uptake, has been
investigated in only a few studies. The comparison of 2-dimensional
spatially resolved MRSI and '®8F-FET uptake showed a congruency
greater than 75% in 15 patients with gliomas (/7). In contrast to that
finding, a study using 3-dimensional volumetric brain MRSI found a
low level of overlap, 40%, and an average distance of 0.9 cm
between the centers of mass of both modalities (/2).

Recently, the combination of conventional and advanced MRI
methods, as well as '8F-FET PET, was investigated in a biopsy-
controlled study, but the added value of MRSI could not be
assessed because of missing spectroscopic data from the tumor
area (13).

The aim of this study was to investigate the diagnostic accuracy
of BF-FET PET and MRSI and their combined use to identify
neoplastic tissue in patients with newly diagnosed lesions indica-
tive of glioma, with histopathology as the gold standard. The
imaging findings were validated by tissue obtained from spatially
correlated stereotactic biopsies, which were mapped into the pre-
operative imaging data on the basis of coordinates from the stereo-
tactic surgery.

MATERIALS AND METHODS

Patients

The study was based on a series of 35 consecutive patients with
structural MRI findings indicating glioma and in whom a stereotactic
biopsy was planned for clinical reasons such as nonenhancing tumors
or an unclear differential diagnosis. The patients were scheduled for
8E_FET PET-guided stereotactic biopsy as part of clinical manage-
ment and underwent hybrid '8F-FET PET/MRSI before biopsy.
Patients with incomplete sets of multimodal data or with data of low
spectral quality were withdrawn from the study. The study adhered to
the standards established in the Declaration of Helsinki and was
approved by the ethical committee of the medical faculty of the
RWTH Aachen University (EK 096/18). All patients gave written
informed consent before the measurement.

MRI

All studies were performed on a Siemens 3-T TIM Trio MRI scanner
with a Siemens 8-channel head coil. At the time of the '3F-FET PET
measurement, T1-weighted MR images were acquired before and after
the administration of a gadolinium-based contrast agent (Dotarem;
Guerbet) in addition to T2-weighted and fluid-attenuated inversion
recovery images. The supplemental materials (available at http:/jnm.
snmjournals.org) provide further details.

A second contrast-enhanced T1-weighted MRI scan was acquired
just before the stereotactic surgery, and a cranial CT scan was con-
ducted with the attached stereotactic frame for biopsy planning.

MRSI

The high-resolution 3-dimensional volumetric MRSI acquisition
covered the cerebrum and used a spin-echo excitation with echo-planar
readout (/4), an echo time of 17.6ms, an acquisition time of 16 min,
and integrated lipid and water suppression. The metabolite signals were
scaled with an unsuppressed water reference signal from interleaved
measurements. The supplemental materials provide further details.

PET Imaging

The amino acid '8F-FET was produced and applied as described
previously (/5). All patients fasted for at least 12h before the PET
measurement and were injected intravenously with 3 MBq of '8F-FET

8E_FET PET anp MRSI IN GLIOMA  *

per kilogram of body weight. The dynamic '®F-FET PET acquisition
over 50min was performed using a Siemens BrainPET insert (/6).
The supplemental materials provide further details. All reconstructed
frames (isotropic resolution, 1.25 mm) were smoothed with a 2.5-mm
gaussian kernel, and motion was corrected using PMOD (version 3.5;
PMOD Technologies LLC). The summed images from 20 to 40 min
after injection were used for the analysis.

Stereotactic Biopsies

Before stereotactic biopsy, contrast-enhanced MRI and '8F-FET PET
were spatially registered on an intraoperatively obtained cranial CT scan
as a basic image for planning the biopsy trajectory. The trajectory tar-
geted the area with the highest '*F-FET uptake while avoiding vessels
and eloquent brain areas. The samples were classified or reclassified
according to the 2021 World Health Organization (WHO) classification
of tumors of the central nervous system taxonomy (supplemental materi-
als) (/7). The biopsies were taken an average of 11 d after the PET mea-
surements (SD, 11 d; minimum, 3 d; maximum, 56 d).

For ethical reasons, samples could not be taken from healthy brain
tissue; thus, the number of control samples was underrepresented. To
balance the groups of samples for statistical analysis, virtual negative
biopsies (i.e., the noninvasive examination of healthy-appearing con-
tralateral brain regions using '|F-FET PET and MRSI) were per-
formed on the contralateral side. The supplemental materials provide
further details.

Data Analysis

The spectroscopic data were reconstructed using the Metabolite
Imaging and Data Analysis System software package (/8). After the
interpolation of the raw data to 64 X 64 X 32 voxels (4.375 X 4.375 X
5.625mm°), a final spatial resolution of 108 mm® was gained. The
data were transformed into volumetric metabolite maps using auto-
matic spectral analysis and after signal normalization to the simulta-
neously acquired water reference signal (/9). The maps comprised the
metabolite distributions of Cho, creatine (Cr), NAA, and myoinositol
(mIno). For the final analysis, ratio maps of Cho/NAA, NAA/Cr,
Cho/Cr, and mIno/Cr were calculated.

The '8F-FET PET data, the MRSI data, all other MRI data, and the
biopsy track masks were registered to the T1-weighted data. Masks of
the tumor and the surrounding edema were manually delineated on the
basis of the fluid-attenuated inversion recovery and T2-weighted data
(12) and used to keep the normalization to the water signal devoid of
distortions caused by the edema of the tumor tissue.

The '8F-FET uptake and MRSI metabolite data were normalized to
the respective background signals, which were given by the mean sig-
nal outside the area delineated by the previously described tumor
masks. This procedure is referred to below as normalization to normal-
appearing tissue. The normalized '®F-FET images, 'SF-FET, (in this
paper, signals normalized to normal-appearing tissue signal levels are
denoted by subscript “n”), were resampled to the resolution of the
metabolite maps. In addition to the normalized metabolite values, the
nonnormalized values were analyzed to enable comparison with litera-
ture values.

The biopsy masks were down-sampled to match the spatial resolu-
tion of the spectroscopic data. Voxels with a biopsy partial volume of
less than 50% or an underlying spectral line width outside the interval
from 3 to 12 Hz were excluded from further analysis.

The histologic findings “glial tumor” and “infiltration zone” were
labeled as tumor tissue in terms of PET/MRSI. Benign results and
findings that were positive only on the microscopic scale, such as
“proliferated brain tissue with tumor cells,” were considered negative.

The threshold for neoplastic tissue based on different metabolite
combinations or '®F-FET uptake was determined by logistic regression
as described in the supplemental materials.
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FIGURE 1. Example of registered contrast-enhanced T1-weighted MRI
(top; arbitrary units), corresponding Cho/NAA spectroscopic image
(middle), and '®F-FET PET (bottom) of patient 18, who was diagnosed
with glioblastoma, IDH wild-type, central nervous system WHO grade 4.
"8F_FET, data were resliced and resampled to resolution of MRSI data.
Position of crosshairs marks location of biopsy.

RESULTS

From July 2018 to September 2020, a series of 35 patients with
suspected brain tumors was recruited for the study. After the
exclusion of 4 patients because of low spectral quality and 1
patient because of missing biopsy coordinates, the analyzed group
included 30 patients (14 women and 16 men) with an average age
(£SD) of 48 = 13y (range, 27-82y).

Supplemental Table 1 shows the individual characteristics and
neuropathologic diagnoses according to the 2021 WHO classifica-
tion of tumors of the central nervous system, and Supplemental
Table 2 shows patients excluded because of insufficient spectral
quality. In total, 9 patients with enhancing gliomas, 15 patients
with nonenhancing gliomas, 2 patients with enhancing lesions
other than gliomas, and 4 patients with nonglioma lesions without
contrast enhancement were included.

Patient 4 had the contradicting findings of vasculitis, contrast
enhancement, and high '®F-FET uptake (2.6). Because the follow-
up biopsy 18 mo later showed a glioblastoma (IDH wild-type; cen-
tral nervous system WHO grade 4), the first biopsy was considered
a sampling error, and the later diagnosis was used.

Per patient, 2.9 = 1.2 (range, 2-7) cylindric specimens with a
diameter of 2.8 mm and a length of 5-10 mm were obtained along
1-2 biopsy trajectories. Eighteen biopsies were excluded because
of the low spectral quality of the corresponding MR spectrum.
The '8F-FET PET and MRSI data were acquired 13 = 12 d before
the biopsies, and the T1-weighted series for biopsy planning was
measured 3 £5 d before surgery. In total, 108 multimodal data-
sets, comprising 88 real biopsies supplemented with 20 virtual
negative biopsies, were included in the analysis. Fifty-four biop-
sies were neuropathologically evaluated as glioma tissue. Figure 1

shows an example of a multimodal MRSI and '®F-FET PET data-
set at spectroscopic imaging resolution and registered to the ana-
tomic T1-weighted data. Because the planning of the biopsy
trajectories was based on the 'F-FET uptake and the MRI results
but did not take into account the MRSI results, the biopsy sites did
not necessarily coincide with the sites of maximum spectroscopic
signal (Fig. 2).

Among the analyses of the single-modality data, uptake of '8F-
FET, resulted in the highest diagnostic accuracy, with an averaged
area under the receiver operating characteristic curve (AUC) of
0.89 after cross-validation (SD, 0.003; 95% CI, 0.81-0.93), which
is linked to an uptake threshold of 1.4 times the background
uptake (Tables 1 and 2).

Generally, the accuracy of the metabolite results generated from
MRSI increased by up to 0.06 if the signals were normalized to
normal-appearing tissue and additionally to another metabolite sig-
nal (such as Cho/NAA). When the diagnostic distinction between
glial tumor and normal tissue was based on the spectroscopic
marker Cho/NAA,, the accuracy decreased to an average AUC of
0.81 (SD, 0.004; 95% CI, 0.71-0.88), based on a Cho/NAA,
threshold of 2.2. All other analyzed spectroscopic signals, NAA/
Cr, (AUC, 0.78), Cho, (AUC, 0.77), NAA,, (AUC, 0.74), Cho/Cr,
(AUC, 0.72), mlno, (AUC, 0.70), and mIno/Cr, (AUC, 0.70),
showed lower accuracies. The result of Cr did not pass the signifi-
cance threshold. The receiver operating characteristic curves of the
5 highest accuracy values are compared in Figure 3.

The combined analysis of the markers with the highest accuracy,
F_FET, uptake and Cho/NAA,, did not pass the significance
threshold of a P value of 0.05 or less. The results may indicate the
tendency toward slightly improved accuracy (AUC, 0.90; Cho/NAA

FIGURE 2. Contrast-enhanced T1-weighted MRI (top; arbitrary units),
registered Cho/NAA spectroscopic signals (middle), and 'F-FET PET
(bottom) from patient 1, diagnosed with astrocytoma, IDH1-mutant, cen-
tral nervous system WHO grade 3. Biopsy positions were based on '®F-
FET enhancement and therefore did not necessarily coincide with sites of
maximum Cho/NAA ratios. Position of crosshairs marks location of
biopsy.
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TABLE 1
Results Depending on Different Model Terms in Logistic Regression Analysis

Marker AUC 95% Cl Threshold P intercept P slope
BRI 0.89 0.81-0.93 1.4 3.7e—06 3.4e—06
Cho/NAA,* 0.81 0.71-0.88 2.16 5e—04 2e—04
Cho/NAA* 0.79 0.68-0.86 0.65 0.0014 4.8e—04
Cho/Cr,* 0.72 0.61-0.80 1.65 7.5e—-04 6.9e—04
Cho/Cr* 0.71 0.60-0.80 0.39 8.6e—04 8e—04
NAA/Cr,* 0.78 0.68-0.86 0.76 4.8e—05 1.8e—05
NAA/Cr* 0.75 0.65-0.84 0.86 1.1e—-04 2.9e—05
mino/Cr,* 0.70 0.59-0.79 0.99 0.006 0.004
Cho,* 0.77 0.67-0.85 1.37 0.001 0.001
Cho* 0.71 0.60-0.80 10,594 0.037 0.024
NAA,* 0.74 0.64-0.83 0.66 2.4e—04 9e—-05
NAA* 0.72 0.61-0.81 22,129 0.003 0.001
mino,* 0.70 0.59-0.79 0.87 0.01 0.01

FET,, Cho/NAA, 0.90 0.82-0.94 NA 2.6e—06 6.2e—05; 0.305
FET,, Cho/NAA 0.89 0.81-0.94 NA 2.4e—06 3.5e—05; 0.563

*P < 0.05 in all terms of model.
NA = not applicable.

All models contain constant and 1 or 2 linear terms, which represent level of markers '8F-FET, Cho, NAA, Cr, mino, and ratios thereof.
Table is limited to results in which normalized metabolite signal reached AUC of 0.70 or more.

term, P = 0.3) compared with the '8F-FET, uptake (AUC, 0.89) and
Cho/NAA,, (AUC, 0.81) alone. The results obtained after introducing
an interaction term between '8F-FET, and Cho/NAA,, are shown in
Supplemental Table 3.

The subgroup analysis of gliomas without contrast enhancement
showed a slightly decreased AUC of 0.88 (95% CI, 0.75-0.94)
when the diagnosis was based on '|F-FET, uptake and an
increased AUC of 0.85 (95% CI, 0.72-0.93) for Cho/NAA,.. Com-
pared with the values from all patients, the threshold values
dropped to 1.3 for '3F-FET, and increased to 2.3 for Cho/NAA,,.

Accordingly, compared with the evaluation of the entire group
of patients, the restriction to gliomas with contrast enhancement
showed a higher diagnostic accuracy for '8F-FET, and a lower
accuracy for Cho/NAA,,. '8F-FET,—based diagnosis resulted in an
AUC of 091 (95% CI, 0.80-0.96; threshold, 1.5). Using Cho/
NAA, for diagnosis resulted in an AUC of 0.77 (95% CI, 0.61—
0.88; threshold, 2.0).

TABLE 2
Results of Leave-One-Out Cross-Validation

Parameter T8E_FET Cho/NAA
Mean AUC = SD 0.89 + 0.003 0.81 +=0.004
Mean threshold = SD 1.4+0.01 2.16 +0.04
Accuracy 0.78 0.71
Sensitivity 0.76 0.59
Specificity 0.80 0.83
Positive predictive value 0.79 0.78
Negative predictive value 0.77 0.67

BE_FET PET anp MRSI IN GLiOMA  *

The '8F-FET,-based diagnostics showed more accurate results,
with 78% correctly classified samples compared with 71% correct
classifications in the leave-one-out cross-validation for Cho/NAA,
(Table 2). '8F-FET had superior sensitivity, 76%, whereas Cho/NAA
showed better specificity, 83%. The positive predictive value of
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FIGURE 3. Receiver operating characteristic curves of '8F-FET, PET
and MRSI metabolic markers Cho/NAA,,, NAA/Cr,,, Cho,, and NAA, based
on analysis of 88 biopsies and 20 imaging data points from normal-
appearing brain tissue.
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8F_FET,, uptake was similar to that of Cho/NAA, (79% vs. 78%),
and its negative predictive value was higher than that of Cho/NAA,
(77% vs. 67%).

DISCUSSION

The major finding of this study is the higher accuracy of '8F-FET,,
uptake than of Cho/NAA, for the imaging-based diagnosis of tumor
tissue in enhancing and nonenhancing gliomas. Glioma delineation
was optimal with the '8F-FET,—based tumor-to-background ratio of
1.4 and a Cho/NAA,, of at least 2.2.

When !8F-FET uptake was considered, the trend toward the
highest diagnostic accuracy was found in enhancing gliomas. Cho/
NAA,, showed a trend toward higher accuracy in nonenhancing
gliomas but still had a lower value than '3F-FET,,. Given the rela-
tively low number of patients, the corresponding overlapping 95%
CIs do not allow a clear statement and may be responsible for the
observed counterintuitive tendency toward lower accuracy for
Cho/NAA,, in enhancing gliomas. However, the trend toward the
higher diagnostic accuracy of '8F-FET, is consistent with previ-
ously reported results (3).

Regardless of contrast enhancement, '8F-FET PET-based diag-
nosis generally showed higher diagnostic accuracy than Cho/NAA.
Hence, '8F-FET PET is significantly more sensitive for identifying
glioma tissue, albeit at the cost of a somewhat decreased specificity
compared with Cho/NAA.

The selection of metabolites and derived ratios includes those
that can be determined with high accuracy at 3 T (20). The individ-
ual signals from Cho and NAA showed lower accuracy than their
ratio. This finding is consistent with the finding that although Cho
is variably elevated in different glioma types, NAA is reduced
nonuniformly as a broad marker of neuronal loss (27). Compared
with Cho/NAA, the other investigated metabolite signals, Cho,
NAA, NAA/Cr, Cho/Cr, mlno, and mIno/Cr, generally showed
lower accuracy in diagnosing glioma. Frequently, study results are
reported as metabolite ratios, such as Cho/NAA, without further
normalization. This study showed higher accuracies if signal ratios
were additionally normalized to normal-appearing tissue.

Four of 35 patients (11%) were excluded from the analysis
because of insufficient spectral quality. In addition, 18 samples
had to be excluded from the remaining group of 106 samples
(17%) for the same reason, which reduces the clinical utility
of MRSL

Within the limitations given by a different patient group, the
observed '8F-FET tumor threshold of 1.4 times the background
uptake confirms the previously reported value and the widely used
threshold of 1.6 (22,23). Besides the fact that the threshold values
were determined with different PET scanners and influenced by
different point spread functions, the current study included fewer
subjects and more patients with gliomas showing equivocal find-
ings on MRI. Therefore, the slightly decreased threshold in our
study should be considered with caution and requires further
biopsy-controlled studies in larger patient groups.

Relatively few studies have calibrated glioma—to—normal-tissue
thresholds using coordinate-controlled biopsies. The found thresh-
old of 0.65 for the absolute Cho/NAA ratio corresponds to the pre-
viously published integral Cho/NAA ratio (not corrected for
proton number) of at least 2, which, however, was determined for
a longer echo time (135ms instead of 17ms) using spatial
2-dimensional MRSI and approximately the 3-fold measured voxel
size from a smaller group of patients (24). Data acquired with an

even larger voxel size and long echo time resulted in a minimum
ratio of 1.3 (25). This value was obtained from predominantly
high-grade gliomas and fits as a lower limit to our threshold value.

The accuracy of the results depends on the decision as to which
neuropathologic findings are considered positive for tumor tissue.
In the presented analysis, the presence of single tumor cells in the
tissue samples was not rated as tumor tissue because such findings
are not accessible with either imaging method in view of the lim-
ited spatial resolution.

A limitation of this study was the small number of patients and
the large proportion of equivocal MRI findings, often due to lack of
contrast enhancement. Nevertheless, because diagnosis is particularly
difficult in these patients, the importance and value of amino acid
PET for this group of patients is further emphasized. A further limita-
tion was the study design, which favored '8F-FET over MRSI; plan-
ning of biopsy tracks to target the most metabolically active part of
the tumor was based on '8F-FET PET, because MRSI data were not
yet available at the time of biopsy. Therefore, the use of MR spectro-
scopic data for biopsy planning (26,27) could not be properly com-
pared with the use of '8F-FET PET data. A further consequence of
the study design was a lack of Cho/NAA-positive but '*F-FET-nega-
tive samples. Therefore, the relevance of a high Cho/NAA ratio with
low '8F-FET uptake—which may indicate gliosis, inflammation,
or demyelination (3,28,29) or a later recurrence and reduced
progression-free survival (26,30)—remains to be addressed in future
studies. Generally, in this study, histology was considered the gold
standard for defining the diagnosis since the biopsies were analyzed
by 2 experienced neuropathologists according to the 2021 WHO
classification of tumors of the central nervous system.

The multimodal approach using MRSI, '®F-FET PET, and neu-
ropathology necessitates the combination of data from the milli-
meter scale down to the submillimeter scale. Only the '|F-FET
PET data can be down-sampled to a spectroscopic imaging resolu-
tion, whereas the neuropathologic results are bound to the dimen-
sions of the biopsy cylinders. Accordingly, possible location errors
are on this order of magnitude. Since the '®F-FET concentration in
the blood compartment is high in the first hour after administra-
tion, special attention during the evaluation was placed on ensur-
ing that the '8F-FET signal was not partially confused with an
increased signal contribution from blood vessels (/5). In rare
cases, however, after the resampling of the '®F-FET data to the
resolution of the metabolite maps, contamination of the larger vox-
els cannot be completely ruled out. Moreover, the MRSI data bear
the MR spectroscopy inherent chemical shift displacement error.
With the given readout gradient of 13.72 mT/m, this error is a frac-
tion of the nominal voxel size in the anterior—posterior direction
and, therefore, negligible for the analysis in spectroscopic imaging
resolution.

CONCLUSION

Amino acid PET using the tracer !8F-FET allows the diagnosis
and identification of viable glioma tissue with a high diagnostic
accuracy. For a mixed group of enhancing and nonenhancing glio-
mas, tumor delineation was most accurate with an '8F-FET uptake
threshold of 1.4 times the background signal. MRSI provides the
highest diagnostic accuracy, with a Cho/NAA,, threshold of 2.2.
Further data are required to assess the possible diagnostic benefit
of the combined analysis of '®F-FET uptake and MR spectroscopic
metabolites, such as Cho/NAA, and to assess the diagnostic mean-
ing of Cho/NAA-positive but '®F-FET-negative findings.
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KEY POINTS

QUESTION: What is the diagnostic accuracy of '8F-FET PET and
MRSI for the detection of glioma?

PERTINENT FINDINGS: Validated using tissue samples from
stereotactic biopsies, '®F-FET PET identified glioma with an
accuracy of 0.89. The MRSI marker Cho/NAA showed a
diagnostic accuracy of 0.81.

IMPLICATIONS FOR PATIENT CARE: MRI-based delineation of
gliomas should preferably be supplemented by '®F-FET PET.
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Increased Metabolic Activity of the Thymus and Lymph
Nodes in Pediatric Oncology Patients After Coronavirus

Disease 2019 Vaccination
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We hypothesized that '®F-FDG PET/MRI would reveal thymus activation
in children after coronavirus disease 2019 (COVID-19) vaccination.
Methods: We retrospectively analyzed the '®F-FDG PET/MRI scans of
6 children with extrathoracic cancer before and after COVID-19 vaccina-
tion. We compared pre- and postvaccination SUV ., mean apparent
diffusion coefficient, and size of the thymus and axillary lymph nodes
using a paired t test. Results: All 6 patients showed increased '8F-FDG
uptake in the axillary lymph nodes after vaccination (P = 0.03). In addi-
tion, these patients demonstrated increased ®F-FDG uptake in the thy-
mus. When compared with baseline, the postvaccination scans of these
patients demonstrated an increased mean thymic SUV (P = 0.02),
increased thymic size (P = 0.13), and decreased thymic mean apparent
diffusion coefficient (P = 0.08). Conclusion: '®F-FDG PET/MRI can
reveal thymus activation in addition to local lymph node reactions in
children after COVID-19 vaccination.

Key Words: COVID-19 vaccine; thymus; lymphadenopathy; '8F-FDG
PET/MRI; pediatric oncology
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The coronavirus disease 2019 (COVID-19) pandemic sparked
the rapid development and deployment of messenger RNA (mRNA)
vaccines to millions of people, including children (/). Recent efforts
to understand the immune response to mRNA vaccines revealed ger-
minal center responses in axillary lymph nodes (2). In adults, an
increased size and metabolic activity of axillary lymph nodes have
been described after COVID-19 vaccination (3). A retrospective
study showed that 54% (75/140) of adult patients had '*F-FDG-avid
lymph nodes ipsilateral to the mRNA vaccine injection site on
8E.FDG PET/CT scans (4). Similarly, a large nationwide cohort
study reported that 46% of vaccinated patients (332/728) had
8F_FDG-avid axillary lymph nodes (5).
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In patients with cancer, an increase in the size and metabolic activity
of lymph nodes can indicate tumor recurrence or progression and play an
important role in guiding treatment decisions. Several case reports have
demonstrated that vaccine-related lymphadenopathy may confound dis-
ease assessment in oncology patients such as those with breast cancer
(6), metastatic melanoma (7,8), or Hodgkin lymphoma (9). Therefore, it
is important to understand typical imaging findings that allow differentia-
tion of vaccination from cancer-related lymphadenopathy.

COVID-19 vaccinations were initially Food and Drug Administra-
tion—approved for adults only and then were extended to children
and teenagers. Unfortunately, our knowledge of postvaccination
8F_FDG PET imaging findings in children and young adults remains
limited. Experimental studies have demonstrated strong T-cell activa-
tion in response to mRNA vaccines (/0). Since children have T-cell-
rich thymus tissue (77), we hypothesized that 'F-FDG PET/MRI
would reveal an increased metabolic activity in the thymus in addi-
tion to that in the local lymph nodes after COVID-19 vaccination.

MATERIALS AND METHODS

Study Design

This was a secondary analysis of medical imaging data obtained as
part of a retrospective study on pediatric cancer staging with whole-
body '"8F-FDG PET/MRI, which was approved by our institutional
review board (approval 48854). The inclusion criteria included chil-
dren or young adults diagnosed with cancer, receipt of at least 1 dose
of the COVID-19 vaccine, and completion of at least 2 '*F-FDG
PET/MRI examinations, one before and one after vaccination. The
exclusion criteria involved any instances of nonsimultaneous '*F-FDG
PET/MRI. We included 6 children and young adults: 5 female and
1 male, with a mean age (=SD) of 13.67 £3.67y (range, 10-19y).
All 6 patients had an extrathoracic malignancy.

8F-FDG PET/MRI Protocol

All patients underwent clinical standard '®F-FDG PET/MRI studies
before and after COVID-19 vaccination. The scans were obtained on
average 49.83 +45.67 d after the most recent vaccination dose (range,
6121 d). All patients received the Pfizer-BioNTech vaccine. Of the 6
patients, 2 received a total of 3 intramuscular vaccination doses at sepa-
rate intervals, 2 were administered 2 doses of vaccine, and 2 received a
single vaccination dose. All vaccinations were completed before the post-
vaccination '8F-FDG PET/MRI scan. Before each PET imaging study,
the patients fasted for at least 6 h. The serum glucose level at the time of
E_FDG injection was less than 120 mg/dL. '"®F-FDG PET/MR images
were acquired 60-70 min after intravenous administration of '8F-FDG
(3-5 MBg/kg of body weight), using a 3-T PET/MRI scanner (Signa;

22 THE JOURNAL OF NUCLEAR MEDICINE * Vol. 65 + No. 1 « January 2024



Baseline
({before vaccine)

l

After vaccine

:

PET

o
PET+LAVA

9
DWI

(=)

DWI + LAVA

FIGURE 1. Axial '®F-FDG PET (A), '8F-FDG PET/T1-weighted gradient
echo (LAVA) MRI (B), axial DW MRI (C), and DW MRI/LAVA MRI (D) in
14-y-old girl with bilateral ovarian Sertoli-Leydig tumors. Scans were
obtained 3mo before first COVID-19 vaccination dose (first column) and
2mo after third vaccination dose (6 mo after first vaccination; second col-
umn). After vaccination, "®F-FDG PET and '®F-FDG PET/LAVA MRI showed
increased uptake in thymus (pink arrows in A and B) and axillary lymph
nodes (blue arrow in A and B); similarly, DW MRI and DW MRI/LAVA MRI
showed restricted diffusion in thymus (pink arrows in C and D) and axillary
lymph nodes (blue arrows in C and D). DWI = diffusion-weighted imaging;
LAVA = liver acquisition with volume acquisition.

GE Healthcare). The PET data acquisition time was 3 min 30s per bed
position (89 slices per bed position) for 5-9 bed positions.

BE_.FDG PET images were reconstructed using ordered-subset expectation
maximization with 2 iterations and 28 subsets. A

or vaccination status of the patient while analyzing images. On '®F-FDG
PET images, a fixed SUV scale (threshold, 42%) and color table were
used. An increased '®F-FDG uptake was defined as focal tracer uptake
higher than that of the mediastinal blood pool. The SUV .., was measured
by placing a 3-dimensional volume of interest in the thymus and lymph
nodes. The longest and shortest transverse diameters of the thymus were
calculated as well.

For analysis of diffusion-weighted MRI, mean ADC values were
measured through operator-defined regions of interests. All measure-
ments were obtained using MIM software (version 7.0.5) and OsiriX
software (version 10.0, 64 bits; Pixmeo).

Statistical Analysis

Statistical analysis was performed with Microsoft Excel. Continuous
data are presented as mean = SD. The 2-tailed paired ¢ test was used to
compare differences in the SUV,,,,x and mean ADC of the axillary lymph
nodes and thymus before and after vaccination, as well as changes in thy-
mic size. A P value of less than 0.05 was considered significant.

RESULTS

Evaluation of 6 patients revealed uniformly normal axillary lymph
nodes and thymus at baseline, with a metabolic activity below that of
the mediastinal blood pool. After COVID-19 vaccination, there was a
marked increase in the metabolic activity in the ipsilateral axillary
lymph nodes across all patients (Fig. 1). The mean SUV ,,, of the axil-
lary lymph nodes increased by a factor of 3.0, from 0.87 = 0.44 before
vaccination to 2.61 £ 1.21 after vaccination (P = 0.03).

In addition, all 6 patients who were previously diagnosed with
extrathoracic cancers also demonstrated an increased size, in-
creased metabolic activity, and restricted diffusion of the lymph
nodes and thymus after COVID-19 vaccination (Fig. 1). The mean
SUVax of the thymus increased 2-fold, from 1.77 = 0.97 before
vaccination to 3.46 = 1.35 after vaccination (P = 0.017). The
size of the thymus, approximated as the product of the shortest
and longest transverse diameters, increased 1.7-fold, from
7.02+5.41 to 11.91 £11.85 cm (P = 0.13). The mean ADC of
the lymph nodes decreased from 1.11 to 0.92 (P = 0.26), and the

2-point Dixon sequence was used for attenuation A B
correction of the PET/MR images. The obtained &0 50
8F_FDG PET images were then color-encoded 2% 40 Z x40
and fused with MRI scans using MIM software EE EEY | g Baseline
. . £S5 =5 . = (before vaccine)

(version 7.0.5; MIM Software Inc.). Ea2o ia |

MRI included an axial contrast-enhanced i - After vaccine
T1-weighted liver acquisition with volume acqui- NI I L
sition (se;l;)etition timg, 4.2 ms; echo time, 1.7Cr1ns; ‘2"6??&% ‘2#9‘?'& Qf‘?'”@ Q'*'\@“Q@GQQ“}@QQ’;@ QQ‘\@“@@Q
fractional anisotropy, 15; slice thickness, 3.4 mm) c D E
for coregistration with '®F-FDG PET data, as well s i i
as axial diffusion-weighted images (repetition - - =e
time, 7,824 ms; echo time, 56 ms; b values, 50 @ e g g“ _E:I é L
and 800s/mm?%; slice thickness, 6mm). The é 204 8 10 = Qs
apparent diffusion coefficient (ADC) maps were S99 < 22
automatically generated by the software. 2 O T S A T
Image Analysis S o o € o o o o A

One board-certified radiologist and 1 board-
certified nuclear medicine physician jointly
evaluated the original and fused whole-body
BEFDG PET/MRI and diffusion-weighted
MRI scans and determined the size, metabolic
activity, and restricted diffusion of the axillary
lymph nodes and thymus in each patient.
The readers were not aware of the clinical data

FIGURE 2. '8F-FDG PET/MRI parameters before and after COVID-19 vaccination: SUVimay of thymus
and axillary lymph nodes (A and B), LDi X SDi of thymus (C), mean ADC of thymus (D), and mean ADC
of lymph nodes (E). Follow-up '®F-FDG PET/MRI scans for patients 1, 2, 3, 4, 5, and 6 were obtained
76, 21, 66, 9, 121, and 6 d after their last vaccination, respectively. SUV .« of thymus (P = 0.02) and
axillary lymph nodes (P = 0.03) significantly increased after vaccination, thymic size approximated
by LDi X SDi increased (P = 0.13), and mean ADC of thymus (P = 0.08) and axillary lymph nodes
(P = 0.07) decreased. Significance was computed using 2-tailed paired t test. LDi = longest transverse
diameter; SDi = shortest transverse diameter.
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mean ADC of the thymus decreased from 1.53 to 1.09 (P = 0.08).
Data are shown in Figure 2.

DISCUSSION

Here we show for the first time, to our knowledge, that
3F.FDG PET/MRI can reveal thymus activation in addition to
local lymph node reactions in children after COVID-19 vaccina-
tion. Six patients demonstrated increased '8F-FDG uptake and
restricted diffusion of the locoregional lymph nodes and thymus
after receiving the COVID-19 vaccination. The observed decrease
in the mean ADC values of the thymus after vaccination indicates
increased cellularity of the thymus tissue, which could be related
to immune cell infiltration or proliferation in response to the vacci-
nation. The observed increase in the SUV ., of the thymus after
vaccination indicates increased metabolic activity of the thymus
tissue, which could be related to immune cell activation.

Our results are consistent with a recent case study reporting
increased '®F-FDG uptake in the thymus and left axillary lymph
nodes in a 35-y-old woman after vaccination (/2). The history of
recent vaccination, the combination of metabolically active axil-
lary lymph nodes and thymus, and the absence of bone marrow
activation can all help with the correct diagnosis.

Differential diagnoses include recurrent or metastatic cancer and
thymic rebound after chemotherapy (/3). In survivors of leukemia
and lymphoma, thymic hyperplasia after completion of chemother-
apy is typically characterized by thymic enlargement and hypermeta-
bolism, without changes in local lymph nodes (/4). Thymic rebound
after chemotherapy is often accompanied by an increased metabolic
activity of the bone marrow. By contrast, our patients demonstrated
activated lymph nodes and normal bone marrow. Radiologic evalua-
tion of the morphologic and metabolic appearance of the thymus
allowed us to exclude tumor lesions. Thymic tumors cause mass
effects (i.e., compression of the veins, deviation of the trachea), which
were not observed. '®F-FDG uptake of the thymus was homogeneous
and bilateral, and no focal '®F-FDG uptake was observed, suggesting
that the increased metabolic activity was of an inflammatory nature.

It is important to note limitations in our current analysis. Further
studies with larger sample sizes are needed to confirm our findings.
The interval between vaccination and imaging, combined with the
fact that immunologic responses can vary significantly among indivi-
duals (/5), may contribute to a wide range of immune responses to
vaccination. Expanding our analysis to include patients who have
autoimmune diseases or are heavily immunosuppressed, as well as
conducting a time-series analysis to examine changes in the metabolic
activity of the thymus and Llymph nodes after vaccination, could pro-
vide a more nuanced understanding of how vaccination is represented
on '"®F-FDG PET/MRI. However, our current study’s retrospective
nature makes this kind of time-series analysis challenging. Under-
standing the duration of thymic activity after vaccination and modula-
tory factors affecting thymic activity can assist in optimizing vaccine
administration and imaging schedules to avoid confounding results.

CONCLUSION

The detection of increased '®F-FDG activity in the local lymph
nodes and thymus after COVID-19 vaccination on '|F-FDG
PET/MRI scans could be helpful to confirm a vaccine-induced
immune response in cancer patients. '8F-FDG PET/MRI can
reveal thymus activation in addition to local lymph node reactions
in children after COVID-19 vaccination. These findings under-
score the importance of verifying a patient’s vaccination status

before an imaging examination, as vaccination-associated changes
can lead to false-positive diagnoses.
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KEY POINTS

QUESTION: Does '8F-FDG PET/MRI reveal thymus and lymph
node activity after COVID-19 vaccine administration?

PERTINENT FINDINGS: We evaluated '®F-FDG PET/MRI scans for
6 children and young adults before and after COVID-19 vaccine

administration. The scans demonstrated thymus activation in addition
to local lymph node reactions in children after COVID-19 vaccination.

IMPLICATIONS FOR PATIENT CARE: Understanding
postvaccination imaging findings in patients with cancer is
important because these results may be confounded with tumor
relapse or metastasis.
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Noninvasive Monitoring of Immunotherapy in Lung Cancer
by Lymphocyte Activation Gene 3 PET Imaging of
Tumor-Infiltrating Lymphocytes
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Although immunotherapy has revolutionized the entire cancer treatment
landscape, small fractions of patients respond to immunotherapy. Early
identification of responders may improve patient management during
immunotherapy. In this study, we evaluated a PET approach for monitor-
ing immunotherapy in lung cancer by imaging the upregulation of
lymphocyte activation gene 3 (LAG-3)-expressing (LAG-3*) tumor-
infiltrating lymphocytes (TILs). Methods: We synthesized a LAG-3-
targeted molecular imaging probe, [F8Ga]Ga-NOTA-C25 and performed
a series of in vitro and in vivo assays to test its specificity. Next,
[*®Ga]Ga-NOTA-C25 PET was used to monitor immunotherapy in murine
lung cancer-bearing mice and in humanized mouse models for asses-
sing clinical translational potential, with confirmation by immunostaining
and flow cytometry analysis. Results: [Ga]Ga-NOTA-C25 PET could
noninvasively detect intertumoral differences in LAG-3" TIL levels in dif-
ferent tumor models. Importantly, in Lewis lung carcinoma tumor models
treated with an agonist of a stimulator of interferon genes, [©Ga]Ga-
NOTA-C25 PET also detected an immunophenotyping transition of the
tumor from “cold” to “hot” before changes in tumor size. Meanwhile, ani-
mals carrying “hot” tumor showed more significant tumor inhibition and
longer survival than those carrying “cold” tumor. [?¥Ga]Ga-NOTA-C25
PET also showed markedly higher tumor uptake in immune system-
humanized mice carrying human non-small cell lung cancer than immu-
nodeficient models. Conclusion: [®Ga]Ga-NOTA-C25 PET could be
used to noninvasively monitor the early response to immunotherapy by
imaging LAG-3" TILs in lung cancer. [*®Ga]Ga-NOTA-C25 PET also
exhibited excellent translational potential, with great significance for the
precise management of lung cancer patients receiving immunotherapy.

Key Words: lung cancer; immunotherapy; LAG-3; TIL; PET
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Lung cancer is the leading cause of cancer death globally, and
approximately 80% of lung cancers are non—small cell lung cancer
(NSCLC) (). Although immunotherapy has been approved for
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NSCLC, with certain survival benefits (2), numerous patients have
been unresponsive (3). Cancer immunotherapy depends on rescu-
ing CD8™ T cells from inhibitory status to activation, for the elim-
ination of tumor cells (4). During this process, immunophenotypes
of the tumor can be categorized by the abundance of tumor-
infiltrating lymphocytes (TILs) in the tumor immune microenvi-
ronment. Specifically, immune “hot” tumors have abundant TILs,
whereas “cold” tumors lack TILs (5). It has been well established
that the treatment response to immunotherapy is strongly associ-
ated with tumor TIL abundance, particularly CD8™ T cells, which
play a central role in improving the response to cancer immuno-
therapy (6).

Lymphocyte activation gene 3 (LAG-3) is a type I transmembrane
protein mainly expressed in T cell-based TILs. It has become an
important next-generation immune checkpoint after programmed cell
death protein 1 (PD-1)/programmed death ligand 1 and cytotoxic T
lymphocyte-associated antigen 4 (7). Naive and resting T cells do
not express LAG-3, but activated T cells could upregulate LAG-3
expression (8,9). Thus, LAG-3 expression upregulation correlates
with the early phase of T cell activation, as observed in lung cancer
patients (7,9,10). The Food and Drug Administration approved the
first LAG-3 immune checkpoint inhibitor (ICI; relatlimab) in combi-
nation with nivolumab for cancer immunotherapy in 2022 (/7). Clin-
ical studies showed that relatlimab combined with nivolumab
significantly improved progression-free survival compared with nivo-
lumab monotherapy in NSCLC (8,12). Moreover, a high level of
LAG-3-expressing (LAG-3") TILs was shown to be an independent
positive prognostic factor in stage I-IIIB lung cancer patients (9).
Hence, LAG-3" TILs may be a useful biomarker for identifying the
immunotherapy response at early times.

PET/CT has been extensively applied in clinical molecular
imaging for tumor theranostics (/3). PD-1/programmed death
ligand 1-targeted PET has been used to predict the response to
ICIs and has been shown to be superior to immunohistochemistry
(14). Recent imaging studies focused on early-stage immune bio-
markers (OX-40 and inducible costimulator) (/5,16) and down-
stream biomarkers (interleukin 2 and granzyme B) of the immune
reaction (/7,18). These studies demonstrated potential in assessing
the tumor immunotherapy response, particularly conspicuous for
granzyme B PET (/9). However, a weak correlation was also
reported in a clinical trial (20). Effort needs to be put toward
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developing novel molecular imaging biomarkers for evaluating
immunotherapy.

C25, a 9-amino-acid cyclic peptide (CYVPMTYRAC), was iden-
tified recently as having a high affinity for both human and murine
LAG-3 (21). As is well known, peptide-based molecular imaging
has been widely studied due to multiple advantages, including
favorable pharmacokinetics and easy modification and radiolabel-
ing (22). In this study, we report a LAG-3—targeted molecular
imaging probe, [*®Ga]Ga-NOTA-C25, and assessed the feasibility
of [%8Ga]Ga-NOTA-C25 PET in detecting LAG-3" TILs and
monitoring the treatment response to monotherapy in lung cancer
tumor models.

MATERIALS AND METHODS

Synthesis and Characterization of [(®Ga]Ga-NOTA-C25

The precursor NOTA-C25 was rationally designed and synthesized.
NOTA-C25 (50.37 pg; 0.038 pmol) was added to [**Ga]GaCl; (296
MBq in 0.6 mL of 0.05 M HCI), and the pH was adjusted to 4.6 for
radiolabeling. The reaction mixture was purified with a C18 cartridge
by radio-thin-layer chromatography to obtain [*®Ga]Ga-NOTA-C25
for quality control and stability. The specific activity of [**Ga]Ga-
NOTA-C25 was calculated on the basis of radiolabeling records (n =
3). Under the same protocol, [**Ga]Ga-NOTA-scrambled C25 was also
prepared for subsequent in vitro and in vivo assays. More details are
provided in the supplemental materials (supplemental materials are
available at http://jnm.snmjournals.org).

Immune Stimulation for Flow Cytometry and Cell Uptake
Immune cells from C57BL/6 mice and human peripheral blood
mononuclear cells (hPBMCs; catalog no. HPA01091; Hope Bio-
technology) were used. Immune stimulation with an activation cock-
tail (catalog no. 423301; BioLegend) on C57BL/6 mouse—derived
immune cells and phytohemagglutinin-M (catalog no. 11082132001;
Sigma) on hPBMCs was performed for flow cytometry analysis
of LAG-3 and CDS8. Cell uptake of [*®Ga]Ga-NOTA-C25 or
[°*Ga]Ga-NOTA-scrambled C25 (0.037 MBg/mL; 6.788 X 10~° uM)
was performed by blocking assays with non-
radiolabeled C25 (9.613 X 10°° M) and

approximately 7.4 MBq of [**Ga]Ga-NOTA-C25 or [**Ga]Ga-NOTA-
scrambled C25 (~1.8 pg in 100 wL; 0.0014 wmol; with a specific
activity of 545 * 0.25 [mean = SD] GBg/pmol) via the tail vein.
PET/CT scanning and biodistribution were performed at different time
points after injection of the probe. In blocking assays, C25 peptide
(100 pg in 100 pL; 0.0961 pwmol) or 200 g (in 100 wL; 0.0014 pwmol)
of antimouse LAG-3 antibody (catalog no. BE0174; Bioxcell) was coin-
jected with [®Ga]Ga-NOTA-C25 into CMT-167— and KLN-205-bearing
mice for blocked PET and biodistribution (23). Furthermore, PET/CT
imaging and biodistribution based on [**Ga]Ga-NOTA-scrambled C25
were also performed in KLN-205 models with the same protocol as that
mentioned earlier. Detailed information is provided in the supplemental
materials.

In Vivo PET for Monitoring Immunotherapy

When the tumor volume reached 50-100 mm® at 10 d after trans-
plantation, LLC models were randomly divided into 4 groups (n = 6)
for receiving immunotherapy with anti-PD-1 antibody (aPD-1; intra-
peritoneal administration of 10 mg/kg of body weight), an agonist of a
stimulator of interferon genes (STING) (benzothiophene oxobutanoic
acid (MSA-2); subcutaneous administration of 25 mg/kg of body
weight), combination therapy (aPD-1 + MSA-2), and phosphate-
buffered saline (PBS) as a control. Tumor volume and survival time
were recorded. [*®Ga]Ga-NOTA-C25 PET/CT was performed at days 4
and 13 during treatment, and animals were euthanized to collect
tumors, tumor-draining lymph nodes (TDLN), spleen, and thymus for
biodistribution or flow cytometry detection of CD8* LAG-3" T cells.
Detailed protocols are provided in the supplemental materials.

LAG-3 PET in Immune System-Humanized NSCLC Models
Immune system—humanized NSCLC models were established in
H460 tumor models by injecting hPBMCs and not injecting hPBMCs
as an immunodeficient control, with flow cytometry verification of the
proportion of hCD3* hCD45™ lymphocytes as previously published
(24,25). [°®Ga]lGa-NOTA-C25 PET/CT was performed as described
earlier. More details are provided in the supplemental materials.

anti-LAG-3 antibody (aLAG-3; 1333 X
1077 wM) to test probe specificity. Detailed
protocols are provided in the supplemental
materials.

A

Cells and Animal Models

Cells (murine lung cancer: CMT-167, i
KLN-205, and Lewis lung carcinoma (LLC); =
human lung cancer: H460) were cultured at
37°C with 5% CO, to prepare animal models
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by subcutaneous transplantation in the right T
shoulder at different densities. Tumor vol- e
ume was measured every other day using a
caliper, and tumor volume was calculated as
(length X width?)/2. All animal protocols

were approved by the Animal Care Commit-
tee at the Fourth Hospital of Harbin Medical
University. More details are provided in the
supplemental materials.
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When the tumor volume reached about

FIGURE 1.

(A) Radiochemical synthesis of [*®Ga]Ga-NOTA-C25. (B) Flow cytometry and quantita-

300 mm®, CMT-167, KLN-205, and LLC
tumor—bearing mice were injected with

26

tive analysis of CD8™ LAG-3" in murine immune cells that were activated or resting. (C) Cell uptake
of [*®Ga]Ga-NOTA-C25 (6.788 x 10~ ° wM) in murine immune cells with blocking assays by nonradio-
labeled C25 (9.613 X 107° uM) and «LAG-3 (1.333 X 1077 wM). n = 3. **P < 0.01. ***P < 0.0001.
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RESULTS

Synthesis and In Vitro Characterization
of [®®Ga]Ga-NOTA-C25

NOTA-C25 was obtained with a purity
of 98.54% and confirmed through high-
resolution mass spectrometry to have a
molecular weight of 1325.5541 (Suppl.
Fig. 1). [®®Ga]Ga-NOTA-C25 was effi-
ciently radiolabeled, with a radiochemical
yield of greater than 85% and a radiochem-
ical purity of greater than 99% (Fig. 1A;
Suppl. Fig. 2A). The molar activity of
[®3Ga]Ga-NOTA-C25 was calculated as
5.45+ 0.25 GBg/pumol. [*®Ga]Ga-NOTA-
C25 remained stable in both serum and
PBS for at least 240 min of incubation
(Suppl. Fig. 2). The oil-water partition coeffi-
cient was determined to be —3.550 + 0.311,
indicating the probe’s hydrophilicity. In addi-
tion, [®Ga]Ga-NOTA-scrambled C25 was
prepared using the same protocol as that
mentioned earlier and served as a scram-
bled probe in subsequent experiments.

Immune stimulation and cell uptake
experiments were performed on murine
CD8™ T cells. Results showed that CD8™
T cells exhibited significantly higher
LAG-3 expression after stimulation than

i_' resting groups (P < 0.01) (Fig. 1B), as

Bralve

detected by flow cytometry. Consistently,
stimulation-activated CD8" T cells exhib-
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ited higher [°®Ga]Ga-NOTA-C25 uptake
than resting groups, and the uptake in acti-
vated groups could be specifically blocked
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FIGURE 2. Representative PET/CT images and quantitative analysis in KLN-205, CMT-167, and
LLC tumor-bearing mice at 30, 60, and 120 min after injection of [?®Ga]Ga-NOTA-C25 with blocking
assays by nonradiolabeled C25 (100 ng in 100 wL; 0.0961 wmol). Yellow arrows indicate tumor.

n=3."P <0.05."P < 0.01. **P < 0.001. ***P < 0.0001.

Immunofluorescence Staining

Tumor sections from different murine tumor models, treated ani-
mals, or humanized animal models were fixed for immunofluorescence
staining of CD3 and LAG-3. Detailed protocols are provided in the
supplemental materials.

In Vivo Biologic Activity Experiments

LLC subcutaneous xenograft mouse models were established. When the
tumor volume reached 200-300 mm® , LLC tumor models were divided
into 3 groups for injection with [*®*Ga]Ga-NOTA-C25 (7.4 MBg; 1.8 pg in
100 nL; 0.0014 pmol), a blocking dose of C25 (100 g in 100 wL;
0.0961 pmol), and PBS as a control. Samples of peripheral blood, spleen,
and tumor were harvested from these 3 groups at 1 and 48 h after injection
for flow cytometry tests of CDS8" ~y-interferon—positive percentages.
Detailed information is provided in the supplemental materials.

Statistical Analysis

All data analysis was performed on GraphPad Prism 9.0 (GraphPad
Software). A 1- or 2-way ANOVA and an unpaired 2-tailed Student 7 test
were used for statistical analysis when appropriate. Results are presented

LAG-3 PET ForR MONITORING IMMUNOTHERAPY ~ *

by coincubation with nonradiolabeled
C25 peptide and aLAG-3 (P < 0.0001)
(Fig. 1C). However, there was no signifi-
cant difference in cell uptake of [*®Ga]Ga-
NOTA-scrambled C25 among activated,
resting, and blocked groups of immune cells, corroborating the
specificity of [*®Ga]Ga-NOTA-C25 for LAG-3 (Suppl. Fig. 3).

Imaging LAG-3" TILs In Vivo by [*®Ga]Ga-NOTA-C25 PET
[**Ga]Ga-NOTA-C25 PET was used to detect LAG-3* TILs
in vivo in CMT-167, KLN-205, and LLC tumor models. Representa-
tive PET/CT images and quantitative analysis are showed in Figure 2.
[8Ga]Ga-NOTA-C25 could reach whole-body distribution as early as
30min after injection and showed “fast-in” and “fast out” trends,
with gradually reduced uptake over time in all tumors. Tumor uptake
of [®¥Ga]Ga-NOTA-C25 was highest in KLN-205 tumors, moderate
in CMT-167 tumors, and at baseline levels in LLC tumors, with simi-
lar trends in tumor/muscle ratios. Blocking PET with nonradiolabeled
C25 showed that the tumor uptake and tumor/muscle ratio could both
be significantly decreased in CMT-167 and KLN-205 tumor models;
however, a greater impact of blocking was observed in the latter.
Biodistribution (Suppl. Fig. 4; Suppl. Fig. 5; Suppl. Table 1) showed
consistent trends and confirmed the PET results. Differences in
[8Ga]Ga-NOTA-C25 distribution among CMT-167, KLN-205, and
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Agonists in Lung Cancer

The ability of [**Ga]Ga-NOTA-C25
PET to monitor LAG-3" TIL dynamics
was assessed in LLC tumors, which were
determined to be immune “cold” as
described earlier. [*®Ga]Ga-NOTA-C25
PET was performed at days 4 and 13 to
monitor LAG-3" TIL dynamics (Fig. 3A).
At day 4, tumor uptake of [*®Ga]Ga-
NOTA-C25 in the MSA-2 and MSA-2 +
aPD-1 groups was significantly increased
compared with that in the aPD-1 or PBS
group (Fig. 3B). A similar trend was
observed at day 13. However, MSA-2
could induce incremental immune stimula-
tion, as revealed by higher tumor uptake in
the MSA-2 group (1.30 = 0.22 percentage
injected dose [%ID]/g) and the MSA-2 +
aPD-1 group (1.85 %= 0.41 %ID/g) at day
13 than at day 4 (P < 0.05). Interestingly,
the spleen could be clearly visualized by
PET at day 13 in the MSA-2 + aPD-1
and MSA-2 groups, suggesting that the
STING agonist or a combination with
oPD-1 may increase peripheral immune
activation (Fig. 3B).

These results were corroborated by the ex
vivo biodistribution (Fig. 3C). Specifically,

o = o &
& < & >
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FIGURE 3. (A) Time line of immunotherapy and PET imaging in LLC tumor—bearing mice. (B) Repre-

higher probe uptake was observed in tumors,
TNLD, and spleen in the MSA-2 + aPD-1

sentative [*3Ga]Ga-NOTA-C25 PET/CT and quantitative analysis in LLC models treated with PBS,
aPD-1, MSA-2, and aPD-1 + MSA-2 at days 4 and 13. Yellow arrows indicate tumor. Red arrows
indicate spleen. (C) Biodistribution in tumor and main immune organs excised from LLC models at

and MSA-2 groups than in the aPD-1 or
PBS group at day 4 and even more obvi-

days 4 and 13.n = 6. *P < 0.05. P < 0.01. ™P < 0.001. ***P < 0.0001.

LLC tumors demonstrated the potential of LAG-3 PET in detecting
tumor immune microenvironment heterogeneity.

aLAG-3-blocked PET at 60 min after injection (Suppl. Figs. 4B
and 4C) showed reductions in the tumor uptake and tumor/muscle
ratio similar to those seen with C25-blocked PET in both CMT-167
and KLN-205 tumor models. Biodistribution results were consistent
with PET results (Suppl. Fig. 5; Suppl. Table 2). However, KLN-
205 tumors merely showed a baseline uptake of [*®Ga]Ga-NOTA-
scrambled C25 at all time points, and the biodistribution of
[*®Ga]Ga-NOTA-scrambled C25 in KLN-205 tumors at 60 min
after injection also confirmed the PET results (Suppl. Fig. 6). These
results indicated the specificity of [*®Ga]Ga-NOTA-C25 in vivo.
Moreover, there was a good correlation of [**Ga]Ga-NOTA-C25
uptake between biodistribution and PET results for KLN-205,
CMT-167, and LLC tumors (Suppl. Fig. 7).

Immunostaining results (Suppl. Fig. 8) showed that CD3" LAG-3"
fluorescence intensity was more abundant in CMT-167 and KLN-205

ously at day 13. These results further indi-

cated that MSA-2-based treatment caused

incremental immune stimulation over time.
Flow cytometry analysis at day 13 also showed that the STING ago-
nist induced significant immune responses in the MSA-2 + aPD-1
and MSA-2 groups, as revealed by a higher abundance of CD8"
LAG-3" T cells in tumors, TDLN, and spleen in these groups than in
the aPD-1 or PBS group (Fig. 4). Moreover, there was a good corre-
lation between [*®Ga]Ga-NOTA-C25 PET and CD8" LAG-3" T cell
levels in tumors at day 13 for the combination therapy and PBS
groups (Suppl. Fig. 9). Immunostaining of LAG-3 and CD3 on tumor
sections at day 13 showed trends similar to those seen with PET,
thereby confirming that MSA-2 + aPD-1 and MSA-2 could induce
higher infiltration of LAG-3" TILs than o«PD-1 or PBS (Fig. 5).

LAG-3 PET Imaging for Monitoring Immunotherapy

Having demonstrated that [*®Ga]Ga-NOTA-C25 PET can accu-
rately monitor LAG-3" TIL upregulation during immunotherapy,
we subsequently analyzed its value in estimating the immunotherapy
response and survival benefit in lung cancer. Tumor volume changes
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Consistently, activated hPBMCs exhibited
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higher [%3Ga]Ga-NOTA-C25 uptake than
resting hPBMCs (P < 0.01) (Fig. 7B) and
could be specifically blocked by nonradiola-
beled C25 (P < 0.05). Next, we assessed
the in vivo targeting of [*®Ga]Ga-NOTA-

lowng

(€25 to hLAG-3" TILs in human NSCLC

H460 tumor—bearing mice established with
a humanized immune system (H460-HIS),
using immunoincompetent H460 models as
controls. The establishment of the H460-
HIS and H460 models was verified by flow
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cytometry analysis (Suppl. Fig. 13) as previ-
ously reported (24). Representative PET/CT
images and quantitative analysis (Fig. 7C)
showed that H460-HIS tumors exhibited
higher tumor uptake than H460 tumors
(P < 0.05). H460-HIS showed the highest
tumor/muscle ratio at 60 min (20.23 = 2.05),
significantly higher than that of H460
(1098 =0.75) (P < 0.01). H460 also
showed lower background radioactivity than
H460-HIS due to the lack of hLAG-3"
TILs. These results further indicated the
accuracy of [*Ga]Ga-NOTA-C25 PET in
detecting hLAG-3" TILs.

Consistent with the PET results, hLAG-
3% TIL levels were significantly higher in
H460-HIS tumors than in H460 tumors, as
detected by flow cytometry and immunos-
taining (Suppl. Fig. 14). In the biodistribu-
tion analysis (Suppl. Table 3), H460-HIS

NIdL

TDLN

FIGURE 4. Flow cytometry detection of CD8"LAG-3" T cells and quantitative analysis in tumor,
spleen, and TDLN excised from LLC tumor models at day 13. n = 6. *P < 0.05. *P < 0.01.

***P < 0.001. **P < 0.0001.

and survival (excluding animal death or animal condition beyond
the ethical standard) during treatment were recorded for the afore-
mentioned treatment groups (Fig. 6A; Suppl. Fig. 10A). Tumor vol-
ume increased significantly faster in the PBS and oPD-1 groups
than in the MSA-2 and MSA-2 + aPD-1 groups. Importantly, these
differences in tumor size were detectable from day 6, whereas dif-
ferences in tumor uptake measured by [*Ga]Ga-NOTA-C25 PET
could be discerned as earlier as day 4. These results showed that
LAG-3 PET can monitor the early response to immunotherapy
before tumor size changes. The MSA-2 + aPD-1 group exhibited
the best survival with the longest time, more than 47 d, significantly
longer than those of the PBS group (P < 0.01) and the oPD-1
group (P < 0.05) (Fig. 6B). Similar trends were observed in the
MSA-2 group. There was no significant weight loss during treat-
ment (Suppl. Fig. 10B). In addition, we confirmed that the dosages
of the probe and blocking C25 could not induce immunostimulatory
effects (Suppl. Fig. 11). Overall, these findings suggested that LAG-
3 PET was a promising molecular imaging approach for monitoring
immunotherapy in lung cancer by visualizing the immunophenotyp-
ing transition in tumors from immune “cold” to immune “hot.”

LAG-3 PET in Immune System-Humanized NSCLC
Stimulation-activated hPBMCs expressed higher hCD8 " hLAG-
3" than resting hPBMCs (P < 0.01) (Suppl. Fig. 12; Fig. 7A).
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tumors also exhibited higher tumor uptake
than H460 tumors (P < 0.05). Similar
trends were observed in major lymphoid
organs. These results indicated the excel-
lent performance of [**Ga]Ga-NOTA-C25
PET in noninvasively detecting hLAG-3" TILs and highlighted
the clinical translational potential of [*®Ga]Ga-NOTA-C25 PET
for monitoring immunotherapy in lung cancer patients.

DISCUSSION

Under immunosurveillance and selective pressure of the host
immune system, tumor cells experience a transition from elimina-
tion to equilibrium and, finally, to immune escape (26,27). Immu-
notherapy strategies have been developed to overcome the escape
mechanism and reactivate the host immune system to eliminate
tumor cells; these include ICIs, cancer vaccines, and adoptive
immune cell therapy. Among these, ICIs have raised the most
research interest over the past decade, leading to significant
advances in the field (6,28). To date, 8 ICIs have been approved
by the Food and Drug Administration; these include the first
approved LAG-3 ICI in combination with nivolumab (/7,29).
However, a low response rate was reported for all ICIs (30,31).
Thus, the development of approaches for the early identification of
responders in the precise management of immunotherapy is criti-
cal. Studies showed that molecular imaging is an excellent tool for
noninvasively monitoring the immunotherapy response (32). Since
LAG-3 is a promising next-generation immune checkpoint, when
effective immunotherapies relieve immunosuppression and expose
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tumor antigens to the immune system,
LAG-3 may upregulate specifically in
TILs, particularly in CD8* T cells
(7,10,33); therefore, it may be an ideal
molecular imaging biomarker for monitor-
ing the early immunotherapy response.
Compared with previously reported LAG-
3 single-domain antibody—based micro-
SPECT imaging (34), in the present study,
we reported a LAG-3-specific peptide-
based PET agent and acquired clear
images with a clinical scanner in both
mice and humanized mouse models. In par-
ticular, we verified the feasibility of LAG-3
PET for monitoring the early response to
immunotherapy in lung cancer, providing
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molecular imaging marker in cancer immu-
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tissue sections from LLC models at day 13. Blue = DAPI. Green = CD3. Red = LAG-3. Scale bar,

50 pm.n = 3."P < 0.05. P < 0.01. **P < 0.001. ***P < 0.0001.
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FIGURE 6. (A) Tumor growth curves of LLC tumor-bearing mice treated

with PBS, aPD-1, MSA-2, and aPD-1 + MSA-2. (B) Survival analysis
of LLC models for different groups. n = 6. *P < 0.05. **P < 0.01.
P < 0.0001.
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response in solid tumors by enhancing
immune infiltration, particularly in immune
“cold” tumors (36-38). Hence, in the pre-
sent study, LLC tumors infiltrated with low
levels of LAG-3" TILs were selected for
STING agonist-based immunotherapy. Our results showed that
MSA-2-based immunotherapy was effective; importantly,
[*8Ga]Ga-NOTA-C25 PET could detect a tumor immunophenotyp-
ing transition from “cold” to “hot”—an early immunotherapy
response—before tumor size changes. In addition, animals carrying
LAG-3 PET—detected “hot” tumors exhibited significant tumor
growth retardation and longer survival. In contradistinction, “cold”
tumors progressed rapidly, with shorter survival. Above all, our
results demonstrated that LAG-3 PET is reliable for monitoring the
early immunotherapy response in lung cancer. However, we noted
that lung uptake of [*8Ga]Ga-NOTA-C25 could be blocked in both
PET and biodistribution analyses; this condition might have been
caused by immune cells residing in the lungs, recruited immune
cells, and a complex immune microenvironment.

Rapid tumor accumulation and background clearance of
[®8Ga]Ga-NOTA-C25 promoted optimal PET imaging. However,
longitudinal studies may need to focus on improving the specifi-
city of the peptide-based probe. The fact that high-resolution
small-animal PET/CT was not used here may have limited the
imaging of smaller organs, such as TDLN. However, clear images
obtained from clinical PET/CT with wide fields of view were
undoubtedly beneficial for clinical translation. In addition, LAG-3
PET may also play a significant role in guiding the application of
Food and Drug Administration—approved LAG-3—based combina-
tion therapy for cancer treatment.
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CONCLUSION

[®8Ga]Ga-NOTA-C25 PET is a reliable approach to noninva-
sively detecting LAG-3" TILs with excellent clinical translation
potential. [°®Ga]Ga-NOTA-C25 PET can visualize the tumor
immunophenotyping transition from “cold” to “hot” under effec-
tive immunotherapy and may be used to stratify lung cancer
patients for the early identification of immunotherapy responders.

KEY POINTS

QUESTION: Can LAG-3 PET be used to monitor the early
response to immunotherapy in lung cancer?

PERTINENT FINDINGS: [*3Ga]Ga-NOTA-C25 PET could detect a
tumor immunophenotyping transition during immunotherapy by
targeting LAG-3™ TILs and was a reliable approach for monitoring
the early treatment response before tumor size changes.

IMPLICATIONS FOR PATIENT CARE: [*®Ga]Ga-NOTA-C25 PET
showed excellent clinical translation potential and is a promising
noninvasive imaging method for monitoring the immunotherapy
response to provide precise management of immunotherapy in
lung cancer patients.
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Preclinical Evaluation of Minigastrin Analogs and
Proof-of-Concept [**Ga]Ga-DOTA-CCK-66 PET/CT
in 2 Patients with Medullary Thyroid Cancer

Thomas Giinther*', Nadine Holzleitner*', Oliver Viering2 , Roswitha Beck', Georgine Wienand?, Alexander Dierks?,
Christian H. Pfob?, Ralph A. Bundschuh?, Malte Kircher?, Constantin Lapa®, and Hans-Jiirgen Wester'

! Department of Chemistry, Chair of Pharmaceutical Radiochemistry, TUM School of Natural Sciences, Technical University of Munich,
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Because of the need for radiolabeled theranostics for the detection and
treatment of medullary thyroid cancer (MTC), and the yet unresolved sta-
bility issues of minigastrin analogs targeting the cholecystokinin-2 recep-
tor (CCK-2R), our aim was to address in vivo stability, our motivation
being to develop and evaluate DOTA-CCK-66 (DOTA-y-glu-PEG3-Trp-
(N-Me)Nle-Asp-1-Nal-NH,, PEG: polyethylene glycol) and DOTA-CCK-
66.2 (DOTA-glu-PEGs;-Trp-(N-Me)Nle-Asp-1-Nal-NHy), both derived
from DOTA-MGS5 (DOTA-glu-Ala-Tyr-Gly-Trp-(N-Me)Nle-Asp-1-Nal-
NH,), and clinically translate [©®Ga]Ga-DOTA-CCK-66. Methods: ®‘Cu
and %"Ga labeling of DOTA-CCK-66, DOTA-CCK-66.2, and DOTA-
MGS5 was performed at 90°C within 15min (1.0M NaOAc buffer, pH
5.5, and 2.5 M 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid buffer,
respectively). "’ Lu labeling of these 3 compounds was performed at
90°C within 15min (1.0M NaOAc buffer, pH 5.5, 0.1 M sodium ascor-
bate). CCK-2R affinity of "Ga/*Cu/™'Lu-labeled DOTA-CCK-66,
DOTA-CCK-66.2, and DOTA-MGS5 was examined on AR42J cells. The
in vivo stability of "7 Lu-labeled DOTA-CCK-66 and DOTA-MGS5 was
examined at 30min after injection in CB17-SCID mice. Biodistribution
studies at 1 h (¥’ Ga]Ga-DOTA-CCK-66) and 24 h ("7 Lu]Lu-DOTA-CCK-
66/DOTA-MGS5) after injection were performed on AR42J tumor—
bearing CB17-SCID mice. In a translation to the human setting,
[®®Ga]Ga-DOTA-CCK-66 was administered and whole-body PET/CT
was acquired at 120 min after injection in 2 MTC patients. Results: Irre-
spective of the metal or radiometal used (copper, gallium, lutetium), high
CCK-2R affinity (half-maximal inhibitory concentration, 3.6-6.0nM) and
favorable lipophilicity were determined. In vivo, increased numbers of
intact peptide were found for ['”"Lu]Lu-DOTA-CCK-66 compared with
["LuLu-DOTA-MGS5 in murine urine (23.7% =+ 9.2% vs. 77.8% =+
2.3%). Overall tumor-to-background ratios were similar for both 77Lu-
labeled analogs. [F"Ga]Ga-DOTA-CCK-66 exhibited accumulation (per-
centage injected dose per gram) that was high in tumor (19.4 + 3.5) and
low in off-target areas (blood, 0.61 = 0.07; liver, 0.31 = 0.02; pancreas,
0.23 + 0.07; stomach, 1.81 = 0.19; kidney, 2.51 = 0.49) at 1 h after injec-
tion. PET/CT examination in 2 MTC patients applying [®*Ga]Ga-DOTA-
CCK-66 confirmed multiple metastases. Conclusion: Because of
the high in vivo stability and favorable overall preclinical performance
of 5" Ga]Ga-/[""""Lu]Lu-DOTA-CCK-66, a proof-of-concept clinical
investigation of [®®Ga]Ga-DOTA-CCK-66 was completed. As several
lesions could be identified and excellent biodistribution patterns were
observed, further patient studies applying [®Ga]Ga- and ['""Lu]Lu-
DOTA-CCK-66 are warranted.
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Despite progress in cancer treatment, metastasis still accounts
for more than 90% and remains the primary cause of cancer death
(I). For medullary thyroid cancer (MTC), which accounts for less
than 3% of all thyroid cancers, the 10-y survival rate for patients
who already had distant metastases at initial diagnosis was only
40% (2,3). Because of the limited role of conventional therapies in
metastatic MTC not amenable to local treatment (4,5), and given
the fact that tyrosine kinase inhibitors including antiangiogenic as
well as selective RET (rearranged during transfection) inhibitors—
though effective—can cause significant toxicity or induce resis-
tance (6,7), alternative treatment options for early detection of
MTC are needed. Elevated basal calcitonin plasma levels are com-
mon in MTC patients and can be measured after calcium or penta-
gastrin stimulation testing (8,9). Patients with confirmed elevated
calcitonin levels usually undergo PET imaging using, for example,
3,4-dihydroxy-6-[ '®F]fluoro-L-phenylalanine (['®F]F-DOPA), given
the neuroendocrine origin of MTC cells (/0). Despite good detection
rates using ['*F]F-DOPA PET/CT for primary and metastatic MTC,
an even improved sensitivity at lower calcitonin levels would be
desirable (/1-13). Moreover, even if metastases are accurately identi-
fied by ['®F]F-DOPA PET/CT, there is no therapeutic analog avail-
able for this compound for subsequent radioligand therapy.

The cholecystokinin-2 receptor (CCK-2R) has been shown to be
overexpressed on most MTC cells, thus promoting the development
of several different compounds addressing this target over the last
few years (/4-18). CCK-2R ligands carrying a DOTA chelator can
be used for imaging (®Ga-labeled) or radioligand therapy (}”’Lu-
labeled)—an advantage over ['®F]F-3,4-dihydroxyphenylalanine
(DOPA). Apart from %Ga, 5*Cu could be an interesting alternative
for PET imaging because of its favorable half-life (12.7 h) and posi-
tron energy (653 keV), enabling later imaging time points and high
spatial resolution (/9). However, the low metabolic stability of
minigastrin derivatives targeting CCK-2R is still a problem that
affects therapeutic efficacy. Several cleavage sites were reported
for minigastrin analogs (Tyr-Gly, Gly-Trp, and Asp-Phe) (20), of
which some were chemically addressed in DOTA-MGSS5 (DOTA-
glu-Ala-Tyr-Gly-Trp-(NV-Me)Nle-Asp-1-Nal-NH,, Fig. 1) (21). In vivo
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FIGURE 1. Chemical structures of compounds evaluated. All comprise same C-terminal tetrapep-
tide binding motif and N-terminal DOTA chelator but differ in linker section. Orange = Ala-Tyr-Gly
sequence; green = PEG3 moiety; blue = «-bridged p-glutamic acid moiety; violet = y-bridged p-glu-

naV177 ) are provided in the supplemental
materials. [**Cu]CuCl, was purchased from
DSD-Pharma GmbH. [*’Ga]GaCl; was
acquired from Curium. ['"’Lu]LuCl; was
purchased from ITM Isotope Technologies
Munich SE.

The synthesis of [*®Ga]Ga-DOTA-CCK-
66 for human PET/CT studies was completed
in agreement with good manufacturing prac-
tices using a good-radiopharmaceutical-practice
module (Scintomics GmbH) equipped with an
SC-01 gallium peptide labeling kit (ABX).
[*®Ga]GaCl; was obtained from a ®*Ge/**Ga-
generator (GalliAD; IRE Elit Radiopharma). A
900 + 300 MBq activity of the **Ga-eluate
was combined with a solution of the DOTA-
CCK-66 precursor (50 pg) and NaOAc buffer
in the reactor and heated. Afterward, the solu-
tion was transferred onto a Sep-Pak C18 Light

tamic acid moiety.

properties in animals and first patient data thus looked promising
for [*3Ga]Ga-DOTA-MGSS (21,22).

However, particularly the cleavage sites Tyr-Gly and Gly-Trp are
still not addressed in this compound. Therefore, we recently reported
on a series of CCK-2R ligands in which we substituted the N-terminal
L-amino acids in DOTA-MGSS5 (H-glu-Ala-Tyr-Gly) by simple poly-
ethylene glycol (PEG) linkers. Interestingly, we observed a lower
in vitro stability in human serum (23), although the introduction of
PEG linkers usually increases stability (24). Because negative charges
at the N-terminus of minigastrin analogs seem to increase metabolic
stability (25), we introduced either a y-p-glutamic acid (y-glu) or a
a-D-glutamic acid (glu) moiety between the DOTA chelator and the
PEG; linker of DOTA-CCK-64 (DOTA-PEG;-Trp-(N-Me)Nle-
Asp-1-Nal-NH;), which resulted in DOTA-CCK-66 (DOTA-y-glu-
PEG;-Trp-(N-Me)Nle-Asp-1-Nal-NH,) and DOTA-CCK-66.2
(DOTA-glu-PEG;-Trp-(N-Me)Nle-Asp-1-Nal-NH,) (Fig. 1). Further-
more, this study aimed to elucidate whether this simple modification
could tackle the stability issues observed in previous studies. Hence,
a comparative preclinical evaluation of DOTA-CCK-66, DOTA-
CCK-66.2, and DOTA-MGSS, each labeled with ["***Cu]copper,
[V Ga]gallium, or ["'"’Lu]lutetium, encompassed the determina-
tion of CCK-2R affinity (half-maximal inhibitory concentration [ICsg])
on AR42J cells, lipophilicity (expressed as n-octanol/phosphate-
buffered saline distribution coefficient [logD-4]), human serum albu-
min binding, in vivo stability, and biodistribution studies on AR42J
tumor-bearing mice. Moreover, we selected [**Ga]Ga-DOTA-CCK-
66 for proof-of-concept PET/CT examinations in 2 MTC patients.

MATERIALS AND METHODS

Synthesis and Labeling Procedures

Precursor synthesis was conducted via solid-phase peptide synthesis
using an H-Rink Amide ChemMatrix resin (loading, 0.55 mmol/g;
Sigma-Aldrich Chemie GmbH). Characterization of all compounds is
provided in Supplemental Figures 1-9 (supplemental materials are avail-
able at http://jnm.snmjournals.org). Purification was accomplished via
reversed-phase high-performance liquid chromatography (RP-HPLC).

%4Cu- and '""Lu-labeling of DOTA-CCK-66, DOTA-CCK-66.2,
and DOTA-MGSS5 was completed using an established protocol (26).
%’Ga-labeling of these 3 compounds was performed analogously using
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (2.5 M in H,0)
buffer. Detailed descriptions of all labeling procedures ("V*3Ga, "™V**Cuy,
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cartridge (Waters) for purification. The car-

tridge was washed with water and eluted with
ethanol, and the solution was diluted with phosphate-buffered saline. Sub-
sequently, sterile filtration was completed using a Millex-GV filter (Merck
KGaA). Quality control was conducted using thin-layer chromatography
(NH4OAc/MeOH; Agilent) and HPLC measurement against the corre-
sponding reference compound, ["*'Ga]Ga-DOTA-CCK-66. Furthermore, a
sterile filter integrity test, a limulus amebocyte lysate, and a postapplica-
tion sterility test were performed.

In Vitro Experiments

The CCK-2R affinity (by means of ICsg) of "“Ga/™'Cu/*Lu-
labeled DOTA-CCK-66, DOTA-CCK-66.2, and DOTA-MGSS5 and
the logDs 4 of ’Ga/**Cu/"""Lu-labeled DOTA-CCK-66, DOTA-CCK-
66.2, and DOTA-MGSS were determined according to a published
procedure (27). Human serum albumin binding of "Ga/™*'Cu/™Lu-
labeled DOTA-CCK-66, DOTA-CCK-66.2, and DOTA-MGSS5 was
determined by high-performance affinity chromatography (Supplemental
Fig. 10), as previously reported (28,29). In vitro stability studies of
"""Lu-labeled DOTA-CCK-66, DOTA-CCK-66.2, and DOTA-MGSS in
human serum were completed in analogy to a published procedure (30).
A detailed description of in vitro experiments is provided in the supple-
mental materials.

In Vivo Experiments

Animal Experiments. All animal experiments were approved by
the General Administration of Upper Bavaria (ROB-55.2-1-
2532.Vet_02-18-109) and completed using a previously published pro-
tocol (26). All animal studies were in compliance with the ARRIVE
(Animal Research: Reporting of In Vivo Experiments) guidelines
(supplemental materials).

In vivo stability studies at 30 min after intravenous injection (n = 3)
were completed according to a published procedure using about 30—
40 MBq (1 nmol) of ['7"Lu]Lu-DOTA-CCK-66 and ['”’Lu]Lu-DOTA-
MGSS, respectively, for each animal (26).

For biodistribution studies, approximately 2—4 MBq (100 pmol,
150 pL) of [*’Ga]Ga-DOTA-CCK-66, ['7"Lu]Lu-DOTA-CCK-66, or
['"7Lu]Lu-DOTA-MGS35 were injected into the tail vein of anesthe-
tized (2% isoflurane) 2- to 3-mo-old female AR42J tumor—bearing
CB17-SCID mice (n = 4). Organs were removed and weighed, and
the accumulated radioactivity was measured in a <y-counter (Perkin
Elmer) after euthanasia at 1 h (°’Ga-labeled) and 24 h (!”"Lu-labeled)
after injection.

Imaging studies using [*’Ga]Ga-DOTA-CCK-66, ['"’Lu]Lu-DOTA-
CCK-66, or ["""Lu]Lu-DOTA-MGS5 were performed according to a
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published protocol (26). Static images were recorded at # = 1 and 24 h
after injection (anesthesia by 2% isoflurane, » = 1) with an acquisition
time of # + (45-60 min) using a high-energy general-purpose rat and
mouse collimator via MILabs acquisition software versions 11.00 and
12.26 from MILabs.

For competition studies (» = 2), a 3.03 mg/kg concentration
(40 nmol) of ["*Ga]Ga-DOTA-MGS5 (10> M in phosphate-buffered
saline) was coinjected with [’Ga]Ga-DOTA-CCK-66 (100 pmol), or
a 3.25 mg/kg concentration (40 nmol) of ["Lu]Lu-DOTA-MGS5
(107> M in phosphate-buffered saline) was coadministered with
['"7Lu]Lu-DOTA-CCK-66 (100 pmol).

Acquired data were statistically analyzed using the Student #-test
via Excel (Microsoft Corp.) and OriginPro software (version 9.7; Ori-
ginLab Corp.). Acquired P values of less than 0.05 were considered
statistically significant.

Clinical PET/CT. [*®Ga]Ga-DOTA-CCK-66 was applied for resta-
ging purposes in 2 MTC patients (male, aged 64 y, and female, aged
46 y). Both patients presented with rising calcitonin levels and calcitonin
doubling times shorter than 24 mo at the time of PET/CT imaging, indi-
cating tumor progression. Before CCK-2R—directed imaging, ['*F]F-
DOPA PET/CT had been negative in both subjects, prompting further
diagnostic work-up. The application is allowed by the German Medical
Act (8§13 2b Arzneimittelgesetz), which waives the need for institutional
review board approval. Both patients gave written informed consent after
receiving comprehensive medical information from a board-certified
nuclear medicine physician. All procedures were completed in accor-
dance with the Declaration of Helsinki and its later amendments and the
legal considerations of clinical guidelines. The ethical compliance of this
approach was confirmed by the local Ethics Committee of Ludwig-
Maximilians-Universitat Munchen (approval 23-0627).

A detailed description of the patients’ histories is provided in the
supplemental materials. Both patients underwent [**Ga]Ga-DOTA-
CCK-66 whole-body imaging using a PET/CT scanner (Biograph
mCT 40; Siemens Healthineers) at 120 min after injection of 151 and
193 MBq of [*3Ga]Ga-DOTA-CCK-66 (~18 g each), respectively.
Whole-body CT imaging was performed as auxiliary CT (120 kVp,
40 mAs). PET datasets were reconstructed using a standard protocol pro-
vided by the manufacturer (2 iterations, 21 subsets), corrected for ran-
doms, scatter, decay, and attenuation (using whole-body auxiliary CT).

RESULTS

Synthesis and Radiolabeling

The synthesized precursors were obtained in yields of 3%—7%
(chemical purity > 95%) after RP-HPLC purification. Labeling
using a 2.5-fold excess of ["Ga]Ga(NO;);, [™Lu]LuCls, or
[™Cu]Cu(OAc), resulted in quantitative yields. No purification
step was conducted before in vitro experiments, as no effects of
free metal ions on overall affinity data was observed in previous
experiments (26). '7’Lu, ®’Ga, and ®*Cu labeling of DOTA-CCK-
66, DOTA-CCK-66.2, and DOTA-MGSS5 was performed manu-
ally, each resulting in radiochemical yields and purities of more
than 95% and molar activities of 10-50 GBg/pmol (non—decay-
corrected). All compounds were used without further purification.

The synthesized batches of [*®Ga]Ga-DOTA-CCK-66 used for
proof-of-concept studies in 2 MTC patients yielded 150 = 50 MBq
(~56% mnon—decay-corrected). All specifications were fulfilled.
The pH of the 16-mL solution was 7.5. Both the ™'Ga-labeled refer-
ence compound and the *®Ga-labeled product showed the same reten-
tion times using RP-HPLC. The radiochemical purity determined by
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FIGURE 2. In vitro data of "™¥®Cu-, "*¥®'Ga-, and "®"""Lu-labeled
CCK-2R ligands. Data are expressed as mean * SD. (A) Affinity data
(n = 3) on AR42J cells (2.0 x 10° cells per well) using ['7’Lu]Lu-DOTA-
PP-F11N (0.3 pmol/well) as radiolabeled reference (3 h, 37°C, RPMI 1640,
5mM L-GIn, 5 mL nonessential amino acids [X100], 10% fetal calf serum
+ 5% bovine serum albumin [v/v]). (B) logD74 (n = 6). (C) Human serum
albumin binding as determined by high-performance affinity chromatogra-
phy. n.s. = not significant. *P < 0.05. **P < 0.01. **P < 0.0001.
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['""Lu]Lu-DOTA-MGS5

['"7Lu]Lu-DOTA-MGSS5 displayed signifi-
cantly higher logD; 4 values than ['7"Lu]Lu-
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DOTA-CCK-66 and -66.2 (P < 0.0001).
Both DOTA-CCK-66 and DOTA-CCK-
66.2 exhibited distinctly lower human serum
albumin binding than DOTA-MGSS, irre-
spective of the radiometal used (Fig. 2C;
Supplemental Table 2). In vitro stability
studies in human serum (37°C, 72h)
showed comparable numbers of intact
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but slightly more favorable, in vitro proper-
ties of DOTA-CCK-66 (independent of
the metals used), DOTA-CCK-66.2 was
excluded from further experiments.

In Vivo Characterization
In total, 25 animals were used for in vivo
stability (22X 3), biodistribution (3 X 4),
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studies. Intact compound was similar between
["""Lu]Lu-DOTA-CCK-66 and [’Lu]Lu-
DOTA-MGSS in murine serum (78.5% =
3.1% vs. 82.0% = 0.1%) at 30min after
injection but was higher for ['"’Lu]Lu-
DOTA-CCK-66 than for ['"7Lu]Lu-DOTA-
MGSS in the urine (77.8% * 2.3% vs.
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mice revealed high initial tumor uptake
(1944 =35 percentage injected dose per
gram [%ID/g]) for [¢’Ga]Ga-DOTA-CCK-
66, whereas off-target accumulation in all
organs was less than 2.6 %ID/g at 1h after
injection (Fig. 4A; Supplemental Table 4). At

FIGURE 3.

CCK-66 (B) (quality control in gray).

RP-HPLC was higher than 95%, and the content of unbound
[*®Ga]Ga species was less than 0.8%. Thin-layer chromatography
measurement also revealed less than 0.8% of unbound [**Ga]Ga>" .

In Vitro Characterization

All 3 compounds exhibited high CCK-2R affinity on AR42]J cells
(ICso, 3.6-6.0nM, irrespective of whether "™ Ga-, "™ Cu-, or "™Lu-
labeled; Fig. 2A; Supplemental Table 1). [**Ga]Ga-DOTA-MGSS5
revealed significantly lower ICsy values than ["*Ga]Ga-DOTA-
CCK-66 and -66.2 (P < 0.004), and [*Cu]Cu-DOTA-CCK-66.2
displayed significantly higher ICs, values than [**Cu]Cu-DOTA-
MGSS5 and [*'Cu]Cu-DOTA-CCK-66 (P < 0.03). Distribution coef-
ficients (logD7 4) were in the range of —3.0 to —2.2 for all 3 ligands,
independent of whether ’Ga-, ®*Cu-, or !"’Lu-labeled (Fig. 2B,
Supplemental Table 1). [*’Ga]Ga-DOTA-CCK-66 revealed signifi-
cantly lower logD,4 values than [*’Ga]Ga-DOTA-MGSS and
[*’Ga]Ga-DOTA-CCK-66.2 (P < 0.0001), [**Cu]Cu-DOTA-CCK-
66 exhibited significantly higher logD;, values than [**Cu]Cu-
DOTA-MGS5 and [**Cu]Cu-DOTA-CCK-66.2 (P < 0.0001), and
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In vivo stability of CCK-2R ligands: amount of intact compound at 30 min after injection
(3 each) in murine serum (red) and urine (blue) for ['""Lu]Lu-DOTA-MGS5 (A) and ['7”Lu]Lu-DOTA-
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24h after injection, ['”’Lu]Lu-DOTA-CCK-
66 displayed slightly lower activity levels in
the tumor than did ['"’Lu]Lu-DOTA-MGS5
(8.6 1.1 %ID/g vs. 11.0 £ 1.2 %ID/g, P <
0.02) but also slightly lower off-target activity
retention in most organs (stomach, P < 0.01), which resulted in compa-
rable tumor-to-background ratios overall (Supplemental Tables 4 and 5).

Imaging studies (Fig. 4B) corroborated the biodistribution profiles
well, revealing high activity levels in the tumor and low levels in all
organs for [*’Ga]Ga-DOTA-CCK-66 (1 h after injection), as well as
for ['"’Lu]Lu-DOTA-CCK-66 and ['77Lu]Lu-DOTA-MGS5 (24h
after injection). Competition studies of both [¢’Ga]Ga-DOTA-CCK-
66 (1h after injection) and ['7’Lu]Lu-DOTA-CCK-66 (24h after
injection) using an excess of ["'Ga]Ga-/["Lu]Lu-DOTA-MGS5
confirmed specificity of tumor uptake (Supplemental Fig. 12; Sup-
plemental Table 4).

Because of its overall in vitro and in vivo properties [**Ga]Ga-
DOTA-CCK-66 was selected for proof-of-concept PET/CT appli-
cation in 2 MTC patients.

Proof-of-Concept Study in Humans
[°®Ga]Ga-DOTA-CCK-66-PET showed a favorable biodistribu-

tion, with the highest uptake in tumor lesions and the CCK-2R—

expressing stomach. Besides the kidneys, ureters, and bladder

1 « January 2024
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FIGURE 4. (A) Biodistribution of [*’Ga]Ga-DOTA-CCK-66 (1 h after injec-
tion), as well as ['"’LujLu-DOTA-CCK-66 and ['"’LujLu-DOTA-MGS5
(24 h after injection), in selected organs in AR42J tumor-bearing CB17-
SCID mice (100 pmol each). Data are %ID/g (mean + SD, 4 each). (B)
Maximum-intensity projection of AR42J tumor (arrows)-bearing CB17-
SCID mice (1 each) injected with [*’Ga]Ga-DOTA-CCK-66, as well as
['Lu]Lu-DOTA-CCK-66 and ['""Lu]Lu-DOTA-MGS5 (100pmol each).
Images were acquired at either 1 or 24 h after injection. n.s. = not signifi-
cant; p.i. = after injection. *P < 0.05. **P < 0.01.

(due to excretion), no significant activity levels were found in
other organs. [*®Ga]Ga-DOTA-CCK-66 was well tolerated, and no
side effects or changes in vital signs were observed during the tra-
cer’s slow intravenous injection (~2min) or thereafter (with a
follow-up period of 4 h).

A 64-y-old male patient who had initially undergone thyroidectomy
and cervical lymph node dissection had a long history of disease, with
several local and lymph node recurrences, and presented at the time of
PET/CT imaging with a rising calcitonin level of 110pg/mL and a
calcitonin doubling time of 16mo. On [*®Ga]Ga-DOTA-CCK-66
PET/CT, suggestive CCK-2R—expressing lymph nodes were detected
in the left retroclavicular region and in the upper mediastinum (Fig. 5).
Subsequently, the lymph nodes were surgically resected and histologi-
cally confirmed as lymph node metastases of MTC.

A 46-y-old female patient who had undergone thyroidectomy
and cervical lymph node dissection, as well as external-beam
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radiation of the thyroid bed due to local tumor remnants, showed a
rising calcitonin level of 380 pg/mL and a calcitonin doubling time
of 5mo at the time of PET/CT imaging. [**Ga]Ga-DOTA-CCK-
66 detected several lymph node metastases (bilaterally hilar, right
retroclavicular), liver metastases (in both liver lobes), and bone
metastases (atlas, right eighth rib, right femur, right os ischii)
(Fig. 6). In comparison to the ['*FJFDG PET/CT available for
this patient, [*3Ga]Ga-DOTA-CCK-66 detected additional lymph
node, liver, and bone metastases.

DISCUSSION

Because of the ongoing need for novel and improved treatment
options for MTC patients, several CCK-2R ligands have been
reported over the last few years, particularly compounds addressing
the stability issues of minigastrin derivatives by chemical design
(15-18). In our group, we developed a series of radiohybrid-based
minigastrin analogs that revealed a high activity accumulation in
the tumor but also suffered from elevated kidney retention due
to the presence of a silicon-fluoride acceptor moiety and several
negative charges within the linker section (27,30). Therefore, we
recently focused on shorter CCK-2R ligands and aimed to address
metabolic stability by the introduction of PEG linkers, which, how-
ever, resulted in a lower stability (23). To address this matter in
this study, we made some minor modifications within the linker
sequence of our minigastrin derivatives and completed in vitro and
in vivo evaluations, as well as initiating clinical translation of our
most favorable compound.

Synthesis of the precursors was easily accessible via solid-phase
peptide synthesis, and complexation proceeded quantitatively, irre-
spective of the metal or radiometal used. Because of their struc-
tural similarity, both novel compounds and the reference peptide,
DOTA-MGSS, revealed a comparable CCK-2R affinity and favor-
able logD7 4. On the basis of the similar but slightly more favor-
able in vitro properties of the DOTA-CCK-66 peptide over the
DOTA-CCK-66.2 peptide, we excluded the latter from further
evaluation.

In vivo stability at 30 min after injection was comparable for
both ['"7Lu]Lu-DOTA-CCK-66 and ['7’Lu]Lu-DOTA-MGS5 in
murine serum but distinctly different in murine urine, as the for-
mer revealed a 3-fold higher amount of intact compound than the
reference. This finding suggests that ['7’Lu]Lu-DOTA-CCK-66 is
cleared from the blood mostly intact whereas [!7’Lu]Lu-DOTA-
MGSS is cleared predominantly metabolized. Because of their
structural similarity, this beneficial property can be attributed to
the introduction of a y-glu moiety between the DOTA and the
PEG; linker, because a previous compound that differed from
DOTA-CCK-66 only by the absence of this y-glu unit exhibited a
noticeably lower stability (23). The amount of intact peptide in the
urine even surpassed that of a recently reported CCK-2R ligand,
['""Lu]Lu-DOTA-(GABOB),-3-Ala-Trp-(N-Me)Nle-Asp-1-Nal-NH,,
which also substituted N-terminal amino acids by unnatural moieties
and revealed high in vivo stability (77.8% % 2.3% vs. ~60%) (16).

Because of its high metabolic stability, [¢’Ga]Ga-DOTA-CCK-
66 demonstrated a high accumulation of activity in the tumor at
1 h after injection, whereas off-target accumulation was either low
or cleared rapidly, resulting in low activity levels in all organs, even
in the CCK-2R—expressing stomach. Hence, favorable tumor-to-
background ratios were determined and were approximately 2-fold
higher in all organs than reported for [**Ga]Ga-DOTA-MGSS5 (21).
The more rapid clearance rates corroborate the distinctly lower human
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FIGURE 5. Maximum-intensity projection (left) and fused transaxial slices (right) of 64-y-old male
MTC patient undergoing PET/CT at 2h after intravenous injection of 151 MBq of [*®Ga]Ga-DOTA-
CCK-66. CCK-2R-expressing lymph node metastases could be detected in left retroclavicular region
and in upper mediastinum (arrows).

serum albumin binding observed by high-performance affinity chro-
matography, a finding that might be responsible for the favorably low
activity uptake overall (apart from the tumor). The comparison of
[*¥Ga]Ga-DOTA-MGSS5 and [*®Ga]Ga-DOTA-CCK-66 is a limitation

FIGURE 6. Maximum-intensity projections (left) and fused transaxial sections (right) of 46-y-old
female MTC patient undergoing PET/CT at 2h after intravenous injection of 193 MBq of [*®Ga]Ga-
DOTA-CCK-66. Several lymph node (e.g., right retroclavicular), liver, and bone metastases (e.g., right
femur and right ischium) could be detected (arrows).
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of this study, as biodistribution studies of
these compounds have been performed by
different groups using different mouse
models (BALB/c vs. CB17-SCID) and
tumor models (A431-CCK2R vs. AR42]),
as well as precursor amounts (20 vs.
100 pmol) (27). Comparison of the '"’Lu-
labeled analogs at 24h after injection
using the same modalities revealed similar
tumor-to-background ratios overall, indi-
cating that ['7’Lu]Lu-DOTA-MGSS5 and
['""Lu]Lu-DOTA-CCK-66 might be equiv-
alent in the application for radioligand ther-
apy. However, further clinical investigation
is needed.

On the basis of the favorable preclinical
data of [®7Ga]Ga-DOTA-CCK-66, its
%8Ga-analog was selected for a clinical
proof-of-concept investigation. [**Ga]Ga-
DOTA-CCK-66 PET/CT on 2 MTC
patients at 120 min after injection revealed
high uptake in tumor lesions and the physi-
ologically CCK-2R—expressing stomach.
Furthermore, off-target accumulation was
low, corroborating the biodistribution pro-
files in mice well. Hence, several lymph
node, bone, and liver metastases could be
identified in these 2 MTC patients. Interest-
ingly, we could observe a higher tumor-to-

organ contrast at 120 min than at 60 min after injection. A similar
trend was also reported for [**Ga]Ga-DOTA-MGSS5 (22), indicat-
ing a slightly decelerated tumor accumulation and a fast off-target
clearance of these minigastrin analogs. On the basis of these observa-

tions and the similar in vitro properties of
[™Cu]Cu-DOTA-CCK-66, PET/CT exami-
nations using [**Cu]Cu-DOTA-CCK-66
could be a viable alternative in the future,
since it would enable later imaging time
points.

[*Ga]Ga-DOTA-CCK-66 PET/CT did
not show any biosafety issues and allows
for radioligand therapy using ['”’Lu]Lu-
DOTA-CCK-66, which might represent an
advantage of radiolabeled CCK-2R
ligands over ['®F]FDG or ['®F]F-DOPA.
On the basis of the fast renal activity clear-
ance and low activity accumulation
observed in the kidneys, we do not expect
any issues regarding kidney toxicity using
["LulLu- or even [***Ac]Ac-DOTA-
CCK-66 for radioligand therapy. How-
ever, activity retention in the human sto-
mach was higher than observed in the
murine stomach and has to be monitored
carefully during the first treatment cycles
to prevent toxicity. Furthermore, the fact
that the feasibility of [*Ga]Ga-DOTA-
CCK-66 has been shown only for single
patients to date is a limitation of this
study, thus demanding further clinical
evaluation of this compound to verify its
clinical value.



CONCLUSION

[%’Ga]Ga-DOTA-CCK-66 revealed excellent preclinical character-
istics, particularly high in vivo stability and rapid activity clearance,
thus providing good tumor-to-background ratios. A proof-of-concept
investigation on 2 MTC patients using [**Ga]Ga-DOTA-CCK-66
PET/CT showed favorable biodistribution patterns and identified sev-
eral lesions, which could be histopathologically confirmed as metas-
tases of MTC. One advantage of this compound over the MTC
imaging gold standard, ['®F]F-DOPA, is the possibility for '7’Lu
labeling for subsequent radioligand therapy. Therefore, additional
patient studies using [**Ga]Ga- or [**Cu]Cu-DOTA-CCK-66, as well
as ['""Lu]Lu- or even [?*>Ac]Ac-DOTA-CCK-66, are warranted to
elucidate the clinical value of this theranostic tool.
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KEY POINTS

QUESTION: Can a simplistic design modification of the clinically
applied CCK-2R ligand [*®Ga]Ga-DOTA-MGS5 improve preclinical
and clinical characteristics?

PERTINENT FINDINGS: [**Cu]Cu-/[*’Ga]Ga-/[' "’ Lu]Lu-DOTA-
CCK-66 displayed similar in vitro and in vivo properties to the
reference compound but a noticeably improved in vivo stability,
which resulted in favorable activity clearance and, thus, tumor-to-
organ contrast in animals and proof-of-concept [*®Ga]Ga-DOTA-
CCK-66 PET/CT applications.

IMPLICATIONS FOR PATIENT CARE: Although further [GBGa]Ga-
DOTA-CCK-66 PET/CT (and ['7”Lu]Lu-/[*?*Ac]Ac-DOTA-CCK-66
for treatment) applications in MTC patients have to be completed,
these preliminary results suggest a promising theranostic
candidate for clinical use.
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Fibroblast Activation Protein—Targeted PET/CT with
13F_Fibroblast Activation Protein Inhibitor-74 for Evaluation of
Gastrointestinal Cancer: Comparison with '*F-FDG PET/CT
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Fibroblast activation protein is overexpressed in the stroma of several
cancer types. '8F-fibroblast activation protein inhibitor (FAPI)-74 is a
PET tracer with high selectivity for fibroblast activation protein and has
shown high accumulation in human tumors in clinical studies. However,
the use of "8F-FAPI-74 for PET imaging of gastrointestinal cancer has
not been systematically investigated. Herein, we investigated the diag-
nostic accuracy of '8F-FAPI-74 ('®F-LNC1005) PET/CT in gastric, liver,
and pancreatic cancers and compared the results with those of '8F-
FDG PET/CT. Methods: This prospective study analyzed patients with
confirmed gastric, liver, or pancreatic malignancies who underwent
concurrent '®F-FDG and "8F-FAPI-74 PET/CT between June 2022 and
December 2022. PET/CT findings were confirmed by histopathology or
radiographic follow-up. "®F-FDG and '®F-FAPI-74 uptake and tumor-
to-background ratios were compared using the Wilcoxon signed-rank
test. The McNemar test was used to compare the diagnostic accuracy
of the 2 scans. Results: Our cohort consisted of 112 patients: 49 with
gastric cancer, 39 with liver cancer, and 24 with pancreatic cancer.
Among them, 69 patients underwent PET/CT for initial staging and 43
for recurrence detection. Regarding lesion-based diagnostic accuracy,
8F_-FAPI-74 PET/CT showed higher sensitivity than did '®F-FDG in
the detection of primary tumors (gastric cancer, 88% [22/25] vs.
60% [15/25], P = 0.016; liver cancer, 100% [22/22] vs. 82% [18/22],
P = 0.125; pancreatic cancer, 100% [22/22] vs. 86% [19/22],
P = 0.250), local recurrence (92% [23/25] vs. 56% [14/25]; P = 0.021),
involved lymph nodes (71% [41/58] vs. 40% [23/58]; P < 0.001), and
bone and visceral metastases (98% [350/358] vs. 47% [168/358];
P < 0.001). Compared with '8F-FDG, '®F-FAPI-74 PET/CT upstaged
17 patients’ TNM staging among all treatment-naive patients (17/69,
25%) and changed the clinical management of 4 patients (4/43, 9%)
in whom recurrence or metastases were detected. Conclusion:
8F_FAPI-74 PET/CT is superior to '®F-FDG PET/CT in detecting pri-
mary tumors, local recurrence, lymph node involvement, and bone and
visceral metastases in gastric, pancreatic, and liver cancers, with higher
uptake in most primary and metastatic lesions.
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According to the latest global cancer statistics, the incidence
and mortality rates of gastrointestinal tumors, including gastric,
hepatic, and pancreatic cancers, are increasing annually and account
for a considerable proportion of other cancers, especially in eastern
Asia (I). Therefore, early and accurate diagnosis is essential for their
prognosis.

8F_.FDG PET/CT has been introduced as a supplement to endo-
scopic ultrasonography, CT, and MRI for the diagnosis and staging
of gastrointestinal tumors. Although '3F-FDG PET/CT is a valu-
able imaging technique for tumor staging and recurrence detection
(2), some limitations exist for gastrointestinal malignancies. First,
the relatively low sensitivity of '®F-FDG PET/CT for lymph node
(LN), liver, and peritoneal metastases from gastrointestinal cancer
affects the accuracy of tumor staging (3—5). Second, physiologic
uptake in the gastrointestinal tract interferes with the detection of
metastatic lesions, particularly for peritoneal metastases. Third, low
8F_FDG uptake is commonly observed in specific cancer types,
including gastric signet ring cell carcinomas, mucinous adenocarci-
nomas, and hepatocellular carcinomas (HCCs) (6). Therefore, the
development of a valid PET tracer is expected to improve the diag-
nosis of gastrointestinal cancer and contribute to individualized
patient care.

Fibroblast activation protein (FAP), overexpressed by cancer-
associated fibroblasts (CAFs) in more than 90% of epithelial
tumors, is a membrane-anchored serine protease with dipeptidyl
peptidase and endopeptidase activities (7). FAP inhibitor (FAPI), a
quinoline-based ligand targeting FAP, can be used as a PET imag-
ing tracer to visualize the tumor stroma (8,9). In previous studies,
%8Ga-FAPIs have been shown to be superior to '*F-FDG in various
cancers (8,10,11). '8F (half-life, 110min) is an ideal radionuclide
for PET imaging featuring a high positron yield of 97%, a low
mean positron range of 0.5mm, a longer half-life than *8Ga (110
vs. 68 min), and no simultaneous y-ray emission (/2). In addition,
with the popularization of medical cyclotrons, 'F may be more
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suitable for promoting this imaging modality to benefit patients. A
new PET imaging tracer, '8F-FAPI-74, has been successfully used
to image patients with various cancers (13,14). However, the use of
I8F_FAPI-74 in gastrointestinal tumors remains limited. In this
single-center prospective study, we aimed to investigate the diag-
nostic accuracy of '3F-FAPI-74 (!3F-LNC1005) PET/CT for gas-
tric, liver, and pancreatic cancers and compare the results with
those of '8F-FDG PET/CT.

MATERIALS AND METHODS

Patients

This study was approved by the institutional review board and was
registered at ClinicalTrials.gov (NCT05430841). All participants pro-
vided written informed consent. With agreement from the oncologists
and upon the determination of eligibility, patients were consecutively
recruited for enrollment in the study from June 2022 and December
2022 at the First Affiliated Hospital of Xiamen University. Inclusion
criteria were patients who had been diagnosed with or who were sus-
pected of having gastric, liver, and pancreatic cancers before treatment;
patients with suspected recurrence or metastases as a result of clinical
findings or other diagnostic imaging, such as CT, MRI, or ultrasound,
after treatment; agreement to perform both '®F-FDG and '®F-FAPI-74
PET/CT; and performance of the 2 scans with an interval of less than 1
wk. Exclusion criteria were patients with nonmalignant disease and
pathologically proven nongastrointestinal tumors, patients who received
any other treatment 4 wk before PET imaging, and inability or unwill-
ingness of the research participant, parent, or legal representative to
provide written informed consent.

Synthesis of ®F-FDG and '®F-FAPI-74

8E_FDG was manufactured using the coincidence '®F-FDG synthe-
sizer (Tracer Lab FxFN; GE Healthcare) according to methods
described by our laboratory (15). The precursor for '8F-FAPI-74 (13F-
LNC1005) was obtained from Yantai Lannacheng Biotechnology Co.
Ltd. for research and development purposes. Radiolabeling with
aluminum-'®F-fluoride was realized according to a previously reported
protocol (/4). Radiochemical purity and sterility tests were conducted
in-house at an institutional radiochemistry facility. Radiochemical puri-
ties of '8F-FDG and '8F-FAPI-74 exceeded 95%, both meeting sterility
standards and injection criteria for human administration.

Acquisition of PET/CT Images

For '"8F-FDG PET/CT, patients fasted for more than 6 h, and blood
glucose levels were monitored before they received an injection of
8E-FDG (5.55 MBq/kg). PET/CT images (1.5min per bed position)
were acquired with an uptake time of 63.0 £4.9min (range,
50-75min). For '8F-FAPI-74 PET/CT, imaging was performed
(1.5 min per bed position) with an uptake time of 63.3 = 4.0 min (range,
50-80min) after receiving an injection of 210.9 = 48.1 MBq (range,
129.5-333 MBq). Patients were scanned using a hybrid PET/CT scan-
ner (Discovery MI; GE Healthcare) with the following CT parameters:
tube voltage with a 110-kV current, 80 mA, and slice thickness of
3.75mm. All obtained data were transferred to Advantage Workstation
(version AW 4.7; GE Healthcare). Data reconstruction was performed
using the Bayesian penalized likelihood reconstruction algorithm
(Q.clear; GE Healthcare) with a penalization factor of 500. Recon-
structed images were coregistered and displayed.

Imaging Review and Analysis

Advantage Workstation was used to analyze 'SF-FDG and
'8F_FAPI-74 PET/CT images. To prevent bias, images were separated
into 2 sets according to the radiotracer and interpreted independently
by 2 teams of 4 nuclear medicine physicians. '*F-FAPI-74 PET/CT

I8E_FAPI-74 Virsus '®F-FDG N CANCER  *

images were analyzed by experts with more than 10y of experience in
nuclear oncology, whereas '*F-FDG PET/CT images were analyzed by
experts with 5y of experience in nuclear oncology. The reviews were
conducted without considering other imaging modalities, such as CT,
MRI, and pathologic results, as well as the information from the other
PET/CT scan, and reviewers were provided with the patient’s medical
history and indication for PET/CT. Differences in opinion were
resolved by consensus.

Semiquantitative analysis was performed by manually drawing
regions of interest around tumor lesions on transaxial images. For
I8E_FAPI-74 and '8F-FDG, lesions were considered positive in cases
with nonphysiologic foci of increased radiotracer uptake on PET
images. Lesions were considered negative in cases with no pathologic
uptake on PET images. SUV ., was automatically calculated to quan-
tify tracer uptake in primary tumors, involved LNs, and bone and vis-
ceral metastases. The tumor-to-background ratio (TBR) was computed
using the following formula: TBR = SUV .-t / SUV, can-b, where
SUVax-t refers to the SUV ., of the primary or metastatic tumors
and SUV ean-b refers to the SUV,;cq, 0f the healthy background tissue
surrounding each lesion.

Reference Standards

Surgery or biopsy results were used as reference standards for the
final diagnosis. Radical excision and LN dissection were performed in
14 patients, and biopsies for suggestive lesions were performed in
84 patients (1 biopsy per patient). To evaluate the diagnostic accuracy
of PET/CT for LN staging, images were reviewed by the surgeon to
identify corresponding resected LNs in the PET images. Serial tumor
marker follow-up (minimum of 6 mo), clinical examination results,
and standard-of-care imaging (including ultrasound, contrast-enhanced
CT, bone scan, or MRI) were used as reference standards to validate
PET/CT findings when tissue biopsy was not applicable. Lesions were
considered malignant if they met any of the following follow-up crite-
ria: typical malignant features confirmed by multimodal medical imag-
ing, significant progression on follow-up imaging, and significant
posttreatment tumor size decrease. The minimum follow-up time was
6 mo.

Statistical Analysis

Statistical analyses were performed using SPSS software (version
26.0; IBM Inc.). The number of positive lesions shown using 'SF-
FAPI-74 and 'F-FDG PET/CT was compared using the McNemar
test, and the Wilcoxon signed-rank test was used to assess differences
in SUV .« and TBR between the 2 scans. The McNemar test was
used to evaluate the diagnostic accuracy of '®F-FAPI-74 and '*F-FDG
PET/CT. The mean and SD were calculated for normally distributed
measurements, and the median and range were calculated for nonnor-
mal measurements. The 95% Cls for the diagnostic accuracy data
were calculated using the Wilson score method. A statistically signifi-
cant difference between the comparison groups was indicated when a
2-tailed P value of less than 0.05 was considered. To evaluate the cor-
relation between continuous variables with nonnormal distribution, the
Spearman rank correlation coefficient was calculated. A P value of
less than 0.05 (2-tailed) was used as the significance level for all statis-
tical analyses.

RESULTS

Patient Characteristics

The study cohort consisted of 112 patients (76 men, 36 women):
49 with gastric cancer (31/49 men; median age, 62y), 39 with
liver cancer (31/39 men; median age, 62y), and 24 with pancreatic
cancer (14/24 men; median age, 60.5y). Sixty-nine patients (62%)
underwent PET/CT for initial tumor staging, and 43 patients (38%)
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Potentially eligible participants
N=116

8F_FAPI-74 PET/CT showed excellent
image contrast with low background activity

N=112
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g yerEry e = T throughout the body. Representative images
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Patients with gastric cancer (n = 49) were
18F-FD@ PET/CT diagnosed with adenocarcinoma (n = 44)

and signet ring cell carcinoma (n 5).

Tima interval between tha 2
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Among 25 patients for primary staging, '8F-
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FAPI-74 PET/CT visualized most primary
tumors (22/25, 88%), whereas '®F-FDG

PET/CT missed 9 primary tumors (16/25,
64%; Supplemental Table 1 [supplemental
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Re-biopsy In suspicious lesions:
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materials are available at http://jnm.snm

FIGURE 1.

underwent PET/CT to detect tumor recurrence or metastasis.
BF-FDG and '8F-FAPI-74 PET/CT scans were performed with a
median interval of 2 d between examinations (range, 1-6 d). The
patients’ clinical characteristics are listed in Table 1, and the research
flowchart is shown in Figure 1.

All patients tolerated the examination well. No drug-related phar-
macologic effects or physiologic responses occurred. All observed
parameters (e.g., blood pressure, heart rate, and body temperature)
remained normal and unchanged during and after the examination.
No patients reported subjective symptoms. Compared with '8F-FDG,

Flow diagram shows patient selection details. GI = gastrointestinal.

journals.org]). A greater number of sugges-
tive LNs were visualized using '*F-FAPI-74
PET/CT than using '®F-FDG PET/CT
(88% [104/118] vs. 55% [65/118]; P < 0.001), with higher radio-
tracer uptake (median SUV .y, 6.2 vs. 2.9; P < 0.001) and TBR in
abdominal regions (median, 4.5 vs. 1.7; P < 0.001) and supra-
diaphragmatic regions (median, 4.4 vs. 2.6; P = 0.010). Regarding
bone and visceral metastases, 'F-FAPI-74 PET/CT demonstrated a
greater number of peritoneal metastases than did '3F-FDG (100%
[145/145] vs. 64% [38/145]; P < 0.001), with higher radiotracer
uptake (median SUV .y, 6.9 vs. 2.5; P < 0.001) and TBR (median,
5.8. vs. 1.4; P < 0.001). Compared with ®F-FDG, '®F-FAPI-74
PET/CT showed similar lesion detectability and tracer uptake in
local recurrence and bone metastases (Sup-
plemental Table 1). Representative cases

BF.FDG  "SF-FAPI-74 F-FDG  'F-FAPI-74 BE-FDG  '8F-FAPI-74 demonstrating the superiority of 'SF-FAPI-
. ] . . 74 over 'BF-FDG in gastric cancer are
g 5 v * I shown in Figure 3.
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— . 5 i diagnosed with HCC (n = 31) and intrahe-

el ¥l patic cholangiocarcinoma (n = 8). 'SF-

a3 () & FAPI-74 PET/CT visualized all primary

g ' ¥ : tumors (22/22, 100%), whereas '8F-FDG

§ i | » PET/CT missed 4 primary tumors (18/22,

5 : > _,él" e i : 7 % ~*f” 82%). '8F-FAPI-74 PET/CT showed supe-

3 _:,.'I" "rt-' i~ A I’\- v ' '\ riority over '®F-FDG in detecting intrahe-
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Patient # 50 " Patient#58 * Pationt #79 [27/51]; P < 0.001), peritoneal metastases

. (100% [8/8] vs. 25% [2/8]; P = 0.031),

. § L . . local recurrence (92% [12/13] vs. 38%

g [5/13]; P = 0.016), and suggestive LNs

2 wy (97% [36/37] vs. 43% [16/37]; P < 0.001),

g .3 4 g-.“‘,‘ L '.lf‘k - with significantly higher tracer uptake and

= B - 4 niid TBR in most lesions (Supplemental Table 1).

& ] " Representative cases of liver cancer are

ety petlenle iresent il presented in Figure 4. '®F-FDG showed

FIGURE 2. Nine representative patients who underwent '8F-FDG and '8F-FAPI-74 PET imaging.
"8F_FAPI-74 PET outperforms '®F-FDG PET in detecting primary tumors (patients 11, 39, 50, 58, 79,
and 101; solid black arrows), local recurrences (patient 4; blue arrows), abdomen LN metastases
(patients 4 and 50; green arrows), intrahepatic metastases (patient 50; red arrows), bone metastases
(patient 85; arrowheads), and peritoneal metastases (patients 4, 11, 85, 97, and 101; dotted arrows).

'8E_FAPI-74 Virsus '®F-FDG N CANCER  *

more metastatic lesions than did '®F-FAPI-
74 in 2 patients with HCC. Regarding the 2
patients, 13 lesions (4 LN metastases and
9 intrahepatic metastases) showed low
to mild uptake on '®F-FAPI-74 PET/CT.

Xu et al. 43
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FIGURE 3. Representative case of gastric cancer detected using '®F-FAPI-74 PET/CT but missed
using '8F-FDG PET/CT. (A) 38-y-old woman with pathologically confirmed gastric signet ring cell carci-
noma underwent initial staging using '8F-FDG PET/CT, which shows involved periintestinal LNs (arrows)
only in CT image. (B) '8F-FAPI-74 PET/CT shows intense radiotracer uptake in primary lesion (both black
and white arrows) and periintestinal LN (green arrows). Subsequent percutaneous biopsy in this LN con-
firmed metastatic disease (focal activity above right kidney indicates physiologic gallbladder uptake).

P < 0.001), peritoneal metastases (median
SUVaxs 8.2 vs. 2.8; P < 0.001), and bone
metastases (median SUV .y, 5.3 vs. 3.1;
P = 0.009). Representative cases of pan-
creatic cancer are shown in Figure 6.

Diagnostic Accuracy of "®F-FAPI-74 and
8F_.FDG PET/CT

Primary tumors from 69 patients were
confirmed by biopsy (n = 57) and surgery
(n = 12). BF-FAPI-74 PET/CT had
significantly higher sensitivity than did
F-FDG PET/CT for primary tumor detec-
tion (96% [66/69] vs. 75% [52/69]; P <
0.001), especially for diagnosis of gastric
cancer (88% [22/25] vs. 60% [15/25]; P =
0.016). We were unable to obtain false-
positive PET data for primary tumors because

The patient with more lesions seen on '®F-FDG PET/CT is pres-
ented in Figure 5.

Comparison of '®F-FAPI-74 and '®F-FDG Uptake in
Pancreatic Cancer

Patients with pancreatic cancer (n = 24) were diagnosed with
pancreatic duct adenocarcinoma (n = 21), squamous cell carci-
noma (n = 1), mucinous adenocarcinoma (n = 1), and undifferen-
tiated carcinoma (n = 1). Positive 'SF-FAPI-74 and '8F-FDG
uptake (median SUV ., 16.5 vs. 7.3) in primary tumors was
observed in 22 and 19 patients, respectively. '*F-FAPI-74 PET/CT
showed more metastatic lesions than did '*F-FDG, especially in
liver metastases (100% [51/51] vs. 55% [28/51]; P < 0.001) and
peritoneal metastases (100% [41/41] vs. 44% [18/41]; P < 0.001).
In addition, greater numbers of suggestive LNs (97% [36/37] vs.
41% [15/37]; P < 0.001) were visualized using '8F-FAPI-74
PET/CT, with higher radiotracer uptake in abdominal regions
(median SUV .y, 9.6 vs. 2.5; P < 0.001) and supradiaphragmatic
regions (median SUV ., 11.6 vs. 3.8; P = 0.028). In the semi-
quantitative analysis, SUV . with ¥ F-FAPI-74 was higher than
with '"8F-FDG in primary tumors (median SUV,, 16.5 vs. 7.3;
P < 0.001), liver metastases (median SUV,.., 7.5 vs. 4.0;

of restrictions on the study’s inclusion criteria.

Therefore, the specificity and accuracy of '8F-
FAPI-74 and '8F-FDG PET/CT for primary tumor assessment could
not be established.

To assess the diagnostic accuracy of local recurrence, 43 patients
were evaluated by radiographic follow-up (n = 14), biopsy (n = 27),
and surgery (n = 2). Local recurrence was confirmed in 25 patients.
Lesion-based sensitivity, specificity, and accuracy for '®F-FAPI-74
PET/CT were 92% (23/25), 94% (17/18), and 93% (40/43) and for
BE_FDG PET/CT were 56% (14/25), 89% (16/18), and 70% (30/43),
respectively. Thus, 'F-FAPI-74 PET/CT had significantly greater
sensitivity (92% [23/25] vs. 56% [14/25]; P = 0.021) and accuracy
(93% [40/43] vs. 70% [30/43]; P = 0.039) than did ' F-FDG for the
diagnosis of local recurrence (Table 2).

To evaluate diagnostic performance for LN metastases, 392
LNs in 14 patients were evaluated by histology (extended LN dis-
section was performed, along with radical excision). Among these,
58 metastatic LNs were confirmed in § patients. Nodular-based sen-
sitivity, specificity, and accuracy were 71% (41/58), 95% (318/334),
and 92% (359/392) for '8F-FAPI-74 PET/CT and 40% (23/58), 96%
(321/334), and 88% (344/392) for '8F-FDG PET/CT, respectively.
Thus, '8F-FAPI-74 PET/CT had significantly greater sensitivity
(71% [41/58] vs. 40% [23/58]; P < 0.001) and accuracy (92% [359/
392] vs. 88% [344/392]; P = 0.001) than did '3F-FDG PET/CT for

the diagnosis of LN metastases (Table 2).

A 18F-FDG PET/ CT B

®F-FAPI-74 PET/CT

In all pathologically proven LN,
18F-FDG-derived SUV,,,, in metastatic
lesions demonstrated a significant correla-
tion with LN size (ratio SUV . [correla-
tion coefficient], 0.440; P = 0.036).
However, SUV,,.x derived from 'F-FAPI-
74 PET/CT did not exhibit a significant as-
sociation with LN size (P = 0.219). In the
subgroup analysis specifically focused on
gastric cancer, both SUV ., (ratio SUV .«
[correlation coefficient], 0.729; P < 0.001)
and TBR (ratio TBR [correlation coeffi-
cient], 0.588; P = 0.001) derived from 'SF-

FAPI-74 PET/CT were found to be signifi-

FIGURE 4. Representative case of metastatic liver cancer (intrahepatic cholangiocarcinoma). (A)
69-y-old woman with pathologically confirmed intrahepatic cholangiocarcinoma underwent initial
staging using '®F-FDG PET/CT, which shows low to moderate radiouptake in primary tumor (arrows).
(B) "®F-FAPI-74 PET/CT shows intense radiotracer uptake in primary lesion (arrows) and more intra-
hepatic metastases with intense uptake.
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cantly correlated with LN size. '®F-FDG
PET/CT missed 35 LNs with an average
size of 7.3 mm (range, 3—14 mm), whereas
8E_.FAPI-74 PET/CT missed 17 LNs with
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FIGURE 5. (A) 46-y-old man underwent '8F-FDG PET/CT for recurrence detection with subsequent
biopsy-confirmed abdominal LN metastases. It shows high radiotracer uptake in abdominal LN
metastases (arrows). '8F-FAPI-74 PET/CT shows lower radiotracer uptake and fewer abdominal LN
metastases. Focal activity in liver indicates physiologic uptake in gallbladder. (B) 62-y-old man with
pathologically confirmed liver cancer underwent initial staging with '®F-FDG PET/CT, which shows
more intrahepatic metastases with higher tracer uptake (arrows) than did '8F-FAPI-74 PET/CT.

compared with the stage resulting from
8F_FDG PET/CT (TNM stage upstaged
in 7/25 gastric cancer, 6/22 liver cancer,
and 4/22 pancreatic cancer patients). Of
69 treatment-naive patients, 'SF-FAPI-74
PET/CT showed superior primary tumor
detection in 10 patients (visualized using
8E_.FAPI-74 but missed using '*F-FDG),
demonstrated larger disease extent of peri-
toneal metastases in 9 patients, and visual-
ized more LN, visceral, and bone metastases
in 28 patients (Table 3). Regarding 43
patients with detected recurrence or metas-
tases, true-positive rates (patient-based) for
BE_FDG and '8F-FAPI-74 PET/CT were
56% (14/25) and 92% (23/25), respec-
tively, per patient. Of the 43 restaging
patients, '8F-FAPI-74 PET/CT showed
superior local recurrence detection in 4
patients (visualized using '|F-FAPI but

an average size of 6.5 mm (range, 3—13 mm). Therefore, '*F-FAPI-74
PET/CT may have lower sensitivity in the detection of LNs that are
less than 7 mm.

To assess the diagnostic accuracy of bone and visceral metastases,
432 suspected metastatic lesions from 89 patients were demonstrated
using various imaging modalities. The lesions’ evaluation entailed
multimodal imaging findings (» = 21), radiographic follow-up
(n = 264), and biopsy (n = 147). Among these, 358 lesions were
confirmed as metastatic in 62 patients, with 144 lesions identified by
percutaneous biopsy, 21 confirmed using multimodal imaging, and
193 validated through radiographic follow-up. '*F-FAPI-74 PET/CT
had significantly greater sensitivity (98% [350/358] vs. 47% [168/
358]; P < 0.001) than did '®F-FDG PET/CT for diagnosis of bone
and visceral metastases, especially for detection of peritoneal metas-
tases (100% [194/194] vs. 30% [58/194]; P < 0.001) and liver
metastases (95% [97/102] vs. 54% [55/102]; P < 0.001).

Changes in Initial Assessment and Recurrence Detection After
'8F-FAPI-74 PET/CT

Among all treatment-naive patients, '*F-FAPI-74 PET/CT led
to upstaging of the clinical TNM stage in 17 patients (25%, 17/69)

missed using 'F-FDG), demonstrated
larger disease extent of peritoneal metastases in 18 patients, and
visualized a greater number of LN, visceral, and bone metastases in
14 patients. Finally, 'F-FAPI-74 PET/CT changed the clinical
management of 4 patients with detected recurrence or metastases
(9%, 4/43; Table 4).

DISCUSSION

This study investigated the clinical utility of '®F-FAPI-74 PET/CT
for primary staging and recurrence or metastasis detection in patients
with gastrointestinal cancer. We found that '*F-FAPI-74 is a promis-
ing PET tracer that can be used for imaging gastric, liver, and pancre-
atic cancers, with intense radiotracer uptake and clear tumor
delineation in most primary and metastatic lesions. '*F-FAPI-74
PET/CT was better at detecting primary tumors and revealed more
metastatic lesions than did '8F-FDG, leading to TNM stage upgrading.

Previous studies have shown the limitations of '|F-FDG
PET/CT in detecting gastrointestinal malignancies, especially in
mucinous adenocarcinoma, signet ring cell carcinoma (/6), and
HCC (10). Recent studies using °*Ga-FAPI (°®Ga-FAPI-04/46)
have demonstrated its superiority over 'F-FDG for the diagnosis

of gastrointestinal cancer (/7). However, the

B

8F-FDG PET/ CT

'8F-FAPI-74 PET/CT

use of '8F-FAPI for diagnosing gastrointesti-
nal cancer has not yet been systematically
established. Consistent with a previous *Ga-
FAPI study (18), '*F-FAPI-74 PET/CT out-
performed '®F-FDG PET/CT in detecting
primary and metastatic lesions in gastrointes-
tinal cancer, particularly for gastric cancer.
In this study, '®F-FAPI-74 PET/CT detected
primary tumors that were missed by 'SF-
FDG PET/CT in 28% of the patients, in-
cluding 3 patients with gastric signet ring
cell carcinomas. This emphasizes the advan-

tage of using '8F-FAPI-74 PET/CT in this

FIGURE 6. Representative case of widespread peritoneal metastatic pancreatic cancer (pancreatic
ductal adenocarcinoma). (A) 55-y-old woman with biopsy-confirmed bone metastases underwent
"8F_FDG PET/CT for detection of primary tumor; low uptake is shown in primary lesion (solid arrows),
peritoneal metastases (dotted arrows), and bone metastases (arrowheads). '®F-FAPI-74 PET/CT
shows intense uptake in these lesions. (B) In addition, '8F-FAPI-74 PET/CT shows larger extent of
peritoneal metastases than does 8F_FDG.

'8E_FAPI-74 Virsus '®F-FDG N CANCER  *

specific histologic type, especially for tumor
diagnosis in early stages. However, unlike
previous studies, we found no evidence of
differences between '*F-FDG and '*F-FAPI-
74 PET/CT for the detection of primary

Xu et al. 45
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tumors in liver and pancreatic cancers. This may result from the
advanced tumor stage of enrolled patients and the limited number of
participants. Thus, TNM stages were upgraded after 'SF-FAPI-74
PET/CT in 25% of patients with initial staging, and clinical manage-
ment was modified in 9% of those with recurrence or progressive
disease.

Nodal staging of patients with gastrointestinal cancer is crucial
for its treatment and prognosis (/9). However, '*F-FDG PET/CT
has low to moderate sensitivity for LN staging in patients with
gastrointestinal cancer, which may underestimate tumor stage and
affect subsequent treatment regimens (20,21). Consistent with pre-
vious studies, the detection sensitivity of LNs shown using '®F-
FAPI was higher than that of '®F-FDG in gastrointestinal cancer
(79%—-82% vs. 54%—59%, lesion-based sensitivity) (/6,22). Thus,
18F_FAPI-74 PET/CT demonstrated nodal staging superior to that
of 8F-FDG. This may overcome existing problems in accurately
assessing LNs and aid in guiding surgical resection.

There is a significant correlation between both SUV,, and
TBR derived from '8F-FAPI-74 and size of LNs (especially in
gastric cancer), in agreement with previous research (23). Previous
studies have demonstrated a close association between the expres-
sion of FAP and the depth of tumor invasion, TNM staging, LN
metastasis, and distant metastasis (24). In addition, it has been
reported that the degree of hypoxia is positively correlated with
tumor size and is a strong inducer of FAP expression in CAFs
(25,26). As a result, small LNs may exhibit mild hypoxia, result-
ing in lower uptake of '8F-FAPI-74 in these lesions. This hypothe-
sis has the potential to elucidate the connection between both
SUV,..x and TBR derived from '®F-FAPI-74 and LN size.

Accurate diagnosis of peritoneal metastasis involvement is crucial
in determining the resectability of a tumor and plays a significant
role in the prognosis of patients with gastrointestinal disorders (27).
However, '8F-FDG has a low detection rate of peritoneal metastasis,
limiting its utility in staging and surgical planning (6,28). In our
study, '®F-FAPI-74 PET/CT showed a higher detection rate and
larger disease extent of peritoneal metastases than did '|F-FDG
PET/CT. This may be explained by the strong tumor-induced
fibrotic response that occurs when the tumor invades peritoneal tis-
sue and by low tracer uptake within the digestive tract (/4,29).
Accurate evaluation of intrahepatic metastasis will affect the choice
of treatment methods and median overall survival, especially in
patients with hepatic oligometastasis (30). Although '3F-FAPI-74
PET/CT shows physiologic uptake in the biliary system (317), it does
not affect observation of intrahepatic lesions because of low tracer
uptake in normal liver parenchyma. Consistent with previous 'SF-
FAPI-based studies (85%-97% vs. 52%—80%, lesion-based sensi-
tivity) (10,32), '8F-FAPI-74 PET/CT showed a higher detection rate
of intrahepatic metastases than did '*F-FDG PET/CT.

We observed that '8F-FAPI-74 PET/CT resulted in changes in
TNM staging in 28% and 18% of patients with gastric and pancre-
atic cancers, respectively. The impact on TNM staging was parti-
cularly pronounced in cases of progressive disease and tumor
recurrence, which is in line with our previous findings (/6,22).
Moreover, changes of 22% and 17% in patient management were
observed after the introduction of 'F-FAPI-74 PET/CT in gastric
and pancreatic cancers, respectively, demonstrating the power of
this imaging modality to alter patient care. '*F-FAPI PET/CT
appears to be superior to other modalities in the detection of peri-
toneal metastases, which is a challenging indication with conven-
tional imaging and !'8F-FDG PET/CT because of their relatively
low sensitivity. The data from this study suggest that PET/CT is a

I8E_FAPI-74 Virsus '®F-FDG N CANCER  *

promising diagnostic approach for peritoneal metastases and that
it is more sensitive than conventional imaging and 'SF-FDG
PET/CT. In summary, in patients with gastric and pancreatic can-
cers in which '8F-FDG PET/CT shows low performance, '5F-
FAPI-74 PET/CT demonstrates great potential in terms of higher
uptake and superior lesion detectability, which becomes particu-
larly noticeable with bigger tumors, higher stages, and the signet
ring cell carcinoma histologic type. Moreover, there are some
encouraging preliminary results regarding therapy response evalu-
ation by '8F-FAPI PET (33) to be further investigated.

MRI has high sensitivity in the detection of liver cancer,
whereas a previous study demonstrated that °®Ga-FAPI PET/CT
and MRI have similar sensitivity in the identification of primary
liver tumors and intrahepatic metastatic lesions (10). In our study,
I8F_FAPI-74 PET/CT was able to detect extrahepatic metastases
in 36% of patients with liver cancer, emphasizing the potential
added value of '®F-FAPI-74 PET/CT in the evaluation of extrahe-
patic lesions. Therefore, '®F-FAPI-74 PET/CT may play a comple-
mentary role to MRI in liver cancer, making it a promising
candidate as the future modality of choice in tumor staging,
molecular image—guided radiotherapy, and perhaps even molecu-
lar imaging—guided discrimination among liver tumors.

However, our result was inconsistent with a previous study
(11), in which '"®F-FDG detected more liver metastases (181 vs.
104; P < 0.001) and yielded higher tracer uptake (mean, 8.6 vs.
6.0; P = 0.001) than did '®F-FAPI in pancreatic cancer. This dif-
ference may be caused by the difference in the origin of CAFs,
which leads to different phenotypes and functions of CAFs (34).
This may cause uneven distribution of CAF markers such as FAP-
a (35,36). A similar finding was observed in patients with HCC.
In this study, a patient with recurrent HCC showed increased 'SF-
FDG but low '8F-FAPI-74 uptake in LN metastases, and histopa-
thologic examination confirmed a well-differentiated HCC in the
metastatic LNs. A similar observation was made in another patient
with multiple intrahepatic metastases, and histopathology con-
firmed the presence of a moderately differentiated HCC. Previous
research has indicated that most well- to moderately differentiated
HCCs presented relatively low FAP expression, along with low
I8F_FAPI uptake, particularly in comparison to poorly differenti-
ated HCCs (37). In addition to the degree of tumor differentiation,
the relatively low 'SF-FAPI uptake in the HCC lesions may be
related to the considerable intratumor spatial heterogeneity of the
histomorphologic profile, along with the complexity of tumor
biology.

In our study, there was an overlap in uptake intensity in the pan-
creatic primary tumor and in the tumor-induced obstructive pancrea-
titis of the pancreatic parenchyma (50% of patients showed intense
uptake in the entire pancreas). Studies using ®*Ga-FAPI PET/CT
have observed a similar phenomenon, confirming increased pancre-
atic uptake in cases of inflammation-induced fibrosis (38). Delayed
imaging has been previously investigated as a solution to distinguish
between fibrosis and tumors, with positive results observed in some
patients (22). However, larger sample sizes are needed to verify the
feasibility of using the delayed PET scans.

Although '8F-FAPI-74 PET/CT showed higher tracer uptake
and sensitivity than did 'F-FDG PET/CT for most bone and vis-
ceral metastases, it was found to yield more false-positive lesions
caused by nonspecific fibrosis. In our study, false-positive uptake
of '8F-FAPI was observed in bone (periarthritis, fibroosseous
lesions, degenerative osteophyte, ischemic necrosis, and fracture), lung
(pulmonary tuberculosis), thyroid (adenoma), uterus (uterine fibroids),
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and breast (mammary hyperplasia; Supplemental Table 2). It is
inappropriate to characterize a lesion as benign or malignant
referencing solely the '®F-FAPI uptake. The comprehensive combi-
nation of other imaging findings and clinical information is needed.

In contrast to previous clinical investigations on '®F-FAPI, our
study brings forth some important nuances and enhancements. We
presented the comparative results and a subgroup analysis of the
diagnostic accuracy of '8F-FAPI-74 versus '®F-FDG PET/CT in
gastric, pancreatic, and liver cancers, which were not extensively
covered in previous work. In addition, we calculated and com-
pared the SUV,,., and TBRs derived from these 2 PET scans,
providing more depth to our results. Our study on '8F-FAPI-74
PET/CT in gastrointestinal cancer involves a larger patient popula-
tion than that of a recent study conducted by Watabe et al. (39),
encompassing 112 as opposed to 31 patients. Moreover, patho-
logic evaluation via surgery or biopsy was performed in 88%
(98/112) of the patients in this study, adding robustness to the
I8F_FAPI-74 PET/CT findings. We also provide observations on
the diagnostic accuracy for LN metastases.

Our study has several limitations. First, this was a single-center
study, which may have caused selection bias. Second, histopathol-
ogic results were unavailable for a subset of lesions, because not
all PET-positive findings were biopsied. Third, more than half of
the enrolled patients (55%) in this study were at an advanced
TNM stage (III and IV). The role of '3F-FAPI-74 PET/CT in
detecting early disease requires further investigation.

CONCLUSION

Our results suggest that the diagnostic accuracy of '*F-FAPI-74
in gastric, pancreatic, and liver cancers was higher than that of
8F_.FDG. However, in terms of specificity, '*F-FAPI-74 did not
exhibit a significant advantage over '®F-FDG. This nuanced under-
standing of the results positions our work as a contribution to
ongoing research in this field.

Compared with '8F-FDG, '8F-FAPI-74 PET/CT requires no
fasting or blood glucose level monitoring, resulting in a shorter
preparation time and improved patient flow. In addition, the physio-
logic uptake of !'8F-FAPI-74 PET/CT was lower than that of
E.-FDG PET/CT in the gastrointestinal tract, enhancing image
contrast. Therefore, in addition to higher lesion detectability, 18E.
FAPI-74 PET/CT offers greater potential value during the examina-
tion process and during image acquisition, ultimately benefiting
patients.

KEY POINTS

QUESTION: Is '®F-FAPI-74 PET/CT imaging useful for the
evaluation of gastrointestinal cancer?

PERTINENT FINDINGS: This prospective study analyzed patients
with confirmed gastric, liver, or pancreatic malignancies who
underwent concurrent '®F-FDG and '8F-FAPI-74 PET/CT. The
findings of the study showed that '®F-FAPI-74 PET/CT is superior
to '®F-FDG in detecting primary tumors and metastatic lesions in
gastric, pancreatic, and liver cancers, with higher radiotracer
uptake in most primary and metastatic lesions.

IMPLICATIONS FOR PATIENT CARE: The use of '8F-FAPI-74
PET/CT is expected to improve the diagnosis of gastrointestinal
cancer and contribute to individualized patient care.
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Immunohistochemical FAP Expression Reflects "“Ga-FAPI
PET Imaging Properties of Low- and High-Grade Intraductal
Papillary Mucinous Neoplasms and Pancreatic Ductal
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Pancreatic intraductal papillary mucinous neoplasms (IPMNs) are
grossly visible (typically > 5mm) intraductal epithelial neoplasms of
mucin-producing cells, arising in the main pancreatic duct or its
branches. According to the current 2-tiered grading scheme, these
lesions are categorized as having either low-grade (LG) dysplasia,
which has a benign prognosis, or high-grade (HG) dysplasia, which
formally represents a carcinoma in situ and thus can transform to pan-
creatic ductal adenocarcinoma (PDAC). Because both entities require
different treatments according to their risk of becoming malignant, a
precise pretherapeutic diagnostic differentiation is inevitable for ade-
quate patient management. Recently, our group has demonstrated
that ®®Ga-fibroblast activation protein (FAP) inhibitor (FAPI) PET/CT
shows great potential for the differentiation of LG IPMNs, HG IPMNs,
and PDAC according to marked differences in signal intensity and
tracer dynamics. The purpose of this study was to biologically validate
FAP as a target for PET imaging by analyzing immunohistochemical
FAP expression in LG IPMNs, HG IPMNs, and PDAC and comparing
with SUV and time to peak (TTP) measured in our prior study.
Methods: To evaluate the correlation of the expression level of FAP
and a-smooth muscle actin («SMA) in neoplasm-associated stroma
depending on the degree of dysplasia in IPMNs, 98 patients with a
diagnosis of LG IPMN, HG IPMN, PDAC with associated HG IPMN, or
PDAC who underwent pancreatic surgery at the University Hospital
Heidelberg between 2017 and 2023 were identified using the data-
base of the Institute of Pathology, University Hospital Heidelberg. In a
reevaluation of hematoxylin- and eosin-stained tissue sections of
formalin-fixed and paraffin-embedded resection material from the
archive, which was originally generated for histopathologic routine
diagnostics, a regrading of IPMNs was performed by a pathologist
according to the current 2-tiered grading scheme, consequently elimi-
nating the former diagnosis of “IPMN with intermediate-grade dys-
plasia.” For each case, semithin tissue sections of 3 paraffin blocks
containing neoplasm were immunohistologically stained with antibo-
dies directed against FAP and «SMA. In a masked approach, a semi-
quantitative analysis of the immunohistochemically stained slides was
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finally performed by a pathologist by adapting the immunoreactive
score (IRS) and human epidermal growth factor receptor 2 (Her2)/neu
score to determine the intensity and percentage of FAP- and aSMA-
positive cells. Afterward, the IRS of 14 patients who underwent
68Ga-FAPI-74 PET/CT in our previous study was compared with their
SUVimax, SUVmean, and TTP for result validation. Results: From 98
patients, 294 specimens (3 replicates per patient) were immunohisto-
chemically stained for FAP and «SMA. Twenty-three patients had LG
IPMNs, 11 had HG IPMNs, 10 had HG IPMNs plus PDAC, and 54 had
PDAC. The tumor stroma was in all cases variably positive for FAP.
The staining intensity, percentage of FAP-positive stroma, IRS, and
Her2/neu score increased with higher malignancy. «SMA expression
could be shown in normal pancreatic stroma as well as within peri-
and intraneoplastic desmoplastic reaction. No homogeneous increase
in intensity, percentage, IRS, and Her2/neu score with higher malig-
nancy was observed for «SMA. The comparison of the mean IRS of
FAP with the mean SUViax, SUViean, and TTP of %8Ga-GAPI-74
PET/CT showed a matching value increasing with higher malignancy
in ®Ga-FAPI-74 PET imaging and immunohistochemical FAP expres-
sion. Conclusion: The immunohistochemical staining of IPMNs and
PDAC validates FAP as a biology-based stromal target for in vivo
imaging. Increasing expression of FAP in lesions with a higher degree
of malignancy matches the expectation of a stronger FAP expression
in PDAC and HG IPMNSs than in LG IPMNs and corroborates our previ-
ous findings of higher SUVs and a longer TTP in PDAC and HG IPMNs
than in LG IPMNs.

Key Words: fibroblast activation protein; FAPI; PDAC; IPMN; IHC;
a-SMA

J Nucl Med 2024; 65:52-58
DOI: 10.2967/jnumed.123.266393

Pancreatic intraductal papillary mucinous neoplasms (IPMNs)
are a precursor lesion of the highly lethal pancreatic ductal adeno-
carcinoma (PDAC), which has a 5-y survival rate of less than 10%
(1,2). Pathologically, IPMNs can be subdivided into lesions with
either low-grade (LG) or high-grade (HG) epithelial dysplasia (3).
In clinical routine, IPMNs are usually evaluated via MRI or endo-
scopic ultrasound using the European guidelines for pancreatic
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cystic neoplasms or the Fukuoka consensus criteria (2017), which
define worrisome features to differentiate between LG and HG
IPMNs. Whereas LG IPMNs that lack worrisome features need
only be followed up, HG IPMNs have a high risk of transforming
into PDAC and thus should undergo surgery (4,5). Although MRI
and endoscopic ultrasound have a high sensitivity, they lack high
specificity, making them good for detecting IPMNs but not for
determining their entity (6). In our prior study, we showed that
PET using %®Ga-labeled fibroblast activation protein (FAP) inhibi-
tors (FAPIs) combined with CT has the potential to differentiate
between LG IPMNs and HG IPMN:ss. In particular, PET imaging—
derived parameters (such as time to peak [TTP]) showed high
ensitivity and specificity for differentiation between IPMN sub-
types (7).

PDAC and other epithelial tumors are surrounded by a vast
tumor stroma expressing fibroblast activation protein (FAP) and
a-smooth muscle actin («SMA), which act as markers for acti-
vated, cancer-associated fibroblasts (CAFs) (8,9). CAFs play an
important role in tumor progression by promoting tumor growth,
invasion, metastasis and therapy resistance (/0). FAP belongs to
the serine protease family and is involved in the control of fibro-
blast growth, tissue repair, and epithelial carcinogenesis (/1,12).
Thus, a neoplastic transformation process is usually associated
with an increase in stromal FAP expression whereas FAP is nearly
undetectable in healthy tissue and benign lesions (8). aSMA,
being involved in cell motility, is usually expressed in pericytes,
myoepithelial cells, smooth muscle cells, and myofibroblasts and
is consequently found in normal, reactive, and neoplastic tissue
(13). Especially, aSMA is an established marker for CAFs in vari-
ous cancers, among them PDAC (/4).

In previous evaluations of °®Ga-FAPI PET/CT, we observed
lower ®3Ga-FAPI uptake in precursor lesions (e.g., lung fibrosis
and pancreatitis) than in carcinoma (15,76). These results were in
line with our IPMN findings showing markedly lower FAPI-74
uptake in LG than HG IPMNs, as well as a shorter TTP in
dynamic PET imaging (7). This led to the hypothesis that FAP
expression and thus the FAPI avidity of pancreatic lesions increase
with higher malignancy. To elucidate differences in FAP expres-
sion between LG and HG IPMNs that may underlie their differen-
tial appearance on %8Ga-FAPI74 PET/CT and to validate FAP as a
biology-based target for PET imaging, we performed immunohis-
tochemistry on a larger series of LG IPMN, HG IPMN, and
PDAC specimens.

MATERIALS AND METHODS

All procedures performed in studies involving human participants
conformed with the ethical standards of the institutional or national
research committee and with the Helsinki declaration (1964) and its
later amendments or comparable ethical standards. This retrospective
study was approved by the local advisory ethic committee (study S-
115/2020).

Histomorphology-Based Classification of Specimens
Hematoxylin- and eosin-stained tissue sections of the surgical mate-
rial of patients with a diagnosis of LG IPMN, HG IPMN, or PDAC
who underwent surgery at the University Hospital Heidelberg between
2017 and 2021 were provided by the EPZ biobank archive (Depart-
ment of Surgery of the University Hospital Heidelberg) in accordance
with the regulations of the tissue bank and the approval of the ethics
committee of the University Hospital Heidelberg. All tissue slides
were histologically evaluated by an experienced pathologist, who

%8GA-FAPI PET IN PANCREATIC NEOPLASMS ~ *

chose representative areas containing IPMN or PDAC tissue and refer-
ence tissue. Three representative specimens reflecting the neoplastic
growth pattern, especially regarding the ratio of neoplastic epithelial
cells to stroma and the grading of neoplasm, were selected for each
patient. All specimens were classified as LG IPMN, HG IPMN, HG
IPMN plus PDAC, or PDAC. IPMN was defined as a proliferation of
intraductal columnar cells producing mucin and was classified as LG
or HG dysplasia by the highest degree of cytoarchitectural and nuclear
atypia of the epithelium. LG IPMN showed monomorphic columnar
cells, which might show mitosis and papillary projections as well as
slight to moderate nuclear atypia. In contrast, HG IPMN showed
nuclear stratification with loss of polarity, pleomorphism, severe aty-
pia, and papillae with irregular branching and budding (3). PDAC
showed ductlike glandular structures arbitrarily infiltrating the pancre-
atic parenchyma. PDAC was divided into 4 groups from well differen-
tiated to poorly differentiated: grade 1 (Gl), grade 2 (G2), grade 3
(G3), and grade 4 (G4). Neoplastic irregular glands surrounded by
strong to loosely arranged desmoplastic stroma containing fibroblasts
and myofibroblasts, as well as scattered macrophages and lympho-
cytes, were interpreted as characteristics common to all (/7).

FAP and aSMA Immunohistochemistry

For the lesion areas chosen as described above, semithin tissue
sections 4 wm thick were prepared from corresponding paraffin blocks
generated from resected tissue after fixation in 4% buffered formalin for
24 h at room temperature. Tissue sections were treated with Ultra Cell
Conditioning Solution (Roche) buffer (pH 8.0) for antigen retrieval.
Immunohistochemical staining was performed using the following
antibodies: anti-FAPa (1:100; Abcam [reference number ab207178])
and anti-aSMA (ready to use; Cell Signaling Technology [reference
number 760-2833]). Automated immunostaining was done using the
BenchMark Ultra automated staining platform (Roche) with the Opti-
View DAB immunohistochemistry detection kit (Roche), Autostainer
Link 48 (Agilent), and the EnVision Flex kit (Agilent). Stained tissue
sections were mounted with Consul-Mount (Thermo Fisher Scientific)
and scanned by Aperio AT2 (Leica; magnification, 1:400) for analysis.

Semiquantitative Analysis

FAP and aSMA expression was assessed both in adjacent nonma-
lignant tissue and in IPMN or PDAC regions marked by premalignant
or malignant cell clusters with surrounding stroma. A semiquantitative
analysis adapted from Remmele and Stegner (/8) was used to interpret
the immunohistochemistry. Scores were assigned according to the per-
centage stain distribution, with a score of 0 indicating 0%; 1 indicating
less than 10%, 2 indicating 10%—50%, 3 indicating 51%—80%, and 4
indicating more than 80%. Additionally, stain intensity was scored,
with a score of 0 indicating no stain, 1 indicating a low stain intensity,
2 indicating a medium stain intensity, and 3 indicating a high stain
intensity. By multiplying the percentage score (0—4 points) with the
intensity score (0-3 points), the immunoreactive score (IRS) consist-
ing of 0—12 points was obtained. These points were further classified
into 3 groups, with IRS scores 0—1 becoming group 0 (negative), 2—3
becoming group 1 (positive with weak expression), 48 becoming
group 2 (positive with mild expression), and 9-12 becoming group 3
(positive with strong expression), to match the human epidermal
growth factor receptor 2 (Her2)/neu score of the American Society of
Clinical Oncology/College of American Pathologists guideline for the
evaluation of estrogen and progesterone receptor status in breast can-
cer. In this Her2/neu score, 0 means that less than 10% of cells are
stained, 1+ means that more than 10% cells are minimally stained,
2+ means that more than 10% cells are moderately stained, and 3+
means that more than 10% cells are strongly stained, with a score of 0
or 1+ being classified as negative, 2+ as mildly positive, and 3+ as
strongly positive (19).
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The synthesis and radioactive labeling of FAPI-74 and the PET
imaging procedures are described in a report about our recent PET-
imaging project on IPMNs (7) and were previously described by
others (20-22); 14 of the 98 patients included in this work had under-
gone ®Ga-FAPI-74 PET/CT in that project. For PET imaging, a Sie-
mens Biograph mCT Flow scanner was used, according to previously
published protocols (/6). Static PET scans were acquired 60 min after
injection. Dynamic PET scans were additionally performed as previ-
ously described (/6). PET data were analyzed retrospectively, and
static (SUVax and SUV ean) and dynamic (TTP) PET parameters
were extracted as previously described (7).

Statistical Analysis

When there were 3 or more different subgroups, significant differ-
ences between staining results or imaging parameters were determined
using l-way ANOVA with Bonferroni multiple-comparison tests,
and 4 levels of significance were discriminated (P < 0.05, P < 0.01,
P < 0.001, and P < 0.0001). For the subgroup analysis of 2 groups
for Supplemental Figure 3 (supplemental materials are available at
http://jnm.snmjournals.org), an unpaired ¢ test was used and P values
of less than 0.05 were defined as statistically significant. All statistical
analyses were performed using GraphPad Prism, version 10.

RESULTS

Immunohistochemical staining against FAP and aSMA was
performed on 294 specimens (3 specimens per patient) of 98
treatment-naive patients (47 female and 51 male; average age at
diagnosis, 66.47y [range, 43—83 y] for women and 65.53 y [range,
47-84y] for men). Twenty-three patients were diagnosed with LG
IPMN, 11 with HG IPMN, and 10 with HG IPMN plus PDAC, of
whom 8 had G2 PDAC and 2 had G3 PDAC. Fifty-four patients
were diagnosed with PDAC, of whom 2 had G1 PDAC, 33 had
G2 PDAC, and 19 had G3 PDAC. The most frequent localization
of the lesions was the pancreas head (61 patients), followed by the
cauda (15 patients) and corpus (13 patients). In 4 patients, the
lesion was at the junction of the head and corpus, and in 2 patients,
the lesion was at the junction of the corpus and cauda. In 2
patients, the lesion was in the whole pancreas, and in 1 patient, the
lesion extended from the processus uncinatus to the cauda (Sup-
plemental Table 1).

Results of Immunohistochemical Staining

FAP. Although a weak immunohistochemical reactivity against
FAP could be observed in the tumor-free pancreatic stroma, signif-
icantly higher expression was detected in neoplasia-associated
peri- and intratumoral desmoplastic stroma, with the tendency
increasing with malignancy grade. However, a strong, unspecific
immunopositivity for FAP could also be shown for epithelial
tumor cells in several specimens.

LG IPMNs showed a less FAP-positive stromal reaction and a
lower FAP intensity than HG IPMNs. The mean IRS was 2.09
(*2.13; median, 2.0) for LG IPMNs, 3.0 (£3.77; median, 2.0) for
HG IPMNSs, 7.4 (£4.6; median, 7.5) for HG IPMNs plus PDAC,
and 9.67 (*3.21; median, 12) for PDAC (Fig. 1A). Mean
Her2/neu scores were 0.61 (£0.72; median, 1.0) for LG IPMNs,
0.91 (*£1.04; median, 1.0) for HG IPMNs, 2.10 (*=1.1; median,
2.5) for HG IPMNs plus PDAC, and 2.67 (+0.7; median, 3.0) for
PDAC (Fig. 1B). Similarly, both criteria—the intensity of the
immunohistochemical reaction (reflected by intensity score) and
the percentage of FAP-positive stroma (reflected by percentage
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FIGURE 1. Mean values (=SEM) of FAP IRS (A), Her2/neu score (B),
intensity score (C), and percentage score (D) of LG IPMNs, HG IPMNSs,
HG IPMNs with PDAC, and PDAC. P values are for 1-way ANOVA with
Bonferroni multiple-comparison tests. *P < 0.05. **P < 0.01. **P < 0.001.
P < 0.0001.

score)—increased with a higher risk of malignant transformation
(Figs. 1C and 1D).

Regarding grading, the mean IRS, Her2/neu score, intensity
score, and percentage score were lower for HG IPMNs plus G2
PDAC than for HG IPMNs plus G3 PDAC, with a mean IRS of
6.75 (+£3.96; median, 6.0) versus 12.0 (£0.0; median, 12) and a
mean Her2/neu score of 2.13 (£0.99; median, 2.0) versus 3.0
(+0.0; median, 3.0). In G1 PDAC, the mean IRS and the mean
Her2/neu score were lower than for HG plus G2 PDAC and G3
PDAC, with a mean IRS of 3.5 (£3.54; median, 3.5) for G1 ver-
sus 9.82 (*£3.23; median, 12.0) for G2 versus 10.05 (*£2.63;
median, 12.0) for G3, as well as a mean Her2/neu score of 1.0
(*1.41; median, 1.0) for G1, 2.76 (£0.56; median, 3.0) for G2,
and 3.0 (£0.0; median, 3.0) for G3 (Supplemental Figs. 1A and
1B). Only slight differences were observed between the intensity
score and the percentage of moderately and poorly differentiated
PDAC (Supplemental Figs. 1C and 1D). Of note, in all specimens,
tumor-free islets of FAP-positive Langerhans were observed.

aSMA. In this study, aSMA expression could be shown in nor-
mal pancreatic stroma and within peri- and intraneoplastic desmo-
plastic reaction.

The mean IRS of LG IPMN:s, at 6.04 (*=3.25; median, 6.0), was
higher than that of HG IPMNs, at 3.91(*£3.70; median, 2.0),
whereas the mean IRS of HG IPMNs plus PDAC, at 8.1 (*3;
median, 7.0), was slightly lower than that of PDAC, at 8.73
(*2.86; median, 8.0) (Fig. 2A). Similarly, the Her2/neu score
showed means of 2.26 (£0.62; median, 2.0) for LG IPMNs, 1.64
(%£0.92; median, 2.0) for HG IPMNSs, 2.4 (+0.52; median, 2.0) for
HG IPMNs plus PDAC, and 2.36 (*0.7; median, 2.0) for PDAC
(Fig. 2B). LG IPMNSs had a higher mean intensity and percentage
score than HG IPMNs. Both LG and HG IPMNs had lower mean
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FIGURE 2. Mean values (=SEM) of aSMA IRS (A), Her2/neu score (B),
intensity score (C), and percentage score (D) of LG IPMNs, HG IPMNs,
HG IPMNs with PDAC, and PDAC. P values are for 1-way ANOVA with
Bonferroni multiple-comparison tests. *P < 0.05. **P < 0.001. **P <
0.0001.

intensity and percentage scores than HG IPMNs plus PDAC and
PDAC, whereas the differences between HG IPMNs plus PDAC
and PDAC were minimal (Figs. 2C and 2D).

Regarding grading, HG IPMNs plus G2 PDAC, HG IPMNs
plus G3 PDAC, and PDAC (G1-G3) showed the mean IRS,
Her2/neu score, intensity score, and percentage score to be at a
similar level, without marked differences (Supplemental Fig. 2).

Immunohistochemical results concerning FAP and aSMA expres-
sion in IPMNs plus PDAC and PDAC subdivided by grading are
pictured in Supplemental Figures 3 and 4.

Comparison of FAP Expression and ®3Ga-FAPI-74b Uptake

For 14 patients who underwent ®*Ga-FAPI-74 PET/CT, the
mean IRS, SUV, ., SUV ean, and TTP were compared. Of these,
4 had LG IPMNs, 4 had HG IPMNSs, 4 had HG IPMNs plus G2
PDAC, and 2 had HG IPMNs plus G3 PDAC.

LG IPMNs had a mean IRS of 1.8 (*1.7; median, 1.5), a mean
SUVax of 3.7 (£2.1; median, 3.5), a mean SUV ., of 2.1
(*1.3; median, 1.8), and a mean TTP of 45.0s (£0.0s; median,
455s). HG IPMNs had a mean IRS of 3.8 (£5.6; median, 1.5), a
mean SUV ., of 5.1 (£1.6; median, 4.9), a mean SUV ., 0f 2.5
(*+0.6; median, 2.3), and a mean TTP of 247.5s (£173.4s;
median, 232.5s). HG IPMNs plus PDAC had a mean IRS of 6.8
(*5.7; median, 7.0), a mean SUV,,,,, of 9.1 (£6.0; median, 7.7), a
mean SUVea, of 4.8 (£3.4; median, 3.7), and a mean TTP
of 408.0s (*147.5s; median, 450s) (Fig. 3). The concordant
increase in FAP expression and °®Ga-FAPI-74 uptake on PET/CT
is visualized in Figure 4.

Regarding grading, HG IPMNs plus G2 PDAC showed a mean
IRS of 4.3 (*5.2; median, 2.0), a mean SUV,,, of 6.1 (£2.3;
median, 5.9), a mean SUV e, of 3.0 (*1.0; median, 2.8), and a
mean TTP of 360.0s (£184.3s; median, 285.0s). The highest
values were observed for HG IPMNs plus G3 PDAC, with a mean

%8GA-FAPI PET IN PANCREATIC NEOPLASMS

IRS of 12.0 (£0; median, 12.0), a mean SUV,,« of 15.0 (*7.5;
median, 15.0), a mean SUV ., of 8.3 (+4.4; median, 8.3), and a
mean TTP of 480.0s (*42.4s; median, 480.0s) (Supplemental
Fig. 5). In summary, the IRS reflecting FAP expression increases
with higher malignancy in accordance with the increasing mean
SUViaxs SUViean, and TTP, with higher malignancy observed in
our previous study.

DISCUSSION

Summary of Results

In this study we performed immunohistochemistry with antibo-
dies directed against FAP and a-SMA on FFPE material of LG
IPMNs, HG IPMNs, HG IPMNs plus PDAC, and PDAC. The
semiquantitative analysis of FAP staining showed a rising IRS
with increasing malignancy, confirming our previous finding and
showing concordance between the mean IRS and the mean
SUViaxs SUViean, and TTP. A higher IRS for a-SMA was
observed in PDAC than in LG IPMN:s, but a clear ascending order
of IRS with increasing malignancy was missing.

Validation and Comparison of FAPI PET/CT-Acquired Data and
FAP Expression

We observed a higher percentage of FAP-positive stroma and a
stronger staining intensity in HG IPMNs than in LG IPMNs. The
IRS underlines this outcome in that the mean HG IPMNs were
twice as high as the IRS of LG IPMNs, thus demonstrating stron-
ger FAP expression in HG IPMNs than in LG IPMNs. These
results are similar to those of other studies, validating their FAPI
PET/CT-acquired data by immunohistochemistry (/5,23). Conse-
quently, these findings are in line with our previous results show-
ing a higher SUV,,x and SUV .., and a longer TTP in HG
IPMNs than in LG IPMNs (7). Besides, our results are in accord
with the outcome of a further prospective study revealing a strong
correlation between SUVs and the IRS of FAP in patients with
various solid tumors (24). By adding specimens of HG IPMNs
plus PDAC and PDAC to our study, we could demonstrate a con-
stant increase in the IRS of FAP (and thus its stronger expression)
with higher malignancy. Because FAP is a marker of CAFs, which
are associated with tumor progression and poor prognosis (25),
our findings suggest that ®®Ga-FAPI PET/CT-acquired data pro-
ject the histopathologic diagnosis by SUV and TTP and may har-
bor the potential to predict malignant progression.

FAP Expression in Tumor-Free Pancreatic Stroma and in
Epithelial Tumor Cells

FAP, forming a homodimeric integral membrane gelatinase as a
member of the serine protease family, promotes extracellular
matrix degradation. Consequently, it participates not only in tumor
growth but also in nonmalignant processes such as inflammation
with a fibrotic component and tissue remodeling. Therefore, a
weak immunohistochemical positivity against this protein was
observed in tumor-free pancreatic stroma, an observation that is
usually characterized by a minimal inflammatory reaction to the
production of aggressive, autodigestive enzymes by exocrine duc-
tal cells and of a periductal microleakage of this enzyme-
containing secretion, resulting in necrosis of single exocrine cells.
Additionally, FAP is involved in pericellular proteolysis of the
extracellular matrix and hence promotes cell adhesion and migra-
tion. Thus, FAP is nonspecifically expressed in a-cells of Langer-
hans insulae (26). However, FAP expression has also been shown
for B-cells, endothelial cells, macrophages, and ductal cells in
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FIGURE 3. Comparison of mean values (with SD) of IRS with SUV ax (A), SUVinean (B), and TTP (C)
of LG IPMNs, HG IPMNSs, and HG IPMNs plus PDAC as parameters of static and dynamic ®®Ga-

FAPI-74 PET imaging observed in our previous study.

normal pancreatic parenchyma (as indicated by a search of the
Human Protein Atlas in September 2023). This observation could
also explain the strong unspecific immunoreactivity of several epi-
thelial tumor cells in pancreatic carcinomas. Especially in the con-
text of possible protein function in the control of epithelial—
mesenchymal interactions during epithelial carcinogenesis (as
indicated by a search of the RefSeq database in September 2023),
further investigations are required to better understand the role of
FAP expression in epithelial tumor cells.

Tumor Microenvironment and PDAC Progression

A possible mechanistic explanation for the differential FAP
expression of LG IPMNs, HG IPMNs, and PDAC could be the
role of the tumor microenvironment and CAFs during the carcino-
genesis of PDAC. At the earlier stages of PDAC development,
a proinflammatory tumor microenvironment may support tumor
initiation (27,28). During cancer progression, the fibrotic and
immune suppressive effects of the tumor microenvironment pro-
mote invasion and induce chemoresistance (29). CAFs act as

tion that changes its biologic activity and
antigen signature during cancer develop-
ment (27). Our findings suggest that the
portion of FAP-positive CAFs or the expres-
sion level of FAP in CAFs increases during
PDAC cancer genesis, possibly due to changes in the tumor microen-
vironment composition and its increasing profibrotic function over
time. Although we observed an ascending IRS with increasing malig-
nancy for FAP, the IRS of aSMA was higher in HG IPMNs with
PDAC and PDAC than in LG and HG IPMNs but showed no clear
ascending score with higher malignancy. Although aSMA is a com-
mon marker for CAFs besides FAP, it is not expressed consistently
in each tissue containing CAFs. Ohlund et al. observed 2 subtypes of
CAFs with distinct functions in PDAC and with different expression
of aSMA. Although the inflammatory CAFs are characterized by
low aSMA expression, the myofibroblastic CAFs show an elevated
expression of aSMA (/4). In a comparison of PDAC versus IPMNs,
Bernard et al. identified inflammatory CAFs only in PDAC whereas
myofibroblastic CAFs were present in PDAC as well as in both LG
and HG IPMNSs, with higher representation in the latter samples (32).
On the one hand, our findings of a stronger aSMA positivity in
PDAC than in IPMNs suit this observation of different aSMA
expression in both lesions depending on the subpopulation of CAFs
present. On the other hand, the inverse aSMA positivity in HG
versus LG IPMNs and the equal aSMA

LG IPMN HG IPMN

o

FAP-IHC

68Ga-FAPI-74-PET/CT

HG IPMN + PDAC

expression of PDAC (G1-G3) lead us to the
hypothesis that «SMA 1is not as suitable as
FAP as a marker for malignant progression
of IPMNs and aggressiveness of PDAC.

Clinical Implications

The increasing expression of FAP with
higher malignancy was measurable concor-
dantly as well by immunohistochemistry as
by %Ga-FAPI PET. This suggests that FAP
expression has the potential to become a
malignancy marker for pancreatic lesions.
In a primary setting, ®*Ga-FAPI PET-based
or biopsy-based immunohistochemical eval-
uation of FAP positivity could be helpful to
estimate the risk of malignancy of pancre-
atic lesions and support decision making
regarding a possible resection or watch-and-
wait strategy. For PDAC patients, immuno-
histochemical FAP expression of resected
tumors or FAP avidity of tumor manifesta-
tions measured by ®*Ga-FAPI PET may
have prognostic value and support treatment

FIGURE 4. Representative hematoxylin and eosin staining (X20), immunohistochemical staining
against FAP (x20), and corresponding axial PET/CT with ®8Ga-FAPI-74 images of 3 patients with LG
IPMNSs in pancreatic tail, HG IPMNs in pancreatic head, and HG IPMNs plus PDAC in pancreatic
head (scale bars = 50 pm; arrows indicate pancreatic lesions). HE = hematoxylin and eosin; IHC =

immunohistochemistry.
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decisions—in particular with respect to the
role of FAP-positive CAF in chemo- and
radioresistance (33-35). Finally, *®Ga-FAPI
PET holds potential as a monitoring tool
for systemic PDAC therapies, especially if
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CAF-targeted therapies are applied in the future (36). The evaluation
of FAP immunohistochemistry and ®*Ga-FAPI PET in these clinical
settings is a promising subject for future prospective clinical trials.

Limitations

Although the results of our histopathologic target validation study
are promising, several limitations must be considered. The major
limitation is that the method of semiquantitative analysis does not
allow exclusion of a certain interobserver deviation. A computer-
automated evaluation of the staining results might be a more precise
method for further studies. The second limitation is the relatively
small number of specimens per diagnosis. Despite staining 3 slides
per diagnosis to increase the validity of our findings, the SDs are
somewhat high and could be reduced by larger patient cohorts. The
unproportioned specimens’ distribution must be considered when
interpreting the results. With regard to our comparison of immuno-
histochemistry results and PET imaging, only a small group (14/98)
of patients underwent °*Ga-FAPI PET imaging. Summarizing, our
results must be interpreted with caution and should be confirmed by
prospective studies with larger patient cohorts.

CONCLUSION

This analysis of FAP immunohistochemistry in synopsis with
the static and dynamic parameters of °Ga-FAPI-74 PET/CT
shows an ascending order of FAP positivity from LG IPMNs to
PDAC, confirming increasing FAPI avidity with higher malig-
nancy in pancreatic lesions. To allow possible predictions on the
progression of the disease through °®Ga-FAPI PET/CT, further
analysis of immunohistochemistry and PET parameters in larger
prospective studies are needed.
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KEY POINTS

QUESTION: Do FAP expression and thus FAPI avidity in
pancreatic lesions increase with higher malignancy?

PERTINENT FINDINGS: FAP positivity in LG IPMNs, HG IPMNs,
PDAC deriving from HG IPMNs, and PDAC increases with rising
malignancy and is in concordance with ®8Ga-FAPI PET/CT
parameters.

IMPLICATIONS FOR PATIENT CARE: ®®Ga-FAP| PET-acquired
data reflect the FAP expression of pathologic subclasses of
IPMNs and might predict further malign transformation into PDAC.
Further analyses of IRS and SUV or TTP in prospective studies
with larger cohorts are needed.
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row in Table 1 mistakenly states B+ 39.0 for %*Cu; however, B~ 39.0 is the correct decay, yield (%). The authors regret the error.
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Characterizing Normal Variant [°®*Ga]Ga-FAPI-46 Uptake in

the Epididymis

Peter George Maliha*, Masatoshi Hotta*, Johannes Czernin, and Jeremie Calais

Ahmanson Translational Theranostics Division, Department of Molecular and Medical Pharmacology, UCLA, Los Angeles, California

The biodistribution of fibroblast activation protein inhibitor (FAPI) PET
tracers includes the kidneys, bladder, uterus, breast, muscles, and
bone marrow. We describe its occasional uptake patterns in the epidid-
ymis. Methods: Epididymal [®®*Ga]Ga-FAPI-46 uptake was retrospec-
tively analyzed in 55 PET/CT studies of 55 men. Uptake intensity (SUV),
pattern (diffuse, focal, or multifocal), laterality, and location (epididymal
head with or without body/tail) were analyzed. Electronic medical
records were reviewed to determine the presence of epididymis-
related disease. Results: Epididymal [(®Ga]Ga-FAPI-46 uptake was
observed in 8 of 55 (15%) subjects, with bilateral epididymal head
uptake in all cases and epididymal body/tail uptake in 6 of 8 (75%)
cases, 5 of 6 (83%) bilaterally and 1 of 6 (17%) unilaterally. The average
SUVnax Was greater in the epididymal heads than in the epididymal
bodies/tails, with an SUV,o« of 4.1 versus 3.0 (P < 0.001). No subject
had epididymal disease related to the uptake. Conclusion: [*Ga]Ga-
FAPI-46 uptake in the epididymis occurs occasionally and does not
appear related to epididymal disease.

Key Words: FAPI; normal variant; epididymal head; epididymis;
incidental

J Nucl Med 2024; 65:59-62
DOI: 10.2967/jnumed.123.266013

Fibroblast activation protein (FAP) is a type II integral mem-
brane glycoprotein enzyme, with functions relating to extracellular
matrix remodeling and fibrogenesis. This protein is expressed by
cancer-associated fibroblast subpopulations (CAF-S1 and CAF-
S4) that may be present in more than 90% of epithelial cancers
with a desmoplastic reaction (/-3). It is also expressed by the nor-
mal activated fibroblasts in inflammation and fibrosis but is not
significantly expressed in healthy tissues (1,4, 5).

FAP inhibitor (FAPI) radiopharmaceuticals have been developed
to target FAP to investigate their potential in the diagnosis and
treatment of multiple oncologic or nononcologic processes (4).

The normal biodistribution of FAPI PET tracers includes mainly
the uterus, kidneys, bladder, and to a lower level the breast, mus-
cles, and bone marrow (6,7). While analyzing [**Ga]Ga-FAPI-46
PET/CT studies as part of multiple clinical trials, we identified
occasional epididymal uptake. The goal of this study was to further
characterize [*®Ga]Ga-FAPI-46 PET/CT uptake in the epididymis.
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MATERIALS AND METHODS

We screened our database of 92 patients (56 men, 36 women) who
underwent [*®*Ga]Ga-FAPI-46 PET/CT in the clinical trials NCT04147494,
NCT04457232, NCT04457258, NCT04459273, or NCT05365802 from
December 18, 2019, to April 18 2023. The PET scans of all 56 male
patients were retrospectively analyzed. The scans were acquired with a Sie-
mens Biograph mCT scanner and a Siemens Biograph 64 TruePoint scan-
ner. The CT scans were low-dose (120 keV, 30 mAs, slice thickness of
5 mm) and acquired without intravenous contrast medium. Uptake in the
epididymides was evaluated in consensus by 2 nuclear medicine physi-
cians. The epididymal structures were located on PET/CT by reviewing
axial, coronal, and sagittal planes. Tracer uptake pattern (diffuse, focal, or
multifocal), laterality, and location (epididymal head with or without body/
tail) were noted. Uptake in the body or tail was recorded as being in the
same structure (i.e., body/tail) as the body and tail could not be distin-
guished on PET/CT because of their small size. The SUV/,,, of the epidid-
ymal structures was collected by drawing 1-cm spheric volume of interests
in the superior pole of the testes and in the region of most intense uptake
in the epididymal bodies/tails. Blood pool SUV ., was measured with a
1-cm spheric volume of interest in the descending thoracic aorta at the level
of the carina. Epididymal SUV,;,.x/blood pool SUV,jcan ratios were calcu-
lated. We defined mild, moderate, and intense uptake as being ratios of 3
or less, 34, and more than 4, respectively. We reviewed the electronic
medical records of all patients with any epididymal uptake to determine
the presence of epididymis-related disease (e.g., epididymitis, epididymal
tumor lesions, and epididymal cysts) by checking the past medical history
and by searching the electronic medical record for the keyword epididymis.
Paired ¢ tests were performed using R software to assess the mean differ-
ences in uptake between the analyzed structures. The Shapiro-Wilk test
was used to confirm no significant departure from normal distributions in
the analyzed data. A Welch ¢ test was performed using R to compare the
age of the subjects with and without uptake in the epididymis.

The study was approved by the UCLA institutional review board
(approval 22-001287), and the need for written informed consent was
waived because of the retrospective design.

RESULTS

In total, the [*3Ga]Ga-FAPI-46 uptake in the epididymides of
55 of 56 men was analyzed. One PET/CT study was excluded
because of poor image quality (excessive noise). The mean age of
the population was 63y (range, 24-85y). The mean injected activ-
ity and time from injection to imaging were 181 MBq (range,
129-204 MBq) and 61 min (range, 47-100 min), respectively.

Of all subjects, 8 of 55 (15%) had uptake in their epididymides
(Fig. 1). Of the 8 subjects with epididymal uptake, 8 of 8 (100%)
had focal uptake in both epididymal heads (total, 16 epididymal
heads), 6 of 8 (75%) had linear uptake in the epididymal bodies/tails,
5 of 6 (83%) had uptake bilaterally, and 1 of 6 (17%) had uptake
unilaterally on the right (total, 11 epididymal bodies/tails).
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FIGURE 1. Maximum-intensity projection anterior (left) and lateral (right) images of all 8 subjects

with epididymal [?®Ga]Ga-FAPI-46 uptake (arrowheads).

TABLE 1

Table 1 describes the SUVs and signal-
to-background ratios in all 8 subjects.
Figures 2 and 3 and Supplemental Figures
1-3 illustrate examples of mild, moderate,
and intense uptake in the epididymis (sup-
plemental materials are available at http:/
jnm.snmjournals.org).

The uptake intensity in the epididymal
heads ranged from mild to intense (7/16
[44%] mild, 4/16 [25%] moderate, and
5/16 [31%] intense), with a mean SUV .«
of 3.9 (range, 2.6-5.6) and a mean
SUV nax/SUV ean blood pool ratio of 3.4
(range, 2.1-5.3).

The uptake intensity in the epididymal
bodies/tails ranged from mild to moderate
(9/11 [82%] mild and 2/11 [18%)] moderate),
with a mean SUV . of 3.0 (range, 2.6-3.5)
and a mean epididymal SUV ,,./SUV 1ean
blood pool ratio of 2.7 (range, 2.0-3.3).

In subjects with uptake in both the epidid-
ymal heads and the epididymal bodies/tails,
the mean SUV,,,, was greater in the heads
(SUVax> 4.1 vs. 3.0, P < 0.001, n = 11).

There was a small difference in the
mean SUV,,,, between the right and left
epididymal heads (3.7 vs. 4.1, respec-
tively, P = 0.040, n = 8). There was no
difference in the SUV,,. between the
right and left epididymal bodies/tails that
had bilateral uptake (3.0 vs. 3.0, P = 0.87,
n=>5).

There was no significant difference in
the average age of the subjects between
those with epididymal uptake (average,
62y; range, 36-75y) and those without
(average, 63 y; range, 24-85y) (P = 0.82).
In these 8 patients with epididymal uptake,
the median follow-up time after PET/CT
was 4.8 mo (range, 1-28 mo). Two subjects

Epididymal [?®Ga]Ga-FAPI-46 SUVs and Signal-to-Background Ratios

Epididymal head (R)

Epididymal head (L)

Epididymal body/tail (R)

Epididymal body/tail (L)

SUVax/BP SUVax/BP SUVax/BP SUVax/BP

Subject no. SUV max SUVmean SUVmax SUVmean SUVmax SUVmean SUVmax SUV nean
1 3.1 3.1 3.0 3.0 2.7 2.7 2.8 2.8

2 4.0 3.6 4.0 3.6 2.8 2.5 3.2 2.9

3 4.1 3.4 5.0 4.2 3.4 2.8 3.3 2.8

4 5.6 5.3 5.6 5.3 3.5 3.3 3.2 3.0

5 3.9 2.1 4.1 2.2 None None None None

6 2.6 2.2 3.1 2.6 None None None None

7 3.7 4.1 4.2 4.7 2.7 3.0 None None

8 2.8 2.2 3.7 2.8 2.6 2.0 2.6 2.0

BP = blood pool; none = no uptake above background.

60

THE JOURNAL OF NUCLEAR MEDICINE * Vol. 65 + No. 1 « January 2024



FAP and FAP RNA expression in the
epididymis has been observed on histopa-
thology (/7). In the Human Protein Atlas,
FAP expression in the epididymis and
testes has been quantified as moderate by
immunohistochemical staining patterns.
FAP RNA expression in the epididymis
has been quantified as greater than in
the testes (by normalized transcripts per

FIGURE 2. Subject 2 (43-y-old man) from Table 1. Shown are [*®Ga]Ga-FAPI-46 maximum-
intensity projection coronal PET (A), axial PET (B), and coronal T1-weighted MR images (C).
Moderate uptake is demonstrated bilaterally in epididymal heads (yellow arrows). Mild uptake is
demonstrated in left epididymal body/tail (orange arrows). There was mild uptake in right epididymal
body/tail (not shown). Epididymal tissue was demonstrated on MRI, with no epididymal disease
reported. Biopsy-proven hibernoma with mild uptake was noted (arrowheads).

had less than 3 mo of follow-up (31 and 55 d), and 6 of 8 had more
than 3 mo of follow-up.

On follow-up, no subject had known clinical epididymal disease
related to [**Ga]Ga-FAPI-46 uptake. One subject (subject 8, Fig. 1
and Table 1) had a documented left epididymal cyst diagnosed on
ultrasound 5mo before undergoing [*®*Ga]Ga-FAPI-46 PET/CT.
However, this subject had uptake in both epididymal heads and
bodies/tails, making this pathology unlikely the cause of the uptake.

DISCUSSION

The epididymis, a tightly coiled structure divided into a head,
body, and tail, spans from the upper testicular pole to the lower
testicular pole and can reach 6 m in length when uncoiled (8). The
largest part of the epididymis is its head, with its thickness typi-
cally measuring 10—12 mm in the anteroposterior dimension. The
body and tail are smaller, with the body having an average thick-
ness of 1-2 mm (9). The epididymis has multiple functions regard-
ing sperm maturation, storage, and transport (/0).

During our [*Ga]Ga-FAPI-46 PET trials, we noticed occasional
epididymal uptake in our [*®Ga]Ga-FAPI-46 cohort, and the goal
of this analysis was to formally assess this uptake. We were able
to retrospectively identify uptake in the epididymis in a minority
of our study population (8/55, 15%).

None of these 8 patients had known epididymal disease. Epidid-
ymal uptake was always present bilaterally in the head, most often
mild and slightly more prominent on the left, with associated less
intense unilateral or bilateral uptake in the body/tail.

million) (12).

The exact cause of occasional [**Ga]Ga-
FAPI-46 uptake in the epididymis is unclear
but suggests the presence of occasional fibro-
sis and inflammation, which is supported by
the known presence of inflammatory cells
and fibroblast growth factor receptors in the
epididymis (/3). This uptake may also reflect
epididymal hyperemia.

Uptake patterns in the epididymal head have also been described
with ['8F]piflufolastat, [**Ga]Ga-DOTANOC, and ['7’Lu]Lu-DOTA-
TATE, potentially explained by prostate-specific membrane anti-
gen and somatostatin receptor expression in inflammatory cells
such as macrophages (/4—17). No association between age and
[*®Ga]Ga-FAPI-46 uptake in the epididymis was found in our
study. Because our study population was small, other potential
clinical factors potentially influencing epididymal [°®Ga]Ga-
FAPI-46 uptake were not evaluated. Further larger prospective
studies are warranted.

As a main limitation of the study, there was no histopathologic
validation of the observed PET signal. The focal uptake in the
upper pole of the testes was presumed located in the epididymal
head because it is the only focal structure in that region and
because adjacent blood pool uptake is unlikely since [*®Ga]Ga-
FAPI-46 signal in the blood pool is minimal. Linear uptake
inferior to the epididymal head was presumed located in the epi-
didymal body/tail as it is the only structure that could have this
uptake pattern: it would be unusual for only a portion of the tunica
vaginalis to express FAP. The systematically observed greater
uptake in the epididymal head than in the body/tail can be in part
explained by the size difference in the structures, leading to a
greater partial-volume effect in the smaller epididymal body/tail.
The study population was small, and other potential clinical fac-
tors potentially influencing epididymal [*®Ga]Ga-FAPI-46 uptake
were therefore not evaluated. Further larger prospective studies are
warranted.

CONCLUSION

To our knowledge, this is the first reported
study describing epididymal [*®Ga]Ga-
FAPI-46 uptake patterns. Although the exact
cause of this uptake remains unknown, it is
important to avoid unnecessary additional
investigations by being aware that occasion-
ally there is [*®Ga]Ga-FAPI-46 uptake in
the epididymis unrelated to known clinically

FIGURE 3. Subject 4 (68-y-old man) from Table 1. Shown are [®Ga]Ga-FAPI-46 PET maximum-
intensity projection coronal PET (A), CT (B), and PET/CT (C) images. Intense uptake is demonstrated bilat-
erally in epididymal heads (yellow arrows). Moderate uptake is demonstrated in epididymal bodies/tails
(orange arrows). Intense uptake is demonstrated in site of treated anal abscess (arrowheads).

manifested epididymal disease. To define
the true incidence of FAP expression in
the epididymis, larger study populations are
needed.
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KEY POINTS

QUESTION: What are the [*®Ga]Ga-FAPI-46 epididymal uptake
characteristics on PET/CT?

PERTINENT FINDINGS: Fifteen percent of our study population
had epididymal uptake unrelated to epididymal disease.

IMPLICATIONS FOR PATIENT CARE: While interpreting
[®8Ga]Ga-FAPI-46 PET/CT studies, readers should be aware that
occasional epididymal uptake unrelated to known epididymal
disease can be seen.
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in Men with Prostate Cancer: A Retrospective—Prospective
[*®*Ga]Ga-PSMA-11 PET/CT Study

Kilian Klugel’z, Holger Einspielerl, David Haberll, Clemens Spielvogell’z, Stefan Stoiber?> , Chrysoula Vrakal,
Laszlo Papp4, Sabine Wunsch', Gerda Egger3, Gero Kramer’, Bernhard Grubmiiller”~’, Shahrokh Shariat>®%12,

Marcus Hacker', Lukas Kenner*?, and Alexander Haugl'2

! Division of Nuclear Medicine, Department of Biomedical Imaging and Image-Guided Therapy, Medical University of Vienna, Vienna,
Austria; >Christian Doppler Laboratory for Applied Metabolomics, Medical University of Vienna, Vienna, Austria; > Department of
Pathology, Medical University of Vienna, Vienna, Austria; *Center for Medical Physics and Biomedical Engineering, Medical
University of Vienna, Vienna, Austria; 5Department of Urology, Medical University of Vienna, Vienna, Austria; 6Department of
Urology and Andrology, University Hospital Krems, Krems, Austria; "Karl Landsteiner University of Health Sciences, Krems, Austria;
8Karl Landsteiner Institute of Urology and Andrology, Vienna, Austria; °Department of Urology, University of Texas Southwestern
Medical Center, Dallas, Texas; '’ Division of Urology, Department of Special Surgery, University of Jordan, Amman, Jordan;

" Department of Urology, Second Faculty of Medicine, Charles University, Prague, Czech Republic; and '*Department of Urology,

Weill Cornell Medical College, New York, New York

Functional imaging with prostate-specific membrane antigen (PSMA)
ligands has emerged as the standard imaging method for prostate can-
cer (PCA). In parallel, the analysis of blood-derived, cell-free DNA
(cfDNA) has been shown to be a promising quantitative biomarker of
PCA aggressiveness and patient outcome. This study aimed to evalu-
ate the relationship and prognostic value of cfDNA concentrations and
the PSMA-positive tumor volume (PSMA-TV) in men with PCA under-
going [®Ga]Ga-PSMA-11 PET/CT imaging. Methods: We recruited
148 men with histologically proven PCA (mean age, 70.7 = 7.7y) who
underwent [®®Ga]Ga-PSMA-11 PET/CT (184.9 + 18.9 MBq) and blood
sampling between March 2019 and August 2021. Among these, 74
(50.0%) had hormone-sensitive PCA and 74 (50.0%) had castration-
resistant PCA (CRPC). All patients provided written informed consent
before blood sample collection and imaging. The cfDNA was extracted
and quantified, and PSMA-expressing tumor lesions were delineated to
extract the PSMA-TVs. The Spearman coefficient assessed correla-
tions between PSMA-TV and cfDNA concentrations and cfDNA’s rela-
tion with clinical parameters. The Kruskal-Wallis test examined the
mean cfDNA concentration differences based on PSMA-TV quartiles
for significantly correlated patient groups. Log-rank and multivariate
Cox regression analyses evaluated the prognostic significance of high
and low cfDNA and PSMA-TV levels for overall survival. Results: Weak
positive correlations were found between cfDNA concentration and
PSMA-TV in the overall group (r = 0.16, P = 0.049) and the CRPC
group (r = 0.31, P = 0.007) but not in hormone-sensitive PCA patients
(r = —0.024, P = 0.837). In the CRPC cohort, cfDNA concentrations
significantly differed between PSMA-TV quartiles 4 and 1 (P = 0.002)
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and between quartiles 4 and 2 (P = 0.016). Survival outcomes were
associated with PSMA-TV (P < 0.0001, P = 0.004) but not cfDNA
(P = 0.174, P = 0.12), as per the log-rank and Cox regression analysis.
Conclusion: These findings suggest that cfDNA might serve as a
biomarker of advanced, aggressive CRPC but does not reliably reflect
total tumor burden or prognosis. In comparison, [*®Ga]Ga-PSMA-11
PET/CT provides a highly granular and prognostic assessment of tumor
burden across the spectrum of PCA disease progression.

Key Words: liquid biopsy; cell-free DNA; prostate cancer; PSMA;
PET/CT
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Despite substantial diagnostic and therapeutic innovations in
recent years, prostate cancer (PCA) remains a leading cause of
cancer-related mortality in men (7).

As PCA progresses from initially localized and hormone-
sensitive PCA (hsPC) to progressively metastatic and castration-
resistant PCA (CRPC)—a transition predominantly characterized
by a loss of reliance on gonadal androgen signaling (2,3)—periodic
reassessment of tumor progression is critical to enable appropriate
therapy adjustments (4).

Hybrid imaging with PET/CT using prostate-specific membrane
antigen (PSMA) ligands (5) has emerged as the diagnostic imag-
ing gold standard using highly sensitive and specific radiotracers
not reliant on the Warburg effect (6), as they enable highly accu-
rate PCA staging (7,8), frequently leading to changes in disease
management (9).

In parallel, the analysis of blood-derived, cell-free DNA (cfDNA)
has recently gained scientific traction (/0) in oncology because of its
minimally invasive nature and the wealth of predictive and prognos-
tic information it is able to provide. In healthy individuals, cfDNA is
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believed to originate primarily from apoptosis or necrosis of hema-
topoietic cells (//,12). In cancer patients, tumor and tumor-
microenvironment—constituting cells also have been shown (13,14)
to shed DNA (circulating-tumor DNA) into the bloodstream by
apoptosis, necrosis (15), and even active secretion (/6). As a result,
supraphysiologic cfDNA concentrations are frequently observed in
cancer patients (/7-19).

Genomic and epigenomic interrogations of circulating-tumor
DNA using approaches based on polymerase chain reaction or
next-generation sequencing enable in-depth profiling of PCA biol-
ogy, evolution, and prognostic trajectory (20—23). However, simple
quantification of cfDNA levels was shown to be a cost-effective,
prognostic, and predictive biomarker in several studies (24,25),
including 2 multicenter, taxane-evaluating phase III chemotherapy
trials (24). Likewise, qualitative and semiquantitative analysis of
PSMA-ligand PET/CT imaging has repeatedly been demonstrated
to yield valuable biomarkers of disease outcome and therapy
responses (26).

To date, the relationship between functional imaging assess-
ments of tumor burden and cfDNA levels has been investigated
only using ['®F]fluorocholine PET/CT imaging (27). However, in
the setting of [®3Ga]Ga-PSMA-HBED-CC ([®®Ga]Ga-PSMA-11)
PET/CT, the association between cfDNA levels and PSMA-
positive tumor volume (PSMA-TV), as well as their comparative
prognostic value, remains unexplored.

We hypothesized that cfDNA levels correlate with functionally
imaged tumor volumes and that both methods yield survival out-
come—associated information.

This study aimed to assess the relationship between cfDNA
levels and PSMA-TV, as well as their prognostic value, in men
with PCA undergoing [*®Ga]Ga-PSMA-11 PET/CT imaging.

MATERIALS AND METHODS

Study Design

In this single-center study, PCA patients referred for [**Ga]Ga-
PSMA-11 PET/CT imaging at the Medical University of Vienna
between March 2019 and August 2021 were prospectively recruited.
Only patients with histologically proven PCA were included, exclud-
ing those with other active or previous malignancies (Fig. 1). Blood
samples were collected for cfDNA analysis after obtaining written
informed consent. This study was approved by the ethics committee of
the Medical University of Vienna (approval 1649/2016).

Clinical data were gleaned retrospectively from the medical records.
Follow-up and overall survival (OS) data were sourced from Statistics
Austria (censoring date, May 12, 2023). The primary endpoints of this
study were, first, the relationship between cfDNA concentrations and
PSMA-TV and, second, the prognostic value of cfDNA and PSMA-
TV levels stratified according to high- and low-level groups. The sec-
ondary endpoint was the association of cfDNA concentration with
PSMA-TV quatrtiles, in case the first primary endpoint was met (sup-
plemental methods; supplemental materials are available at http://jnm.
snmjournals.org).

Plasma Sample Collection and Storage, DNA Extraction, and
Quantification

Blood samples were collected in cfDNA BCT tubes (Streck Inc.) before
tracer injection and centrifuged to remove any cellular debris. The result-
ing plasma was stored at —80°C (supplemental methods). The QlAamp
Circulating Nucleic Acid Kit (Qiagen) was used to extract cfDNA from
plasma according to the manufacturer’s instructions, and the resultant
cfDNA was stored at —20°C for further analysis. cfDNA was quantified
on a Fragment Analyzer (Agilent) using an HS Next-Generation

Histological-proven PCa
(W=159)

Excluded:
prior or active concomitant
+ malignancy (N =9)
+ suspected active concomitant
malignancy (N = 2)

k.
[*Ga]Ga-PSMA-11
PET/CT + Blood draw
(N=148)
|

hsPC
(N=T4)

CRPC
(N=T4)

Correlation of quantitative imaging
with cfDNA survival analysis

FIGURE 1.
diagram.

CONSORT (Consolidated Standards of Reporting Trials)

Sequencing Fragment Kit (Agilent). PROSize software (version 2.0; Agi-
lent) analyzed the electropherograms and quantified cfDNA concentration,
expressed as ng/pL of elution volume (example electrophoresis reports
are shown in the supplemental materials).

Imaging Protocol and Image Analysis

All scans were performed using a Biograph TruePoint PET/CT
scanner (Siemens Healthineers), with patients receiving an intravenous
injection of a mean of 184.9 MBq (+18.9 SD) of [®Ga]Ga-PSMA-11.
One-hour after injection, static whole-body scans were obtained from
the skull base to the upper femur.

First, CT scans were acquired, followed by PET scans, which were
reconstructed using a point-spread-function—based algorithm.

Two nuclear medicine physicians analyzed the images using Hybrid
3-dimensional software (version 4.0.0; Hermes Medical Solutions),
manually delineating all PSMA-expressing primary and secondary
tumor lesions. The PSMA-TV was extracted from all delineated
lesions analogously to the calculation of the metabolic tumor volume,
and the dominant tumor fraction, contributing most to overall PSMA-
TV, was defined (supplemental methods).

Statistical Analysis

Continuous variables are expressed as mean (*SD), and discrete
outcomes are expressed as absolute and relative (%) frequencies.

The Shapiro-Wilk test assessed the normality of variables; correla-
tions of variables were assessed using the Spearman coefficient; het-
eroskedasticity was checked with the Levene test. The difference in
mean cfDNA levels according to PSMA-TV quartiles was assessed
using the Kruskal-Wallis test, facultatively followed by the Dunn-
Bonferroni post hoc test. x? testing assessed associations between
dominant tumor lesion fraction and PSMA-TV quartiles. The Kaplan—
Meier test estimated OS probabilities; the log-rank test compared sur-
vival distributions between groups with high and low cfDNA and
PSMA-TV (cutoff, respective median levels). Multivariate Cox regres-
sion analysis evaluated the relationship between OS and the binary
variables cfDNA concentration and PSMA-TV, which were checked
for multicollinearity and proportional hazards with the Belsley—Kuh—
Welsch technique and Schoenfeld residuals, respectively. The a-risk
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was set at 5% for all analyses, conducted with EasyMedStat software
(version 3.24) (supplemental methods).

RESULTS

Clinical Cohort

In total, 148 patients (age, 70.7 = 7.7 y; prostate-specific antigen
[PSA], 107.67 = 454.10) with histologically proven PCA were
recruited. The median follow-up duration was 19mo (range,
049 mo). OS was 90.5% (95% CI, 84.4%-94.2%) at 12mo and
87.1% (CIL, 80.5%—91.6%) at 24 mo. The clinical and demographic

Associations of cfDNA Levels with Imaging Findings,
Demographic Data, and Clinical Data

A weak positive correlation between cfDNA concentration and
PSMA-TV was observed in the overall cohort (» = 0.16, P = 0.049)
and the CRPC group (r = 0.31, P = 0.007) but not in the hsPC
group (r = —0.024, P = 0.837) (Fig. 2).

In the overall cohort, a moderate positive correlation was found
between PSA level and PSMA-TV (r = 0.64, P < 0.001), and
weak positive correlations were identified between cfDNA con-
centration and PSA (» = 0.23, P = 0.01), lactate dehydrogenase
(r = 0.29, P = 0.039), and age (» = 0.19, P = 0.02). cfDNA and

characteristics are presented in Table 1. hemoglobin concentrations (» = —0.26, P = 0.058) showed a
TABLE 1
Demographic and Clinical Patient Data
Variable hsPC (n = 74) CRPC (n = 74)
Age at inclusion (y) 69.9 = 7.8 (50.0-85.0) 71.5+7.5 (49.0-85.0)
Tracer dose (MBq) 185.6 =20.7 (134.0-300.0) 184.3 =17.1 (149.0-263.0)
cfDNA (ng/p.L) 0.745 + 0.654 (0.0009-4.25) 1.04 + 1.42 (0.0818-9.49)
PSMA-TV (cm®) 14.2 £ 76.7 (0.0-659.1) 175.5 = 369.2 (0.0-1,597.7)
PSMA-positive lesion
Any lesion 51 (68.9%) 64 (86.5%)
Prostate lesion 25 (33.8%) 19 (25.7%)
Lymph node lesion 26 (35.1%) 37 (50.0%)
Bone lesion 14 (18.9%) 48 (64.9%)
Organ lesion 4 (5.4%) 13 (17.6%)
Dominant fraction
Prostate 19 (25.7%) 5 (6.8%)
Lymph node 22 (29.7%) 19 (25.7%)
Bone 8 (10.8%) 39 (52.7%)
Organ 2 (2.7%) 1

PSA (ng/dL)*
Hemoglobin (g/dL)"
Lactate dehydrogenase (U/L)*
Systemic therapies while PET
Antihormonal therapies
Cytotoxic therapies
Systemic therapies after PET
Local
Local + ADT
ADT
CHT
CHT + ADT
77Lu-PSMA
Study
Mean follow-up (mo)

(
24.98 + 105.34 (0.09-761.0)
14.06 = 1.64 (12.1-17.8)
201.21 + 47.37 (149.0-312.0)

4 (5.41%)
1 (1.35%)

24 (55.8%)
6 (14.0%)

9 (20.9%)

1 (2.3%)

1 (2.3%)

1 (2.3%)

1 (2.3%)

19.8 = 13.5 (0.0-47.9)

*n = 14 and 11 data missing in hsPC and CRPC groups, respectively.
Tn = 59 and 35 data missing in hsPC and CRPC groups, respectively.
*n = 60 and 36 data missing in hsPC and CRPC groups, respectively.
ADT = androgen deprivation therapy; CHT = concurrent hormone therapy.
Qualitative data are number and percentage; continuous data are mean = SD and range. Local disease comprised prostate and

seminal vesicle lesions.

(
(:
(
(1.4%)
186.42 + 618.29 (0.01-3,689.0)
11.96 + 1.84 (7.8-15.4)
250.05 + 229.26 (130.0-1,573.0)
55 (78.57%)
3 (16.67%)

10 (23.3%)
14 (32.6%)
2 (4.7%)
16 (37.2%)
1 (2.3%)
16.0 = 14.0 (0.0-49.0)
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FIGURE 2. Scatterplot illustrating correlations between cfDNA concen-
trations and PSMA-TV in all, hsPC, and CRPC patients. PSMA-TV levels
have been logarithmically transformed (log? n) for scale comparability.

weak negative trend, whereas there was a moderate, significant
negative correlation between bone PSMA-TV and hemoglobin
(r = —0.56, P < 0.001) (Fig. 3).

Comparison of cfDNA Levels According to PSMA-TV Quartiles

Median cfDNA concentrations across PSMA-TV quartiles did
not differ significantly (P = 0.095) in the overall cohort, whereas
there were significant differences in the CRPC group (P = 0.012).

Pairwise post hoc analyses revealed significant cfDNA concentra-
tion differences for PSMA-TV quartile 4 (Q4) versus quartile 1 (Q1)
(P = 0.016) and Q4 versus quartile 2 (Q2) (P = 0.002) (Fig. 4;
Tables 2 and 3).

Associations of Dominant Tumor Lesion Fraction with
PSMA-TV Quartiles

In the overall cohort, the PSMA-TV distribution based on domi-
nant tumor lesion fractions differed significantly (P << 0.001). For
prostate, Q1 was 2.6%, Q2 was 32.4%, quartile 3 (Q3) was 27.8%,
and Q4 was 2.7%. For lymph node, Q1 was 7.9%, Q2 was 48.7%,
Q3 was 41.7%, and Q4 was 13.5%. For bone, Q1 was 2.6%, Q2 was
18.9%, Q3 was 27.8%, and Q4 was 78.4%. For organ, Q1 was
0.0%, Q2 was 0.0%, Q3 was 2.8%, and Q4 was 5.4%.

In the CRPC group, the PSMA-TV distribution according to the
dominant tumor lesion fractions differed significantly (P < 0.001).
For prostate, Q1 was 5.3%, Q2 was 21.1%, and Q3—Q4 was 0.0%.
For lymph node, Q1 was 21.1%, Q2 was 47.4%, Q3 was 29.4%,
and Q4 was 5.3%. For bone, Q1 was 21.1%, Q2 was 31.6%, Q3
was 64.7%, and Q4 was 94.7%. For organ, Q1 was 0.0%, Q2 was
0.0%, Q3 was 5.9%, and Q4 was 0.0% (Fig. 4).

OS Analysis

Survival distributions of the cfDNA high (12mo, 86.1%; CI,
75.7-92.3) and low (12mo, 94.7%; CI, 86.4-98.0) groups did not
significantly differ (P = 0.174). However, there was a significant dif-
ference in survival distributions between PSMA-TV high (12 mo,
82.1%; CI, 71.6-89.0) and low (12mo, 100.0%; CI, 100.0-100.0)
groups (P < 0.0001). Likewise, there was a significant difference
in survival distributions between the cfDNA high-PSMA-TV
high (12mo, 73.0%; CI, 55.6-84.4), cfDNA high-PSMA-TV low
(12mo, 100.0%; CI, 100.0-100.0), cfDNA low—PSMA-TV high
(12mo, 90.2%; CI, 76.1-96.2), and cfDNA low—PSMA-TV low
(12mo, 100.0%; CI, 100.0-100.0) groups (P = 0.0003). In the mul-
tivariate Cox regression analysis, there were significant hazard differ-
ences between the PSMA-TV high (hazard ratio, 18.89; CI, 2.52—
141.68) and low (hazard ratio, 0.0529; CI, 0.00706-0.397) groups
(P = 0.004) but not between the cfDNA high (hazard ratio, 2.12; CI,
0.833-5.38) and low (hazard ratio, 0.472; CI, 0.186-1.2) groups
(P = 0.12) (Table 4; Fig. 5).

DISCUSSION

Over the last decade, the arsenal of minimally invasive methods
to assess PCA and its trajectory has vastly expanded. Functional
imaging using PSMA-ligand PET/CT has been shown to stage
PCA with unprecedented, disease management—changing detection
rates (7,8,28,29) and to yield prognostic and predictive informa-
tion on therapy responses to local and systemic approaches alike
(26). In parallel, the quantification of blood-derived cfDNA has
been shown repeatedly to be a valuable biomarker of PCA aggres-
siveness and response to taxane-based chemotherapies (24,25).

In this study, we investigated the relationship between cfDNA
concentration and PSMA-TV as assessed by [*3Ga]Ga-PSMA-11
PET/CT imaging in patients with PCA according to their castration
status to evaluate to what extent these methods yield associated mea-
sures of tumor burden. Furthermore, we aimed to compare the prog-
nostic value of cfDNA and PSMA-TV measures in terms of OS.

Our findings revealed a weak positive correlation between
cfDNA concentrations and PSMA-TV in the overall cohort and
the CRPC group. In contrast, neither a significant nor a trending
correlation was observed in hsPC patients.

Interestingly, the overall correlation between cfDNA levels and
PSMA-TV appeared to be driven primarily by high-volume dis-
ease in the CRPC subgroup (Fig. 2), which was composed mainly
of osseous metastases (Fig. 4D). This hypothesis is corroborated
by the observed significant differences in the CRPC group
between high-volume Q4 disease and low-volume Q1 (P = 0.016)
and Q2 (P = 0.002) disease in conjunction with the nonsignificant

cfDNA differences in the overall cohort

Pairwise comelations between any PSMA-TV quartiles. Several

HESnd bont PEVATY .00t 8= : authors (17,30) have described the same
fDNA with age I ® F=0020 dependency of cfDNA levels and high-

l volume, advanced disease. Chen et al. (/7)

IR L : T®R=0.050 investigated whether ¢fDNA concentrations
CIDNA with HB P=0.058 @ 1 and DNA fragment lengths could differenti-

: ate between localized and advanced PCA

MUNAWIINESA | W E=odl and reported that cfDNA concentrations
PSA and PEMATY : I ® F+0.0001 were elevated in metastatic CRPC patients
-100  -075 -050 -025 000 025 0.50 0.75 1.00 in comparison to localized disease but did

Correlation cosflicient not significantly differ between localized dis-

FIGURE 3. Lollipop plots illustrating correlations between cfDNA and PSMA-TV with several vari-

ables. HB = hemoglobin.
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ease and healthy controls. In line with these
findings, we did not observe a significant or
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TABLE 2

tangibly trending association in the hsPC
subgroup.

We assume that this observation is caused
by the combination of 2 factors. First, the
hsPC subgroup had a substantially lower
tumor burden than the CRPC subgroup
(mean PSMA-TV: hsPC, 14.16 = 76.68;
CRPC, 175.54 = 369.15), missing the high-
volume proportion that appeared to drive the
association in the CRPC subgroup. Second,
the transition from hsPC to CRPC, which is
mediated through various changes in the
genetic and posttranscriptional profiles of
PCAs and alternative modes of androgen bio-
synthesis (2,3), is clinically associated with
more aggressive behavior and higher rates of
proliferation. As cfDNA is believed to be shed
into the bloodstream by hematopoietic (/7,12)
and tumor cells (/4,15) through apoptosis and
necrosis, this might explain why cfDNA con-
centrations and PSMA-TV correlate weakly
only in our CRPC cohort, as they might more
readily outgrow their blood supply.

In conclusion, we reason that cfDNA
levels did not correlate with PSMA-TV in

Unpaired Kruskal-Wallis Distribution of PSMA-TV Quartiles and Corresponding cfDNA Concentrations for
Overall and CRPC Patient Groups

cfDNA
PSMA-TV
Group  Quartile range (cm®) n Mean Mean 95% ClI SD Minimum Q1 Median Q3 Maximum
All Q1 0-0.2 38 0.769  0.503-1.03 0.809 0.0009 0.282 0.528 0.919 4.25
Q2 0.2-3.5 37 0.679 0.54-0.818 0.417 0.0674 0.355 0.61 0.86 1.73
Q3 3.5-23.6 36 0.632  0.483-0.781 0.44 0.0818 0.352 0.488 0.83 1.92
Q4 23.6-1,597.7 37 1.48 0.856-2.11 1.88 0.183 0.421 0.694 1.88 9.49
CRPC Q1 -1.0-3.0 19 0.625 0.431-0.818  0.402 0.126 0.284  0.581 0.822 1.49
Q2 3.0-14.0 19 0516  0.345-0.687 0.354 0.0818 0.265 0.403 0.665 1.44
Q3 14.0-108.0 17 1.32 0.178-2.46 2.22 0.102 0.337  0.871 0.981 9.49
Q4 108.0-1,598.0 19 1.72 0.965-2.48 1.57 0.32 0.472 1.2 2.09 5.14

TABLE 3
Post Hoc Adjusted Pairwise Table Displaying cfDNA Differences Between PSMA-TV Quartiles in CRPC Group
Quartile Median difference Mean difference Mean difference in 95% ClI P
Q1 vs. Q2 0.18 0.11 —0.23 to 0.44 0.451
Q1 vs. Q3 —0.29 -0.7 —-2.11 t0 0.71 0.38
Q1 vs. Q4 —-0.62 -1.1 —2.11 to —0.086 0.016
Q3 vs. Q2 0.47 0.8 —0.6 to 2.21 0.107
Q4 vs. Q2 0.8 1.21 0.2 to 2.21 0.002
Q4 vs. Q3 0.33 0.4 —-1.33t0 2.13 0.146
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TABLE 4
Multivariate Cox Regression of Relationship Between OS
and Binary Explanatory Variables cfDNA and PSMA-TV

Variable Hazard ratio 95% CI P
cfDNA group 0.12
Low 0.472 0.186-1.2
High 212 0.833-5.38
PSMA-TV group 0.004
High 18.89 2.52-141.68
Low 0.0529 0.00706-0.397

the hsPC group because of their less proliferative nature and lower
disease volumes, whereas the weak correlation in the CRPC was
driven mainly by the increasingly proliferative and aggressive high-
volume, bone-metastasis disease fraction.

To contextualize cfDNA levels with known prognostic demo-
graphic and clinical markers of PCA, we explored the association
between cfDNA concentrations and age, PSA level, hemoglobin
level, and lactate dehydrogenase level. Age and cfDNA level were
weakly yet significantly associated, which has been reported by
several authors (37), suggesting various mechanisms of cfDNA
accumulation such as cellular senescence and decreased blood-
stream clearance (32,33). PSA and cfDNA levels were also
weakly associated, as reported by others (34,35), probably because
of PSA’s positive relationship with PSMA-TV (Fig. 3).

Furthermore, lactate dehydrogenase levels, a common signifier of
cellular destruction and a long-established negative prognostic bio-
marker in advanced PCA (36), correlated positively with cfDNA
levels. Although we did not observe a significant correlation between
hemoglobin and cfDNA levels, a negative trend was tangible. We
hypothesize that this potential relationship might be caused by
increased depression of hematopoietic tissue in advanced, metastatic
PCA, because the dominant tumor lesion fraction was contributed

mainly by osseous lesions in the higher-

tumor quartiles, and there was a moderate
negative correlation between bone PSMA-
TV and hemoglobin levels (Fig. 3). Next,

—— CIDNA high
—— ciDNA low

we conducted a survival analysis to assess

Survival probability
o

the prognostic value of cfDNA and PSMA-
TV levels by stratifying the overall cohort
into high- and low-level groups using the
respective median value as the cutoff. We
observed significantly different survival dis-
tributions when binarily stratified into high-
and low-volume PSMA-TV groups (Fig.

0 10 20 30
Time (mo)

5B), which is in line with Has Simsek et al.’s
report of a significant association of total

40 50

PSMA-derived tumor volume with OS (37).

—— PSMA-TY high

However, no significant survival differences
were seen in the high- and low-level cfDNA
groups (Fig. 5A), which runs contrary to
several studies (17,24) that reported signifi-
cant associations between cfDNA levels and
OS in men with CRPC undergoing taxane-

—— PSMA-TY low

Survival probability

based chemotherapy. To determine whether
there might be a synergistic prognostic bio-
marker potential, we defined a compound-
stratified approach combining the high- and

20 30
Time (mo)

low-cfDNA groups, which yielded no addi-
tional prognostic value (Fig. 5C) over a
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(]

—— cfDNA high PSMA-TV high

—— ciDNA low PSMA-TY high
—— cfDNA low PSMA-TV low

binary PSMA-TV stratifier. A multivariate
Cox regression analysis corroborated these
findings.

However, as there was a slight trend
(Fig. 5B) toward lower survival probabilities

cfDNA high PSMA-TV low
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in the high-cfDNA group, we hypothesize
that our study might be underpowered to
detect survival differences based on cfDNA

concentrations, as only 19 patients had passed
until the date of censoring (May 2023).

Our study had several limitations, and
the results should therefore be interpreted

10 20 30
Time (mo)

40 50 with caution. First, since it was a single-

FIGURE 5. Kaplan-Meier curves illustrating survival probabilities between high- and low-cfDNA
groups (A), high- and low-PSMA-TV groups (B), and compound-stratified groups (C).
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center study, we were relying on retro-
spective and partly incomplete clinical
data, which can negatively influence
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generalizability. Second, the survival analysis might have been
underpowered, as only a fraction of patients had passed until cen-
soring, which also made a castration-status-resolved survival anal-
ysis unfeasible. Third, the used metabolic tumor volume analogue
PSMA-TV might not prove to be the most robust PSMA-PET
parameter for survival analysis in the future, as artificial intelli-
gence—derived measures could potentially yield more applicable
metrics going forward.

However, although our study had several limitations, it is
important to acknowledge its strengths. Blood sampling immedi-
ately before tracer injection ensured optimal biologic synchronic-
ity and thereby the comparability of cfDNA and PET/CT findings.
Furthermore, the nonintentional but proportional inclusion of
hsPC and CRPC patients enabled a balanced, comparative analysis
according to castration status. Last, we mitigated potential biases
of record keeping by relying strictly on the central death registry
of the national statistics service for the outcome analysis.

Future research will focus on investigating specifically the
cfDNA’s tumor fraction in relationship to [*3Ga]Ga-PSMA-11
PET/CT imaging to explore the degree of mutual information on
tumor burden and prognosis, thereby potentially informing future
liquid biopsy studies regarding quantitative lower limits of detec-
tion and exploring potential synergies of combined diagnostic and
prognostic use.

CONCLUSION

Our findings suggest that cfDNA might be a biomarker of
advanced, aggressive CRPC but does not reliably reflect total
tumor burden. In comparison, [*3Ga]Ga-PSMA-11 PET/CT pro-
vides a highly granular and prognostic assessment of tumor burden
across the spectrum of PCA disease progression.
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KEY POINTS

QUESTION: Are cfDNA concentrations related to [*®Ga]Ga-
PSMA-11 PET/CT PSMA-TV, and do they provide comparable
prognostic information in men with PCA?

PERTINENT FINDINGS: In this single-center [®Ga]Ga-PSMA-11
PET/CT imaging study comparing cfDNA levels with PSMA-TV
in 148 men with histologically proven PCA (hsPC, n = 74;
CRPC, n = 74), cfDNA levels were only weakly associated

with high-volume CRPC and, contrary to the PSMA-TV, not
associated with OS.

IMPLICATIONS FOR PATIENT CARE: These findings suggest
that cfDNA might be a biomarker of advanced, aggressive CRPC
but does not reliably reflect total tumor burden or prognosis.

In comparison, [?®Ga]Ga-PSMA-11 PET/CT provides a highly
granular and prognostic assessment of tumor burden across the
whole spectrum of PCA disease progression.
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Renal and Multiorgan Safety of '”’Lu-PSMA-617 in Patients
with Metastatic Castration-Resistant Prostate Cancer in the

VISION Dosimetry Substudy
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In the VISION trial, ['7"Lu]Lu-PSMA-617 ('""Lu-PSMA-617) plus
protocol-permitted standard of care significantly improved overall sur-
vival and radiographic progression-free survival compared with standard
of care alone in patients with prostate-specific membrane antigen—
positive metastatic castration-resistant prostate cancer. This VISION
dosimetry substudy quantified absorbed doses of 7’Lu-PSMA-617
in the kidneys and other organs. Methods: Participants were a sepa-
rate cohort of 30 nonrandomized patients receiving standard of
care plus "7Lu-PSMA-617 at 7.4 GBq per cycle for up to 6 cycles.
Blood samples, whole-body conjugate planar image scintigraphy,
and abdominal SPECT/CT images were collected. SPECT/CT images
were collected at 2, 24, 48, and 168 h after administration in cycle 1
and at a single time point 48 h after administration in cycles 2-6. Out-
comes were absorbed dose per unit activity per cycle and cumulative
absorbed dose over all cycles. Cumulative absorbed doses were pre-
dicted by extrapolation from cycle 1, and calculation of observed values
was based on measurements of cycle 1 and cycles 2-6. Safety was also
assessed. Results: Mean (+SD) absorbed doses per cycle in the kidneys
were 0.43 = 0.16 Gy/GBq in cycle 1 and 0.44 = 0.21 Gy/GBq in cycles
2-6. The observed and predicted 6-cycle cumulative absorbed doses in
the kidneys were 15 + 6 and 19 = 7 Gy, respectively. Observed and pre-
dicted cumulative absorbed doses were similar in other at-risk organs.
Safety findings were consistent with those in the VISION study; no
patients experienced renal treatment-emergent adverse events of a
grade higher than 3. Conclusion: The renal cumulative absorbed "77Lu-
PSMA-617 dose was below the established limit. '77Lu-PSMA-617 had
a good overall safety profile, and low renal radiotoxicity was not a safety
concern. Cumulative absorbed doses in at-risk organs over multiple
cycles can be predicted by extrapolation from cycle 1 data in patients
with metastatic castration-resistant prostate cancer receiving "’Lu-
PSMA-617.
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deioligand therapy selectively targets cell-surface proteins
expressed on cancer cells and spares most normal tissues (/).
Prostate-specific membrane antigen (PSMA) is highly expressed
in prostate cancer cells, with limited expression in nonprostate
cancer cells (2—4). Radioligand therapies targeting PSMA are
promising new treatments for patients with metastatic castration-
resistant prostate cancer (mCRPC) (5-7).

[Y"Lu]Lu-PSMA-617 (*”’Lu-PSMA-617) is a high-affinity
PSMA-targeted small-molecule radioligand therapy that delivers
B-particle radiation specifically to prostate cancer lesions (8—10). The
randomized, open-label, pivotal, phase 3 VISION study showed that
17"Lu-PSMA-617 prolonged radiographic progression-free survival
(hazard ratio, 0.40; 99.2% CI, 0.29-0.57; P < 0.001) and overall sur-
vival (hazard ratio, 0.62; 95% CI, 0.52-0.74; P < 0.001) when added
to protocol-permitted standard of care in patients with advanced
PSMA-positive mCRPC (/7). The incidence of adverse events of
grade 3 or above was higher with !7’Lu-PSMA-617 than without, but
health-related quality of life and pain were not adversely affected (11).

The kidneys have long been recognized as dose-limiting organs
for therapeutic radiopharmaceuticals, with a historical cumulative
absorbed dose limit of 23 Gy (/2,13). This limit is based on external
beam radiation therapy (EBRT) and has not been revised on the basis
of experience with systemic radiopharmaceuticals. In patients receiv-
ing ”7Lu-PSMA-617, the kidneys are exposed to radiation because
urinary excretion is the principal route of elimination and because
PSMA is expressed in proximal tubular cells (/4). Other organs at
risk of radiotoxicity with 7’Lu-PSMA-617 include the lacrimal
glands, salivary glands, and red marrow (/5—17). The lacrimal and
salivary glands are at risk because of physiologic uptake due to a
combination of PSMA-specific and nonspecific mechanisms (/8,19).
Red marrow is at risk because reserve is often depleted by previous
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cytotoxic therapies (20) and radiation-induced myelosuppression can
occur. Characterizing the biodistribution of '7’Lu-PSMA-617 in a
dosimetry study is therefore crucial for informed assessment of the
risk of radiation-induced adverse events (/3,27). Similar to EBRT,
dosimetry studies of radiopharmaceutical therapies should be per-
formed to improve the understanding of the effects of radiation expo-
sure. Some countries have therefore made dosimetry studies a legal
requirement (22,23).

The VISION study included a dosimetry substudy that aimed to
enhance the assessment of the safety profile of '”’Lu-PSMA-617
and to contextualize exposure levels against historical EBRT lim-
its in patients with mCRPC. We used a simplified dosimetry
approach based on conventional multiple-time-point imaging in
cycle 1 and single-time-point imaging in cycles 2-6 (24). We
report absorbed radiation doses in kidneys and other organs, as
well as safety and tolerability findings and pharmacokinetic data.
We also investigated whether cumulative absorbed radiation doses
over multiple cycles of '"’Lu-PSMA-617 treatment can be pre-
dicted by extrapolation from cycle 1 dosimetry data.

MATERIALS AND METHODS

Patients

A separate nonrandomized cohort of 30 eligible patients was
enrolled into the dosimetry substudy at 4 sites in Germany. The patient
selection criteria were the same as for the pivotal VISION study (/7).
Full details are provided in the supplemental materials (available at
http://jnm.snmjournals.org).

Treatment

In addition to protocol-permitted standard of care, all patients in the
substudy received '"’Lu-PSMA-617 (7.4 GBgq, 200mCi) per cycle
every 6 wk for up to 6 cycles. The treatment regimen and patient man-
agement were identical to those in the pivotal VISION study (/7).

Objectives

The primary objectives were to conduct whole-body and organ dosim-
etry of 7’Lu-PSMA-617 and to characterize its biodistribution. We
investigated whether cumulative absorbed doses extrapolated from cycle
1 dosimetry data could predict observed cumulative absorbed doses for
multiple cycles of "’Lu-PSMA-617 treatment. Analyses focused on
organs at risk of radiotoxicity from '”’Lu-PSMA-617 (kidneys, lacrimal
glands, salivary glands, and red marrow).

The secondary objectives were to evaluate the safety and tolerability
of """Lu-PSMA-617, to evaluate cardiac function during treatment, to
define the pharmacokinetic profile of '"’Lu-

Whole-body and specific organ-absorbed doses (26-28) for cycles 2—6
were derived using single-time-point data and individual time-activity
curves generated for cycle 1. Blood samples were collected in cycle 1
only, at time points immediately before administration, immediately after
administration (assigned as 1 min), and at approximately 20 min and 1, 2,
4, 24, 48, 72, and 144h after administration (Fig. 1). Red marrow—
absorbed doses were based on an assay of blood samples and the
remainder-of-body activity from cycle 1 using the standard blood-based
methodology (29). Absorbed doses were estimated using OLINDA/
EXM software version 2.2.2 (Hermes Medical Solutions). Lacrimal
gland dosimetry used the MIRD/Radiation Dose Assessment Resource
method (/7,30-37).

Dosimetry outcomes were absorbed dose per unit activity (Gy/GBq)
during cycle 1 and cycles 2—6 and predicted and observed cumulative
absorbed dose (Gy) over all 6 cycles (44.4 GBq). Cumulative absorbed
doses were predicted by extrapolation from multiple-time-point
cycle 1 data in all patients, and calculation of observed values was
based on multiple-time-point cycle 1 data and measurements of addi-
tional single-time-point cycles 2—6. Predicted and observed cumulative
absorbed doses were compared statistically using Hotelling T-squared
tests with Bonferroni adjustment for multiple comparisons. Full details
are provided in the supplemental materials.

Safety and Tolerability

Treatment-emergent adverse events (TEAEs) were monitored through-
out the substudy and were defined as those occurring from the first
administration of treatment up to and including 30 d after the last admin-
istration or before receipt of subsequent anticancer treatment, whichever
occurred first. TEAEs in the renal toxicity safety topic of interest were
increased blood creatinine level, acute kidney injury, increased blood
urea level, proteinuria, kidney failure, and decreased urine output. TEAEs
in the nausea and vomiting safety topic of interest were nausea, vomiting,
and retching. TEAEs in the bone marrow suppression safety topic of
interest were anemia, thrombocytopenia, lymphopenia, leukopenia, neu-
tropenia, pancytopenia, febrile neutropenia, bicytopenia, bone marrow
failure, and normocytic anemia. TEAEs in the dry mouth safety topic of
interest were dry mouth, aptyalism, dry lips, and dry throat. TEAEs in
the hepatotoxicity safety topic of interest were increased aspartate amino-
transferase, increased blood alkaline phosphatase, hypoalbuminemia,
increased alanine aminotransferase, hyperbilirubinemia, ascites, increased
y-glutamyltransferase, acute hepatic failure, cholestasis, hepatic encepha-
lopathy, hepatic failure, hepatic lesion, hepatitis, hepatocellular injury,
increased international normalized ratio, jaundice, and increased transa-
minases. TEAEs were assessed using the Common Terminology Criteria
for Adverse Events (CTCAE) version 5.0.

PSMA-617, and to characterize the radiometa-
bolites of '"’Lu-PSMA-617 in urine. I 1
Results were analyzed descriptively and Cycle 1 Cycles 26
separately from those of the pivotal VISION Timepoint (h) Pre- Endof o5 5 4 o a8 72 144 168 8
tudy.
o e . x « x
Image Acquisition and Dosimetry ::’;%TQ/CT * * * *
Whole-body conjugate planar image scintig- Safety . Continuous N
raphy and abdominal SPECT/CT images were monitoring
collected at 2, 24, 48, and 168 h after adminis- ECe” * * X
tration in cycle 1 and at a single time point PKt * * X X X * * * *
48 h after administration in cycles 2-6 (Fig. 1). Urine Cumulative x %
This was selected as the most convenient sin- s coflection”
gle time point lying in the center of the com- FIGURE 1. Study design and assessments. Asterisk shows that blood pressure was measured

plete curve collected in cycle 1. Technical
details of the used imaging systems and
applied acquisition and reconstruction protocols
are shown in Supplemental Table 1 (25).

before each electrocardiogram (ECG). Dagger symbol is blood pharmacokinetic (PK) samples that
were collected after ECGs when time points overlapped. Double dagger shows whole urine collec-
tion that was required between end of dose and 2h after dose before first image. HPLC = high-
performance liquid chromatography.
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Study Conduct

The VISION study was registered on ClinicalTrials.gov
(NCT03511664) and was conducted in accordance with the principles
of the Declaration of Helsinki, the International Conference on Harmo-
nization Good Clinical Practice, and applicable local regulations. Inde-
pendent ethics review boards approved the trial protocol at each trial
site. All patients in the pivotal study and the present dosimetry substudy
signed written informed consent forms before enrollment.

RESULTS

Patients

All 30 enrolled patients received at least 1 cycle of '7’Lu-PSMA-
617 plus standard of care. In cycle 1, multiple-time-point dosimetry
was performed in 29 patients—1 patient received !"’Lu-PSMA-617
but was unable to tolerate the imaging procedures required for
dosimetry because of intense bone pain. One patient underwent
imaging at 24 h in cycle 2 for clinical reasons and then at 48 h in all

subsequent cycles. In addition, single-time-point dosimetry was per-
formed in 21 patients who completed cycles 2 and 3, in 19 patients
who completed cycle 4, in 13 patients who completed cycle 5, and in
10 patients who completed all 6 cycles.

A total of 18 patients (60.0%) discontinued all study treatments.
Reasons for discontinuation of !7’Lu-PSMA-617 were disease
progression (n = 7), investigator decision (n = 4), adverse events
(n = 3), withdrawal of consent to treatment (» = 2), death
(n = 2), lack of clinical benefit (n = 1), and other (n = 1).

Dosimetry

Absorbed Doses per Cycle. In cycle 1, absorbed doses per unit
activity among at-risk organs were highest in the lacrimal and sali-
vary glands, with mean values = SD of 2.10 £0.47 and 0.63 =
0.36 Gy/GBgq, respectively, followed by the kidneys at 0.43 =
0.16 Gy/GBq and red marrow at 0.035 = 0.020 Gy/GBq (Table 1).
Figure 2 shows representative SPECT/CT images of the kidneys

TABLE 1
Absorbed Doses per Unit Activity per Cycle
Cycle 1* Cycles 2-6*
Organ or tissue Mean SD Mean SD
Lacrimal glands 2.1 (1.2-3.2) 0.47 1.8 (0.70-3.9) 0.61
Salivary glands 0.63 (0.22-1.5) 0.36 0.63 (0.23-1.4) 0.30
Left colon 0.58 (0.33-1.0) 0.14 0.58 (0.32-0.73) 0.11
Rectum 0.56 (0.32-1.1) 0.14 0.55 (0.31-0.70) 0.10
Kidneys 0.43 (0.22-0.83) 0.16 0.44 (0.17-1.0) 0.21
Right colon 0.32 (0.18-0.60) 0.08 0.31 (0.18-0.40) 0.06
Urinary bladder wall 0.32 (0.29-0.43) 0.03 0.33 (0.29-0.43) 0.03
Thyroid 0.26 (0.09-1.69) 0.37 0.21 (0.06-1.6) 0.25
Heart wall 0.17 (0.03-0.52) 0.12 0.15 (0.05-0.37) 0.08
Lungs 0.11 (0.03-0.57) 0.11 0.06 (0.02-0.17) 0.03
Liver 0.090 (0.043-0.220) 0.044 0.11 (0.037-0.26) 0.054
Small intestine 0.071 (0.043-0.220) 0.031 0.065 (0.043-0.083) 0.010
Spleen 0.067 (0.031-0.140) 0.027 0.095 (0.028-0.32) 0.056
Osteogenic cells 0.036 (0.02-0.170) 0.028 0.030 (0.016-0.062) 0.009
Red marrow 0.035 (0.020-0.13) 0.020 0.031 (0.021-0.051) 0.007
Adrenal glands 0.033 (0.016-0.15) 0.025 0.028 (0.014-0.060) 0.009
Gallbladder wall 0.028 (0.013-0.15) 0.026 0.023 (0.012-0.055) 0.008
Pancreas 0.027 (0.012-0.15) 0.026 0.021 (0.008-0.051) 0.008
Prostate 0.027 (0.013-0.15) 0.026 0.021 (0.007-0.050) 0.008
Esophagus 0.025 (0.010-0.15) 0.026 0.019 (0.006-0.050) 0.008
Stomach wall 0.025 (0.011-0.15) 0.026 0.019 (0.006-0.050) 0.008
Thymus 0.025 (0.010-0.15) 0.026 0.018 (0.004-0.049) 0.008
Testes 0.023 (0.010-0.14) 0.025 0.017 (0.003-0.046) 0.008
Eyes 0.022 (0.009-0.14) 0.024 0.016 (0.003-0.045) 0.008
Brain 0.007 (0.002-0.025) 0.005 0.006 (0.003-0.028) 0.003
Whole body 0.037 (0.019-0.170) 0.027 0.031 (0.018-0.065) 0.009

*Dosimetry data were available for 29 patients at cycle 1, 21 patients at cycles 2 and 3, 19 patients at cycle 4, 13 patients at cycle 5,

and 10 patients at cycle 6.

Bold font indicates organs considered to be at particular risk of radiotoxicity. Data are Gy/GBqg.
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FIGURE 2. Representative SPECT/CT images show kidneys of a patient
at various times during cycle 1 of '"Lu-PSMA-617 treatment. SPECT
images (black/red/yellow scale) show uptake of '"’Lu-PSMA-617 in kid-
neys (axial and coronal orientations) at 2, 24, 48, and 168 h during cycle 1.
Underlaid CT images (gray) are scaled equally. Both image types are
maximum-intensity projections.

of a patient taken at 4 time points during cycle 1. Supplemental
Figure 1 shows representative contouring of the kidneys on
SPECT/CT images taken during cycle 1.

In cycles 2—6, absorbed doses per unit activity per cycle among
at-risk organs were similar to those in cycle 1, with the highest
mean values in the lacrimal and salivary glands at 1.80 + 0.61 and
0.63 = 0.30 Gy/GBq, respectively, followed by the kidneys at
0.44 = 0.21 Gy/GBq and red marrow at 0.031 = 0.007 Gy/GBq
(Table 1).

Table 1 shows absorbed doses in all organs and tissues assessed.
Average percent injected activity is shown in Supplemental Figure
2 and Supplemental Table 2. The normalized number of disinte-
grations in specific organs is shown in Supplemental Table 3.

Cumulative Absorbed Doses. Predicted 6-cycle cumulative
absorbed doses based on extrapolation of cycle 1 data in 29 patients

were 92.0 = 21.0 Gy in the lacrimal glands, 28.0 = 16.0 Gy in the
salivary glands, 19.0 = 7.3 Gy in the kidneys, and 1.5 £0.9 Gy in
the red marrow (Table 2). Observed 6-cycle cumulative absorbed
doses in the 10 patients who completed all 6 cycles were
77 =23 Gy in the lacrimal glands, 30 = 15Gy in the salivary
glands, 15 = 6 Gy in the kidneys, and 1.30 £ 0.33 Gy in the red
marrow (Table 2). Table 2 shows cumulative doses in all organs
and tissues assessed. Supplemental Table 4 shows predicted and
observed cumulative absorbed doses in the 10 patients who com-
pleted all 6 cycles of treatment.

Predicted versus observed cumulative absorbed doses per cycle
in at-risk organs were similar to each other at both the group level
and the individual patient level (Fig. 3; Supplemental Fig. 3). For
each cycle in cycles 2—6, the predicted values were similar to
observed values, independent of the number of patients with data
for subsequent cycles. Statistical comparisons of predicted versus
observed cumulative doses across all 4 at-risk organs revealed no
significant differences (P = 0.19-0.54 in cycles 2—6). Predicted
values were generally higher in later treatment cycles compared
with the observed values (Fig. 3; Table 2).

Safety and Tolerability

The median duration of '"7Lu-PSMA-617 exposure was
5.52mo (range, 1.4-9.0mo), with patients receiving a median of 4
cycles and a mean total administered activity of 28.7 = 10.5 GBq.
Across all treatment cycles, similar proportions of patients in this
substudy experienced TEAEs as in the pivotal VISION study,
including severe, serious, and drug-related adverse events (Supple-
mental Table 5). TEAEs grouped as safety topics of interest are
shown in Table 3. Renal toxicity was reported in 5 of 30 patients
(16.7%), of whom 3 of 30 (10%) had increased creatinine levels.
The mean cumulative absorbed dose in the kidneys over 6 cycles
for patients with reported renal toxicity was 24.42 + 7.41 Gy ver-
sus 17.55 £ 7.80 Gy in those without (based on observed dose
when available and on predicted dose when observed dose was not
available). No patients experienced renal TEAEs of grade 3 or
higher. TEAEs were most frequent in the bone marrow suppres-
sion grouping, occurring in 11 of 30 patients (36.7%), of whom 2
of 30 patients (6.7%) had grade 4 events (lymphopenia and throm-
bocytopenia), 1 of 30 patients (3.3%) had grade 3 events (leukope-
nia and thrombocytopenia), and 2 of 30 patients (6.7%) had grade
3 events (anemia). TEAEs were also frequent in the nausea and
vomiting grouping, occurring in 11 of 30 patients (36.7%) each,
followed by fatigue in 6 of 30 patients (20%) and dry mouth in 5
of 30 patients (16.7%) (Table 3).

Toxicity Adverse Events in Cycle 1. During cycle 1, 6 of 30
patients (20%) had 1 or more hematologic adverse events of
CTCAE grade 2 or higher, based on worsening from baseline
(Supplemental Table 6). The most common of these was anemia
in 5 of 30 patients (16.7%). No patients had thrombocytopenia of
CTCAE grade 2 or higher.

During cycle 1, 2 patients (6.7%) had salivary gland adverse
events, limited to CTCAE grade 1. No patients had lacrimal gland
adverse events or renal toxicity during cycle 1 (Supplemental
Table 6).

Cardiac Safety. Low uptake of !7’Lu-PSMA-617 in the heart
wall was observed, with an absorbed dose per unit activity of
0.17 = 0.12 Gy/GBq in cycle 1 (Table 1).

Least-square mean changes in the corrected Fridericia QT interval
from baseline were minimal, ranging from +2.1 to —5.2ms during
the first 24h of treatment (Supplemental Fig. 4A). Least-square

74  THE JoURNAL OF NUCLEAR MEDICINE * Vol. 65 « No. 1 « January 2024



TABLE 2
Cumulative Absorbed Doses Over 6 Cycles

Predicted from cycle 1 data (n = 29)

Observed (n = 10)

Organ or tissue Mean SD Mean SD Relative difference
Lacrimal glands 92 (54-140) 21 77 (53-115) 23 +19.5%
Salivary glands 28 (10-68) 16 30 (11-58) 15 —6.7%
Left colon 26 (15-45) 6.0 24 (14-29) 4.8 +8.3%
Rectum 25 (14-47) 6.2 23 (13-28) 4.6 +8.7%
Kidneys 19 (10-37) 7.3 15 (9.1-29) 5.8 +26.7%
Right colon 14 (8.1-27) 3.4 13 (8.0-16) 2.5 +7.7%
Urinary bladder wall 14 (13-19) 1.1 14 (13-15) 0.58 0.0%
Thyroid 11 (3.8-75) 16 9.8 (3.3-48) 14 +12.2%
Heart wall 7.8 (1.4-23) 5.2 5.7 (2.8-11) 3.0 +36.8%
Lungs 4.7 (1.3-25) 4.9 2.5 (1.2-5.4) 1.3 +88.0%
Liver 4.0 (1.9-9.6) 2.0 4.0 (2.1-9.3) 2.1 0.0%
Small intestine 3.1 (1.9-9.9) 14 2.7 (2.2-3.1) 0.36 +14.8%
Spleen 3.0 (1.4-6.0) 1.2 3.4 (1.4-8.0) 23 -11.8%
Osteogenic cells 1.6 (0.88-7.6) 1.3 1.3 (0.85-2.2) 0.44 +23.1%
Adrenal glands 1.5 (0.70-6.8) 1.1 1.1 (0.62-2.0) 0.41 +36.4%
Red marrow* 1.5 (0.87-5.9) 0.9 1.3 (0.93-1.8) 0.33 +15.4%
Gallbladder wall 1.2 (0.56-6.7) 1.1 0.96 (0.52-1.8) 0.40 +25.0%
Pancreas 1.2 (0.55-6.7) 1.1 0.90 (0.50-1.8) 0.38 +33.3%
Prostate 1.2 (0.59-6.7) 1.1 0.91 (0.54-1.8) 0.36 +31.9%
Esophagus 1.1 (0.46-6.5) 1.1 0.81 (0.42-1.7) 0.39 +35.8%
Stomach wall 1.1 (0.48-6.6) 1.1 0.83 (0.44-1.7) 0.38 +32.5%
Thymus 1.1 (0.45-6.5) 1.1 0.78 (0.41-1.7) 0.39 +41.0%
Testes 1.0 (0.43-6.3) 1.1 0.74 (0.39-1.6) 0.36 +35.1%
Eyes 1.0 (0.40-6.1) 1.1 0.72 (0.36-1.6) 0.36 +38.9%
Brain 0.3 (0.08-1.1) 0.2 0.27 (0.17-0.41) 0.08 +11.1%
Whole body 1.6 (0.86-7.3) 1.2 1.3 (0.79-2.2) 0.42 +23.1%

*Cycles 2-6 observed data were based on blood samples and remainder-of-body activity from cycle 1 scaled according to respective

imaging data. For cycle 6, total injected activity was 44.4 GBq.

Data are Gy. Bold font indicates organs considered to be at particular risk of radiotoxicity.

mean changes in the heart rate from baseline were also minimal,
ranging from —0.8 to +3.8 bpm during the first 24 h of treatment
(Supplemental Fig. 4B).

Pharmacokinetics

Plasma Profile. After infusion, the peak !7’Lu-PSMA-617
plasma concentration was generally reached approximately 20 min
after administration (median maximum time, 0.38h) and was fol-
lowed by a biexponential decline (Supplemental Fig. 5).

The geometric mean half-life of '7’Lu-PSMA-617 from the cir-
culation was approximately 41.6h (geometric mean coefficient of
variation, 68.8%) (Supplemental Table 7).

Urinary Metabolites. Radioactivity in urine at 72 h was decreased
by approximately 93% compared with the 0- to 2-h time point. The
proportion of intact !”’Lu-PSMA-617 in the urine decreased from
approximately 95% of total urine radioactivity at 0-2h to 92% at
24 h, 83% at 48 h, and 68% at 72 h, with radiometabolites accounting

SAFETY IN THE VISION DOSIMETRY SUBSTUDY *

for the remaining total radioactivity. The most common radiometabo-
lites in urine were M1, M3, and M4, with a total of 9 peaks (Supple-
mental Fig. 6).

DISCUSSION

The cumulative dose limit of 23 Gy for the kidneys has been
historically derived for EBRT and subsequently applied to radio-
pharmaceutical use (/2,13). In this dosimetry substudy of the piv-
otal phase 3 VISION study of !”’Lu-PSMA-617 in patients with
mCRPC, absorbed doses in all cycles were within accepted limits
in the kidneys and other organs at the highest risk of radiotoxicity.
Absorbed doses per cycle were highest in the lacrimal and salivary
glands, followed by the kidneys and the red marrow. The observed
renal cumulative absorbed dose was 15 Gy at cycle 6, which was
below the historical limit of 23 Gy (/2,13). TEAEs affecting the
kidneys and other organs at risk of radiotoxicity were infrequent
and generally of low to moderate severity.
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FIGURE 3. Predicted versus observed cumulative absorbed doses per cycle in at-risk organs.
Injected activity: cycle 2, 14.8 GBq; cycle 3, 22.2 GBq; cycle 4, 29.6 GBq; cycle 5, 37.0 GBq; cycle 6,

44.4 GBaq.

For each of cycles 2—6, the cumulative absorbed doses predicted
by extrapolation from cycle 1 data were comparable with the
observed cumulative absorbed doses at both the group level and
the individual patient level. This observation supports the premise
that prediction by extrapolation from cycle 1 dosimetry data
allows acceptable estimation of cumulative doses over multiple

TABLE 3
TEAEs Grouped as Safety Topics of Interest
in the Substudy

77 u-PSMA-617
plus SoC (n = 30)

Safety topic All grades Grade = 3 (%)

Bone marrow suppression 11 (36.7) 6 (20.0)
Nausea and vomiting 11 (36.7) 0 (0.0)
Fatigue 6 (20.0) 2 (6.7)
Dry mouth 5 (16.7) 0 (0.0)
Renal toxicity 5 (16.7) 0 (0.0)
Hepatotoxicity 2 (6.7) 0 (0.0
Intracranial hemorrhage 0 (0.0) 0 (0.0)
QT prolongation 0 (0.0 0 (0.0)
Reproductive toxicity 0 (0.0) 0 (0.0)
Second primary malignancies 0 (0.0) 0 (0.0)

Toxicity was assessed using CTCAE version 5.0. Safety topics
occurred on or after start of treatment with 1”7 Lu-PSMA-617 plus
standard of care (SoC) up to 30 d after last administration or before
initiation of subsequent anticancer treatment. Patient with multiple
grades for safety topic is counted only under maximum grade.
Data in parentheses are percentages.

reported with a wide range of values and
high variability (10,17,42,43,45). This var-
iability may be due to small volumes of
the lacrimal glands and the planar-only
analysis. Interference from activity in the
nasal mucosa and interpatient variation of actual lacrimal gland
mass can further exacerbate this uncertainty. Contouring the lacri-
mal glands on a CT scan is an extremely challenging task and
requires a high-resolution CT image of the orbital area. On the
other hand, ranges of normal volumes of lacrimal glands calculated
by CT (e.g., for radiotherapy purposes) have been published (26).
The findings were also similar but not directly comparable in a pro-
spective dosimetry study of !”’Lu-PSMA-617 using fewer cycles
and lower administered doses in a small number of patients with
low-volume metastatic hormone-sensitive prostate cancer (46).

The median duration of '"’Lu-PSMA-617 exposure in the 30
patients in the present dosimetry substudy was 5.52 mo, similar to
the median exposure of 6.9mo in 529 patients of the pivotal
VISION study. The safety profile of '7’Lu-PSMA-617 was also
similar between studies (/7). The incidence of bone marrow sup-
pression was similar between the present substudy (36.7%) and
the pivotal VISION study (47.4%). In the renal toxicity safety
topic of interest, no patients in the dosimetry substudy and 3.4%
in the pivotal study experienced TEAEs of CTCAE grade 3 or
higher across all treatment cycles. Recently, the results from a pro-
spective registry study showed that !7’Lu-PSMA-617 did not lead
to deterioration in kidney function in patients with mCRPC and
kidney impairment (47).

177Ly-PSMA-617 is internalized by PSMA-expressing tumor
cells and some normal cells that express PSMA. This delivers
B-particle radiation with high specificity to prostate cancer cells
and PSMA-expressing normal cells and their surrounding micro-
environment within an approximate 2-mm range. The duration of
exposure depends on the radioactive half-life of '7"Lu (~1 wk)
and its excretion. The present findings demonstrate that '”’Lu-
PSMA-617 is excreted rapidly into the urine, mainly as the parent
compound, with radioactivity in urine at 72 h decreased by approx-
imately 93% from the 0- to 2-h time point. Speculatively, this
transient exposure of the kidneys to radioactivity during rapid
excretion of unbound '""Lu-PSMA-617 may underlie the low
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incidence of renal toxicity in the present substudy and in the piv-
otal VISION study (11).

The gold standard for dosimetry comprises a full multiple-time-
point curve for every treatment cycle. However, this approach
could be logistically, financially, and clinically challenging because
of poor health conditions in most patients with mCRPC. Therefore,
a simplified dosimetry method was used in cycles 2—6, with imag-
ing at only a single time point (48h). From a purely dosimetric
point of view, this represents a limitation of the study. It can also,
however, be regarded as a strength because it minimizes stress for
the patient and mitigates the risks of limited clinical capacity by
freeing up scanners and staff. The simplified approach has previ-
ously been demonstrated to be valid (24). Although it may lead to a
slight underestimation of the expected cumulative absorbed doses
in the kidneys of patients with mCRPC treated with !”’Lu-PSMA-
617, the simplified approach is recommended as a reliable and
appropriate alternative in patients with poor health status (24). An
alternative approach to simplify dosimetry would be to use a
single-time-point method in all cycles (48). Ultimately, using a sin-
gle time point in cycle 1 and omitting dosimetry from cycle 2
onward might be the next step toward minimizing complexity,
costs, and burden for patients. This will require optimization in
patient cohorts larger than that in the present VISION substudy.

The number of patients in this substudy was sufficient for good
dosimetric characterization. Given the technical and logistic chal-
lenges of dosimetry data acquisition over multiple study sites, the
collection of SPECT images that included critical organs at all imag-
ing time points represents a strength of the substudy. Another
strength is the multicentric approach: the quantitative imaging cali-
bration procedures were standardized across all 4 participating cen-
ters and centralized by the same single operator across all study sites
to ensure high-quality data. Other studies have shown that standardi-
zation and calibration of quantitative imaging across various sites is
feasible and can provide data that are comparable between participat-
ing sites (49). The observed renal cumulative absorbed dose was
below the historical limit of 23 Gy (/2,13). This may present an
opportunity to improve the !”’Lu-PSMA-617 treatment protocol by
increasing the dose per cycle or administering extra cycles. Neverthe-
less, the recommended dose remains 7.4 GBq per cycle for 6 cycles.

CONCLUSION

This VISION substudy expanded the evidence base for the safety
profile of '""Lu-PSMA-617, which was shown to extend overall
survival and improve radiographic progression-free survival in
patients with advanced mCRPC in the pivotal VISION study (/7).
The use of a simplified single-time-point dosimetry method in
cycles 2—-6 minimized the burden on patients and scanners and is
expected to have little meaningful impact on the reliability of the
results. '”’Lu-PSMA-617 was rapidly eliminated from the body
and had a good safety profile, with no patients experiencing renal
TEAEs of CTCAE grade 3 or higher. The observed cumulative
absorbed doses over 6 cycles of treatment in the kidneys were
below the historical EBRT limit of 23 Gy. These data indicate that
44.4 GBq of '""Lu-PSMA-617 can safely be administered cumula-
tively over 6 cycles without inducing renal toxicity. Cumulative
absorbed doses were predictable by extrapolation from cycle 1
dosimetry data. Omitting dosimetry from cycle 2 onward may
allow adequate assessment of cumulative organ-absorbed doses
and thus reduce imaging burden for patients without unacceptably

SAFETY IN THE VISION DOSIMETRY SUBSTUDY *

compromising safety. These prospective safety and dosimetry data
provide further support for adoption of !”’Lu-PSMA-617 as a treat-
ment option in clinical practice for patients with mCRPC.
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KEY POINTS

QUESTION: What is the whole-body and organ dosimetry of

177 u-PSMA-617, and can we predict cumulative absorbed
radiation doses over multiple cycles of '”"Lu-PSMA-617 in patients
with mCRPC by extrapolation from cycle 1 dosimetry data?

PERTINENT FINDINGS: '"“Lu-PSMA-617 has a good overall
safety profile and low renal radiotoxicity. Furthermore, data from
cycle 1 of patients with mCRPC receiving '"’Lu-PSMA-617 can
be extrapolated to predict cumulative absorbed doses in at-risk
organs in additional cycles.

IMPLICATIONS FOR PATIENT CARE: The omission of dosimetry
measurements from cycle 2 onward could reduce patient burden
and free scanner and staff capacities, without unacceptably
compromising safety.
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B-emitting '""Lu targeting prostate-specific membrane antigen
(PSMA) is an approved treatment option for metastatic castration-
resistant prostate cancer. Data on its long-term nephrotoxicity are
sparse. This study aimed to retrospectively evaluate post-'""Lu-
PSMA estimated glomerular filtration rate (¢GFR) dynamics for at least
12mo in a cohort of metastatic castration-resistant prostate cancer
patients. Methods: The institutional databases of 3 German tertiary
referral centers identified 106 patients who underwent at least 4 cycles
of "7Lu-PSMA and had at least 12 mo of eGFR follow-up data. eGFR
(by the Chronic Kidney Disease Epidemiology Collaboration formula)
at 3, 6, and 12mo after '""Lu-PSMA radioligand therapy was
estimated using monoexponentially fitted curves through available
eGFR data. eGFR changes were grouped (=15%-<30%, moderate;
=30%-<40%, severe; and =40%, very severe). Associations
between eGFR changes (%) and nephrotoxic risk factors, prior treat-
ment lines, and number of '"’Lu-PSMA cycles were analyzed using
multivariable linear regression. Results: At least moderate eGFR
decreases were present in 45% (48/106) of patients; of those, nearly
half (23/48) had a severe or very severe eGFR decrease. A higher
number of risk factors at baseline (—4.51, P = 0.03) was associated
with a greater eGFR decrease. Limitations of the study were the retro-
spective design, lack of a control group, and limited number of
patients with a follow-up longer than 1y. Conclusion: A considerable
proportion of patients may experience moderate or severe decreases
in eGFR 1y from initiation of '””Lu-PSMA. A higher number of risk fac-
tors at baseline seems to aggravate loss of renal function. Further pro-
spective trials are warranted to estimate the nephrotoxic potential of
177Lu-PSMA.

Key Words: nephrotoxicity; PSMA; radioligand therapy; lutetium;
mCRPC
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NEPHROTOXICITY AFTER !7'LU-PSMA RLT -

Prostate—speciﬁc membrane antigen (PSMA)-targeted radioli-
gand therapy (RLT) with !”’Lu-PSMA-617 was recently approved
for the treatment of metastatic castration-resistant prostate cancer
(mCRPC) after taxane-based chemotherapy (1,2). Despite its over-
all favorable side effect profile, primary safety concemns during
77Lu-PSMA RLT are critical radiation doses to cancer-unaffected
sites due to physiologic expression of PSMA (e.g., in the salivary
glands and kidneys).

A recent systematic review and metaanalysis reported nephrotox-
icity of any stage in 9.5% of 744 patients treated with !”’Lu-PSMA
(3). Consistently, the phase III VISION trial on ”’Lu-PSMA
(Y"Lu-PSMA-RLT plus the standard of care versus the standard of
care alone) reported renal toxicity of any stage in 8.7% of patients
in the intervention arm versus 5.9% in the control arm. Of note,
severe renal toxicity (stages 3—5) was observed in 3.4% of patients
in the !”7Lu-PSMA group and in 2.9% in the group receiving the
standard of care alone (2).

However, these data may underestimate the long-term incidence
of renal toxicity, as it is known from external-beam radiotherapy
(EBRT) and other radionuclide therapies that toxicity may develop
over a longer period (>1y) and median survival in the VISION
study was only 15.3mo. We recently reported 3 patients who
developed severe radiation nephropathy with a histologically
proven renal thrombotic microangiopathylike picture after exten-
sive treatment with '7’Lu-PSMA RLT (4).

Nephropathy after !7’Lu-PSMA RLT is attributed mainly to the
renal tubular PSMA expression and the renal excretion of '"’Lu-
PSMA, resulting in a prolonged retention of the 3~ emitter in the
kidneys (5). Definitive dose limits for RLT are not established,
and current thresholds are based on observations with EBRT.
Here, homogeneous irradiation of the whole kidneys with 23 and
28 Gy was associated with a 5% and 50% risk of severe radiation
nephritis, respectively, within S5y after treatment (6). However,
compared with EBRT, the radiation to the kidneys by !"’Lu-
PSMA is of lower energy, is delivered over a longer period, and is
not homogeneously distributed within the kidney tissue (7).

Several, mainly retrospective, studies investigated the renal
absorbed dose from !”’Lu-labeled PSMA ligands. For !”7Lu-PSMA
617 and '"Lu-PSMA 1&T, mean renal absorbed doses of 0.5 Gy/
GBq (SD, 0.2) and 0.7 Gy/GBq (SD, 0.2) have been reported (8).
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Extrapolating these population-based dose estimates to clinical prac-
tice, 4 and 6 cycles with a standard activity of 7.4 GBq of !”’Lu-
PSMA I&T would result in mean absorbed doses of 20 and 31 Gy,
respectively, to the kidneys. Because of the large interindividual
variability of renal doses (coefficient of variation, 40%), a signifi-
cant fraction of patients will receive even substantially higher renal
doses exceeding the dose limits established for EBRT (6).

The aim of our retrospective analysis was to evaluate long-term
changes in the estimated glomerular filtration rate (eGFR) in
mCRPC patients who underwent at least 4 cycles of '7’Lu-PSMA
at 3 German tertiary referral centers. We investigated the associa-
tion of the number of risk factors associated with impaired renal
function at baseline, the number of prior treatment lines, and the
number of !7’Lu-PSMA cycles with the percentage eGFR decrease
12 mo from initiation of !”’Lu-PSMA RLT.

MATERIALS AND METHODS

Patients

For this retrospective analysis, the institutional databases of 3 ter-
tiary referral centers in Germany (Technical University of Munich,
University of Wurzburg, and University of Augsburg) were screened
for patients who initiated and completed '"’Lu-PSMA 1&T RLT
between December 2015 and May 2021.

Patients were included if they underwent at least 4 cycles of '”’Lu-
PSMA 1&T RLT, had at least 1y of follow-up eGFR data after treat-
ment initiation, and had no evidence of urinary tract obstruction on
pretreatment °°™Tc-mercaptoacetyltriglycine scintigraphy. The retro-
spective analysis was approved by the local responsible institutional
review boards (approvals 115/18S, 2020-40, and 20200609 01).

Institutional eligibility criteria for using '"’Lu-PSMA I&T RLT as
an individual treatment decision were previously published (9). The
production and administration of '"’Lu-PSMA I&T complied with
the German pharmaceutical law (Arzneimittelgesetz, §13.2b) and the
responsible regulatory bodies. All patients gave written informed con-
sent and were treated under the conditions of the Declaration of Hel-
sinki, article 37, “Unproven Interventions in Clinical Practice.” Each
patient received intravenous hydration (500 mL of 0.9% NaCl) starting
30 min before treatment infusion. The '7’Lu-PSMA I1&T solution was
intravenously administered.

Measures

All serum creatinine (Scr) values recorded at baseline and through-
out a minimum of 12 mo from the initiation of therapy were collected
and used to calculate the eGFR using the Chronic Kidney Disease Epi-
demiology Collaboration formula. This formula considers factors such
as Scr, age, sex, and ethnicity. The Chronic Kidney Disease Epidemi-
ology Collaboration equation is eGFR = 141 X min(Scr/k, 1)* X
max(Scr/k, 1)'?% X 0.993%°, where « is 0.9, o is —0.411, min is the
minimum of Scr/k or 1, and max is the maximum of Scr/k or 1 (10).
Renal failure stages were subsequently defined according to Chronic
Kidney Disease Epidemiology Collaboration criteria at baseline and at
the 12-mo follow-up.

A monoexponential curve was fitted through all available eGFR data
(from initiation of treatment to at least 12 mo) for every patient to obtain
a standardized eGFR estimate at the predefined time points (3, 6, and
12mo) (/7). Supplemental Figure 1 (supplemental materials are avail-
able at http:/jnm.snmjournals.org) depicts the monoexponential esti-
mates for 2 patients. If patients had follow-up data beyond 12 mo, these
were recorded up to a maximum of 36 mo from initiation of therapy.

For every patient, the percentage changes from baseline at the
predefined time points (3, 6, and 12 mo) were subsequently calcu-
lated. Clinically relevant percentage eGFR decrease cutoffs from

baseline were set (=15%—<30%, moderate; =30%—<40%, severe;
and =40%, very severe) as described elsewhere (12,13).

Risk factors associated with impaired renal function at baseline (arte-
rial hypertension, diabetes mellitus, age = 65y (//), prior platinum-
based chemotherapy) were recorded. Hypertension was defined as the
use of antihypertensive drugs (thiazide drugs, B-blockers, angiotensin-
converting enzyme inhibitors, angiotensin II receptor antagonists, or
calcium channel blockers). Diabetes mellitus was defined as a hemoglo-
bin Alc of at least 6% or the use of antidiabetic medication (insulin or
insulin sensitizers).

Statistical Analyses

Data analyses were conducted using SPSS 26 (IBM). Descriptive
statistics were used to illustrate patient characteristics. Mean values
and SD or median and interquartile range (IQR) were reported, unless
indicated otherwise.

A multiple linear regression analysis was computed to determine
the association of number of risk factors at baseline, number of prior
treatment lines, and number of cycles of '"Lu-PSMA 1&T with the
percentage eGFR change 12mo from initiation of '”’Lu-PSMA 1&T
RLT. P values of less than 0.05 were considered statistically signifi-
cant (2-sided test).

RESULTS

Patient Characteristics

Supplemental Figure 2 illustrates the recruitment flowchart. A
total of 106 mCRPC patients fulfilled the inclusion criteria and
underwent a total of 670 cycles of '"”’Lu-PSMA RLT. The median
number of cycles was 6 (IQR, 5-8), and the median interval
between 2 cycles was approximately 6 wk. The median adminis-
tered activity per cycle and total administered activity of !”’Lu-
PSMA were 7.4 GBq (IQR, 6.0-7.8 GBq) and 44 GBq (IQR, 35-58
GBq), respectively. Patient characteristics are reported in Table 1.

EGFR May Progressively Deteriorate After Initiation of
77Lu-PSMA

Mean baseline eGFR was 79 mL/min (SD, 17 mL/min). The
median overall percentage eGFR decrease after 3, 6, and 12mo
from baseline was 3.5% (IQR, 0.9%—-7.9%), 6.9% (IQR, 1.8%—
15%), and 13.6% (IQR, 3.6%—28.5%), respectively. Of note, the
exploratory analysis of the 20 and 5 patients with follow-up at 24
and 36 mo, respectively, after treatment initiation showed a further
decline in eGFR from baseline: the median overall percentage
eGFR decrease was 19.6% (IQR, 7.6%-30.6%) and 38.9% (IQR,
28.0%—54.4%) at 24 and 36 mo, respectively. Sequential percent-
age changes in eGFR from baseline within 12 mo and beyond are
shown in Figure 1.

Individual percentage changes in eGFR from baseline for all
patients with at least a 3% and less than a 3% eGFR decline at
3mo are shown in Figure 2. In all patients with an early (=3%)
eGFR decline at 3 mo, eGFR decreased progressively without any
trend toward stabilization or recovery throughout the observation
period. The age-associated yearly eGFR decline of 1 mL/min for a
70-y-old man without comorbidities serves as a comparator (/4).

By predefined cutoffs, 1y after initiation of '”’Lu-PSMA 1&T,
45% (48/106) of patients experienced an eGFR decrease of at least
15% from baseline (Table 2). More than half of those (52%, 25/
48) had at least a severe eGFR decrease (=30%), corresponding
to nearly one quarter of the entire patient cohort (24%, 25/106). In
all patients with an eGFR decrease of at least 15% after 12 mo and
with an additional follow-up visit, eGFR further decreased at
24mo (eGFR decline of 28%—77% compared with baseline in 7
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TABLE 1
Patient Characteristics (n = 106)

Characteristic Data
Mean age (y) 73 (SD, 7)
Mean baseline eGFR (mL/min) 84 (SD, 27)

Prior treatment lines
Abiraterone 87 patients (82%
67 patients (63%
60 patients (57%
16 patients (15%
8 patients (8%)
3 patients (3%)

Enzalutamide

Docetaxel

Cabazitaxel

223Ra-dichloride

Platinum-based chemotherapy
177 Lu-PSMA cycles

= 222

Median 6 cycles (IQR, 5-8)
<6 cycles 33 patients (31%)
=6 cycles 73 patients (69%)

Risk factors before
77 u-PSMA treatment*

6 patients (6%)
18 patients (16%)
43 patients (41%)
34 patients (32%)
5 patients (5%)

A WO N =2 O

*Arterial hypertension, diabetes mellitus, age = 65y, prior
platinum-based chemotherapy.

patients). In 46% (6/13) of the patients with no or only a mild
eGFR decrease (<15%) at 12mo and an additional follow-up visit,
eGFR decreased beyond the 15% cutoff at 24 mo. Quantitatively, the
mild eGFR decrease observed at 12 mo nearly doubled at the 24-mo
follow-up in those patients. Of 5 patients with a 3-y follow-up, 2 had
a moderate ¢GFR decrease, 1 a severe decrease (30%—40%), and 2 a
very severe eGFR decrease by at least 40% from baseline. By
chronic kidney disease criteria, the proportion of patients with stage
3 renal failure nearly doubled 12 mo after initiation of '”’Lu-PSMA
compared with baseline (20% vs. 37%, Table 3).

On the basis of the calculated multivariable linear regression
model (enter method, which is commonly set as the default in
many statistical programs and involves entering all input variables
simultaneously), including number of risk factors at baseline,
number of pretreatment lines, and number of cycles of !"’Lu-
PSMA, only a higher number of risk factors at baseline (—4.51,
P = 0.03) was associated with higher percentage eGFR decreases
from baseline 12 mo after initiation of treatment (Table 4).

DISCUSSION

In our retrospective analysis, an at least moderate eGFR decline
(>15%) 12mo after treatment initiation was observed in 45%
(48/106) of patients undergoing 4 or more cycles of 7’Lu-PSMA
RLT. A severe eGFR decline (=30%) was present in 24%
(25/106) of all patients. An exploratory analysis in a subset of
patients with longer follow-up indicated a further eGFR decline
over time. A higher number of risk factors at baseline was associ-
ated with a higher percentage eGFR decrease at 12 mo.

NEPHROTOXICITY AFTER !7'LU-PSMA RLT -

Previous dosimetry analyses indicate dose-dependent and sub-
stantial irradiation of the kidneys during !”’Lu-PSMA RLT, poten-
tially leading to radiation nephropathy when referring to dose
limits that were established for EBRT (6). Data on the nephrotoxi-
city of !”’Lu-PSMA are sparse, and most studies suggest negligi-
ble nephrotoxicity but are limited by a short follow-up and no
available dosimetry (2,15). We have recently reported 3 cases of
severe radiation nephropathy after extensive treatment with !”’Lu-
PSMA RLT (4). Long-term data on the effects of !’’Lu-PSMA on
renal function are urgently needed, especially given its evaluation
in early mCRPC (e.g., PSMAfore, SPLASH) and even high-risk
localized prostate cancer (e.g., LuTectomy) as well as hormone-
sensitive prostate cancer (e.g., PSMAddition, UpFrontPSMA).
With a longer life expectancy, those patients could potentially
experience renal failure, which is often delayed in radionuclide
treatment.

In our retrospective analysis, only a mild and clinically insignif-
icant decrease in eGFR (median, —6.9% from baseline) was
observed up to 6 mo after treatment initiation. A previous study
reported a mean absolute decrease of 11 mL/min in creatinine
clearance based on >!Cr-ethylenediaminetetraacetic acid measure-
ment at 3mo after '"”’Lu-PSMA RLT (/6). In contrast, our study
revealed a comparatively smaller eGFR decline of 3 mL/min based
on calculation from creatinine levels after the same treatment dura-
tion. However, median eGFR further deteriorated and almost dou-
bled within the next 6 mo, suggesting that renal injury may occur
both early and late. At the 12-mo follow-up, 45% (48/106) of
patients had an at least moderate (=15%) decrease in eGFR from
baseline: of those, 25% (12/48) showed a severe (=30%) and 27%
(13/48) a very severe (=40%) eGFR decrease. According to
chronic kidney disease criteria, there was a nearly 2-fold increase
in the percentage of patients experiencing stage 3 renal failure
12mo after commencing !7’Lu-PSMA therapy as compared with
the baseline assessment. Although the analysis at later time points
is limited by the small number of patients, there was no indication
that the annual eGFR decline slowed after 2 and 3 y. We observed
that all patients with at least a 3% eGFR decline at 3 mo after
treatment initiation further declined at a relatively constant rate of
3% every 3 mo. This rate is substantially higher than the expected
age-associated yearly eGFR decline of 1 mL/min for a 70-y-old
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FIGURE 2.

Individual percentage changes in eGFR from baseline in 58 patients with =3% eGFR decline at 3 mo (left) and 48 patients with <3% or no

eGFR decline at 3mo (right) after '”Lu-PSMA RLT. Dashed line indicates expected age-associated yearly eGFR decline of 1 mL/min for 70-y-old-man
without comorbidities, assuming baseline GFR of 85 mL/min. Thus, after 3y, eGFR would have declined by 3% from baseline in this healthy man.

man without comorbidities (Fig. 2) (/4). Substantial limitations of
this observation are variable baseline eGFR and variable comor-
bidities in our patient cohort.

Hypothetically extrapolating these estimated eGFR declines of
3% every 3mo would lead to a 50% reduction in baseline clear-
ance and result in a substantial kidney function loss approximately
Sy after treatment initiation. This loss could be of particular
importance with the potential adoption of ”’Lu-PSMA in earlier-
treatment algorithms: although patients with short overall survival
in later stages of the disease may not experience long-term nega-
tive effects of radiation nephropathy, the use of '”’Lu-PSMA in
early mCRPC or even metastatic hormone-sensitive PC could
potentially result in significant morbidity for these patients. Ongo-
ing trials on metastatic hormone-sensitive or localized prostate
cancer are assessing the safety and efficacy of up to 2 cycles of
77Lu-PSMA (17,18). These findings are eagerly awaited; how-
ever, existing literature focuses primarily on nephrotoxicity in
advanced mCRPC, involving significantly more treatment cycles
on average. This disparity in regimens and patient groups suggests
a potential underestimation of dose-related nephrotoxicity in these
earlier-stage trials and further emphasizes the importance of
enhancing our understanding of kidney-related effects associated
with 17"Lu-PSMA.

TABLE 2
Proportion of Patients with eGFR Decreases by =15%
1 Year After Initiation of 177Lu-PSMA

In the small subgroup of patients with longer follow-up, a mod-
erate eGFR decrease occurred in half the patients (6/13) at 24 mo
who had shown no or only mild eGFR decreases (<15%) at the
12-mo follow-up. This result highlights that radiation-mediated
loss of renal function can occur at a delayed time even if no clini-
cally significant eGFR changes are present at 12mo. Similar to
peptide receptor radionuclide therapy using somatostatin analogs
for treatment of neuroendocrine tumors (/9), our experience
emphasizes that a long-term follow-up is pivotal when aiming to
investigate radiation damage due to low-dose 3 radiation. One
study examining the clinical course of radiation nephropathy after
EBRT found that clinical signs of glomerular pathology may not
appear until after an initial 6-mo latency period (20,27). Often, it
may manifest as chronic radiation nephropathy occurring more
than 18 mo after exposure to critical radiation doses (20,21).

The nephrotoxicity seen in our cohort might partly also be
attributed to the higher number of cycles per patient (and therefore
the applied dose) than in other reports. We specifically focused on
patients with at least 4 cycles, resulting in a !”’Lu-PSMA median
number of 6 cycles in our analysis. When data from the literature
are used, this translates to an estimated median renal absorbed
dose of 31 Gy, but individually a broad variation in renal doses
has been observed (6). Yordanova et al. observed no relevant

TABLE 3
Distribution of Renal Failure Stages at Baseline and 1 Year
After Initiation of 77Lu-PSMA (n = 106)

eGFR decrease/y Patients (n)

Total = 15% 48 (45%)
=15%-<30% 23 (48%)
=30%-<40% 12 (25%)
=40% 13 (27%)

Chronic kidney disease stage Baseline (n) 12mo (n)
1 (>90 mL/min) 43 (40%) 22 (21%)
2 (60-89 mL/min) 42 (40%) 43 (41%)
3 (30-59 mL/min) 21 (20%) 40 (37%)
4 (15-29 mL/min) 0 1 (1%)
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TABLE 4
Multivariable Linear Regression Model for Association of Risk Factors, Pretreatment Lines, and '"”Lu-PSMA Cycles
Received by 12 Months with Percentage Decrease in eGFR 12 Months from Initiation of '"“Lu-PSMA

Variable (n) B 95% CI B t p

Risk factors at baseline —4.51 —8.52 to —0.50 —-0.24 —2.23 0.03
Treatment lines before 7"Lu-PSMA 2.53 —0.68 to 5.74 0.15 1.56 0.12
Cycles of '"7Lu-PSMA —1.30 —3.71to 1.12 —0.11 —1.06 0.29

R? adjusted = 0.057 (n = 106). P = 0.029. B = estimated coefficient for predictor variable; B = standardized coefficient (8 weight);

t = t-statistical for testing significance of coefficient; p = p-value.

nephrotoxicity at a median renal absorbed dose of 16.4 Gy (15). In
contrast, most of our patients substantially exceeded critical esti-
mated renal radiation doses based on EBRT-based dose limits (23
and 28 Gy (6)). On multivariable linear regression, however, the
number of treatment cycles was not associated with a greater per-
centage eGFR decrease from baseline at 12 mo after treatment. In
an exploratory analysis, we stratified our cohort by patients under-
going fewer than 6 cycles versus 6 or more cycles, as the latter
would result in a median absorbed dose of 31 Gy to the kidneys,
exceeding both limits. We observed a higher percentage eGFR
decrease from baseline in this group, although not statistically sig-
nificant. Future studies could benefit from incorporating compre-
hensive dosimetry data: dosimetry assessment could help elucidate
the potentially crucial relationship between absorbed radiation
doses to the kidneys and renal function decline and could investi-
gate a potential dose-response relationship that might not have
been apparent in our current retrospective analysis due to sample
size limitations.

Of interest, the number of risk factors at baseline (diabetes,
hypertension, age = 65, or previous platinum chemotherapy) was
significantly associated with a greater percentage eGFR decrease
from baseline at the 12-mo follow-up. Withholding a potentially
effective therapy with a clear survival benefit over preservation of
renal function is clearly not an option, especially since it is rather
unlikely that any of the treated patients will reach end-stage renal
failure with their limited life expectancy. However, accompanying
the treatment with best supportive care involving all disciplines
and especially nephrologists is key for managing any significant
GFR loss and kidney disease—associated comorbidities (e.g., renal
anemia and secondary hyperparathyroidism).

Our study had several limitations. First, we selected only
patients who received at least 4 cycles of PSMA-directed RLT.
This may have led to an overestimation of the general incidence of
renal impairment. Second, potentially more advanced parameters
of renal function were not available in our retrospective analysis
(e.g., cystatin C). Third, although we selected only patients with a
least 12 mo of follow-up, data on longer follow-up are available in
only a few cases mainly because of the short life expectancy of
those patients. Our report currently constitutes the largest (to our
knowledge) mCRPC cohort (including both patients with normal
and impaired renal function at baseline) undergoing !”’Lu-PSMA
with a minimum follow-up of 12 mo. The short life expectancy in
patients with late-stage mCRPC itself is an important risk factor,
given that dehydration and lower oral food and liquid intake are
reduced in patients with end-stage progressive disease and aggra-
vate renal impairment. By a strict definition of end-stage progres-
sive disease (overall survival < 6mo after the 12-mo follow-up

NEPHROTOXICITY AFTER |7'LU-PSMA RLT -

and only the best supportive care after '”’Lu-PSMA), only 6 of
106 patients fell into this category. Larger studies on earlier-stage
patients are warranted to further determine the role and impact of
different risk factors regarding '7’Lu-PSMA RLT. Finally, we
cannot assess to what extent the decrease in renal function over
time was caused by use of ’’Lu-PSMA or by comorbidities, fur-
ther complications of prostate cancer (e.g., postrenal obstruction
and infections), or late effects of other therapies. Nevertheless, the
association between established baseline risk factors and a more
significant decline in renal function highlights the need for interdis-
ciplinary consensus, which should consider current risk factors
when recommending "’Lu-PSMA treatment. A further limitation
is the lack of a control group with !”’Lu-PSMA exposure, as poten-
tially confounding factors could have contributed to the loss of kid-
ney function (e.g., advanced disease stage). Nevertheless, the
observed eGFR decreases at 12 mo in a cohort with non—end-stage
progressive disease suggest at least some contribution of !”’Lu-
PSMA RLT and warrants further evaluation. Another limitation is
the use of a monoexponential function to determine the kidney
function at a defined time. The method is generally reliable with
multiple time points and is accepted for approximations in the liter-
ature but is not as accurate as true measurements at a given time.

CONCLUSION

Our data indicate that in most mCRPC patients undergoing at
least 4 cycles of '""Lu-PSMA, renal toxicity is moderate, with
mild eGFR decreases up to 12 mo after treatment initiation. How-
ever, an at least severe decline in eGFR from baseline occurred in
nearly a quarter of the entire cohort, and a further eGFR deteriora-
tion was observed in a substantial proportion of patients with lon-
ger follow-up. Thus, the results of further prospective trials with
follow-up of more than 12mo are urgently awaited to determine
the risk of delayed nephrotoxicity after '”’Lu-PSMA RLT in rela-
tion to other available treatments. Until such data are available,
off-label use of 7’Lu-PSMA RLT in patients with an expected
life expectancy of more than 2y should occur only after a careful
evaluation of the benefits relative to the risks of progressive and
potentially severe renal failure.
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KEY POINTS

QUESTION: What effect does '””Lu-PSMA RLT have on renal
function in mMCRPC patients up to 1y after the start of treatment?

PERTINENT FINDINGS: In this retrospective multicenter cohort
study on 106 mCRPC patients undergoing '"Lu-PSMA RLT,
most patients experienced no or mild decreases in renal function
within 1y after treatment initiation. However, about 25% had
severe eGFR decreases within 12 mo from treatment initiation.
Radiation nephropathy appeared delayed: the 12-mo eGFR further
deteriorated in patients with longer follow-up.

IMPLICATIONS FOR PATIENT CARE: '"/Lu-PSMA can lead to
moderate and even severe decreases in renal function within 1y
from initiation of treatment. Prospective data on renal toxicity and
with a longer follow-up are unavailable; the off-label use of '"Lu-
PSMA RLT in patients with potentially longer survival should there-
fore occur only after careful evaluation of the benefits relative to
the risks of progressive and potentially severe renal failure.
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INVITED PERSPECTIVE

Unraveling the Impact of TLu-PSMA Radioligand Therapy
on Renal Impairment: Distinguishing Causation from

Correlation

Aravind S. Ravi Kumar and Michael S. Hofman

Prostate Cancer Theranostics and Imaging Centre of Excellence, Molecular Imaging and Therapeutic Nuclear Medicine, Cancer
Imaging, Peter MacCallum Centre Melbourne, and Sir Peter MacCallum Department of Oncology, University of Melbourne,

Melbourne, Victoria, Australia

Prostate—speciﬁc membrane antigen (PSMA) radioligand ther-
apy (RLT) is transforming prostate cancer management and
nuclear medicine practice around the world. Within the last
decade, prospective clinical trials have led to widespread adoption
of PSMA RLT (/-3). Currently, PSMA RLT is generally used in
the castration-resistant phase after disease progression on an
androgen-receptor—pathway inhibitor and taxane chemotherapy.

Despite [77Lu]Lu-PSMA’s being is a life-prolonging therapy,
the typical patient undergoing it today has a limited median sur-
vival of 15-18 mo. Although safety is well described in this con-
text, radionuclide therapies may have toxicities that may not
manifest for years or decades. As theranostics matures and clinical
applications emerge in patients with longer life expectancies, ques-
tions around longer-term toxicities become relevant. In this context,
we congratulate Steinhelfer et al. (4) for their attempt to character-
ize the longer-term nephrotoxicity of ['7’Lu]Lu-PSMA therapy.

The first [177Lu]Lu-PSMA therapies were administered a decade
ago in Germany (3,6); it is therefore fitting that long-term nephro-
toxicity has been reported from a collaboration of 3 German tertiary
referral centers. The VISION trial (3) reported renal toxicity in only
the 30 d after treatment. Calais et al. reported acute renal toxicity in
1.5% patients in their prospective phase II trial (7). Violet et al.’s
prospective study (/) included 28 of 50 patients with [>!Cr]Cr-
ethylenediaminetetraacetic acid glomerular filtration rate measured
at baseline and 12 wk after therapy, demonstrating a mean decline
of 11.7 mL/min.

At first glance, the headline results of the German study of a
moderate decrease (namely, a 15%—-30% reduction from baseline)
in creatinine clearance in 45% of patients in their study group, of
whom nearly half had a severe (30%—40%) to very severe
(>40%) reduction in creatinine clearance, appears alarming.
Declines in renal function were not acute and were observed at
time points subsequent to 6 mo after treatment. Renal function
declined more in patients who received a higher number of cycles
of therapy and declined more quickly than the normally expected
rate with longer follow-up.
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However, as with most retrospective research, caveats do emerge
as acknowledged in the paper. Chief among these is that causality
cannot be attributed to ['7’Lu]Lu-PSMA in a patient cohort with
other comorbidities and risk factors for renal disease and advanced
progressive metastatic malignancy, with multiple prior lines of ther-
apies and their own potential long-term impacts on renal function.
This is a clinical situation in which there may be confounding com-
plications and general functional decline ultimately leading to renal
impairment. If renal function was near normal or normal at base-
line, even very severe reductions in measured creatinine clearance
as defined in this study may not immediately lead to clinically
apparent consequences.

The number of patients with follow-up beyond 12 mo was rather
small (20/474 screened patients with 2y of follow-up and only 5
patients with 3y of follow-up), limiting the usefulness of these data
when considering the potential long-term consequences of the appli-
cation of ['"7Lu]Lu-PSMA in earlier phases of disease. Although
the cause of patient drop-out is not explicit, it most likely is due to a
combination of disease progression and treatment-refractory disease.
It is possible some patients responded exceptionally, with longer
survival, but stopped therapy before 4 cycles and thus were not eli-
gible for study inclusion.

There are numerous reports of renal dosimetry with PSMA RLT,
including early reports of application of amino acid infusions for
renal protection (8). It is now clear that ['7’Lu]Lu-PSMA-I&T
delivers a slightly higher renal radiation dose than ['”’Lu]Lu-
PSMA-617 (9) and that amino acid infusions do not meaningfully
reduce renal dose. From a dosimetry perspective, the lacrimal and
salivary glands remain the organs most at risk from PSMA RLT.

There is emerging use of other isotopes, such as ' Tb, 2°Ac, or
212pp_labeled PSMA therapies, which may add to the current pros-
tate cancer theranostics landscape (/0). Microdosimetry tools are
also required to better characterize the absorbed doses from the
short-range particulate emissions of these isotopes (/7).

New therapies are typically tested in a phase 1 clinical trial in
which the focus is on establishing a tolerable dose based on immedi-
ate side effects. This approach is used in oncologic drug trials but is
not as well suited to radiopharmaceutical therapies. These are usually
well tolerated initially, but longer-term toxicities may then emerge.
Our radiation oncology colleagues deal with this issue by defining
accepted maximal organ doses (/2). These limits are extrapolated to
radiopharmaceutical therapies, including by regulatory authorities.
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However, experience from theranostics in neuroendocrine tumors
and long-term follow-up suggests that safe dose limits from low—
dose-rate radionuclide therapies are likely to be considerably higher
(13). Administered activities or number of cycles of therapy could
also be individualized with dosimetry.

Long-term follow-up is mandatory, preferably in a rigorous pro-
spective clinical trial setting, or with postmarketing surveillance
for approved or established therapies. Importantly, in the context
of prostate cancer theranostics, for which clinical trials are being
conducted with combination therapies and in earlier-stage disease,
standard clinical trial endpoints of response rates, metastasis-free
survival, or progression-free survival are not wholly adequate, and
longer-term follow-up is strongly recommended for emergent toxi-
cities or for codependence and interactions with other therapies.

Leaving aside nephrotoxicity, a significant longer-term concern
with systemically administered radionuclide therapies is hemato-
logic toxicity, including myelodysplasia, acute leukemia, and chronic
cytopenias, which may additionally limit delivery of other therapies.
With longer experience, this has emerged as a previously under-
recognized issue with peptide receptor radionuclide therapy (used
singly or as a combination therapy) in neuroendocrine tumors
(14,15). However, long-term follow-up of the NETTER-1 trial more
reassuringly demonstrated myelodysplasia of 2% and no increase in
nephrotoxicity compared with controls (/6). Myelodysplasia has not
yet been a reported issue with PSMA RLT, but as the treatment is
applied to more patients and in earlier stages of prostate cancer,
longer-term follow-up not only becomes feasible but also is manda-
tory to properly understand the benefits and risks.

The broader prostate cancer therapeutic landscape is complex
and ever changing, with many new, effective therapeutic agents
and combinations (/7). Ongoing high-quality studies of PSMA-
based theranostics are essential for nuclear medicine to remain an
integral part of this medical success story (18).
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This study aimed to assess the accuracy of intraprostatic tumor vol-
ume measurements on prostate-specific membrane antigen-targeted
8F-DCFPyL PET/CT made with various segmentation methods. An
accurate understanding of tumor volumes versus segmentation tech-
niques is critical for therapy planning, such as radiation dose volume
determination and response assessment. Methods: Twenty-five men
with clinically localized, high-risk prostate cancer were imaged
with '8F-DCFPyL PET/CT before radical prostatectomy. The tumor
volumes and tumor-to-prostate ratios (TPRs) of dominant intrapro-
static foci of uptake were determined using semiautomatic segmenta-
tion (applying SUV,ox percentage [SUV%] thresholds of SUV30%-—
SUV70%), adaptive segmentation (using adaptive segmentation per-
centage [A%] thresholds of A30%-A70%), and manual contouring.
The histopathologic tumor volume (TV-Histo) served as the reference
standard. The significance of differences between TV-Histo and PET-
based tumor volume were assessed using the paired-sample Wil-
coxon signed-rank test. The Spearman correlation coefficient was
used to establish the strength of the association between TV-Histo
and PET-derived tumor volume. Results: Median TV-Histo was 2.03
cm? (interquartile ratio [IQR], 1.16-3.36 cm®), and median TPR was
10.16%. The adaptive method with an A40% threshold most closely
determined the tumor volume, with a median difference of +0.19
(IQR, —0.71 to +2.01) and a median relative difference of +7.6%. The
paired-sample Wilcoxon test showed no significant difference in PET-
derived tumor volume and TV-Histo using A40%, A50%, SUV40%,
and SUV50% threshold segmentation algorithms (P > 0.05). For both
threshold-based segmentation methods, use of higher thresholds
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(e.g., SUV60% or SUV70% and A50%-A70%) resulted in underesti-
mation of tumor volumes, and use of lower thresholds (e.g., SUV30%
or SUV40% and A30%) resulted in overestimation of tumor volumes
relative to TV-Histo and TPR. Manual segmentation overestimated the
tumor volume, with a median difference of +2.49 (IQR, 0.42-4.11) and
a median relative difference of +130%. Conclusion: Segmentation of
intraprostatic tumor volume and TPR with an adaptive segmentation
approach most closely approximates TV-Histo. This information might
be used to guide the primary treatment of men with clinically localized,
high-risk prostate cancer.

Key Words: PSMA,; Pylarify; PET/CT
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The ability to accurately localize a tumor and delineate its vol-
ume is critical for guiding intended therapies for primary prostate
cancer (PCa). Multiparametric MRI is most commonly used for
this purpose (/). However, substantial evidence exists that multi-
parametric MRI underestimates tumor volume and has low sensi-
tivity for small intraprostatic lesions (2,3).

Current treatment options for men with PCa range from active
surveillance to radical therapy. Adverse effects of PCa treatment
can have profound impacts on a patient’s health and quality of
life, including impotence, incontinence, and rectal toxicity (4).
These effects exist because of the complex anatomy surrounding
the prostate and the proximity to vital structures, such as the neu-
rovascular bundles, as well as the bladder and rectum (5). The risk
of damage to these structures is increased with whole-gland treat-
ment options, such as radical prostatectomy and radiation therapy.
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Focal therapies have the benefit of improving functional outcomes
and reducing these off-target effects, but they have been limited
historically by the multifocal nature of PCa and the risk of under-
treatment (6). Optimizing focal therapies requires finding the bal-
ance between ensuring maximal treatment and minimizing
damage to surrounding tissue. This requires precise and accurate
contouring of the tumor volume and subsequent treatment area.
Therefore, if we can better recapitulate histologic volume with
pretreatment imaging, we can improve the efficacy of various
focal or hemigland therapies (6). Specifically, with regard to plan-
ning for radiotherapy, precise identification of tumor volume is
critical for strategic mapping of radiation delivery and dosimetry
to minimize these off-target effects (7). Precision prostatectomy
(8) is another more focal surgical treatment option that has shown
outcomes for intermediate-risk PCa superior to those of other focal
therapies while minimizing the adverse functional effects of radi-
cal prostatectomy.

Consequently, there is still a need for additional techniques to
accurately identify tumor burden within the prostate. PET with
radiotracers targeting prostate-specific membrane antigen (PSMA)
have been studied in this context and have shown a high degree of
sensitivity and specificity for primary PCa detection (9-11).
Despite this, questions remain about the correlation of the radio-
tracer signal to the actual volume of the tumor—information that
is critical when using PSMA PET for treatment guidance. The
high contrast resolution of PSMA PET, with which very high
radioactivity concentrations are achievable with PSMA-targeted
agents, has the potential to overcome the intrinsic spatial-
resolution limitations of other modalities. The use of PSMA PET
to boost sites of disease to visibility is already under way, empha-
sizing the need for accurate PET-based tumor volume determina-
tion (/2) as a means to both personalize treated volume and
objectively determine response to therapy.

In this study, we assessed the accuracy of intraprostatic tumor
volume measurements made with various segmentation methods
on PSMA-targeted '®F-DCFPyL PET/CT and used a gold standard
of histopathology for comparison. We focused on SUV-based
threshold methods in the interest of developing metrics that would
be most easily translated into clinical practice, although we
acknowledge the array of more advanced methods that have been
investigated (/3).

MATERIALS AND METHODS

General

This study is a secondary analysis of the intraprostatic findings from a
previously published phase II trial studying '*F-DCFPyL PET/CT in
men with high-risk PCa undergoing radical prostatectomy (/4). The
original trial was indexed at ClinicalTrials.gov (NCT02151760) and was
approved by the local institutional review board (NA_0092956/J1418).

Patients

The study enrolled men with clinically localized, high- or very
high—risk PCa, as defined by the National Comprehensive Cancer Net-
work (15). Preoperative staging was performed with the aid of conven-
tional imaging, with a combination of *™Tc-methylene diphosphonate
bone scan and either contrast-enhanced CT of the abdomen and pelvis
or MRI of the pelvis. Evidence of distant metastatic disease or lymph
node involvement on conventional imaging—that is, any lymph node
longer than 15 mm on the short axis (/6)—excluded the patient from
participation in the study.

8F_.DCFPyL PET/CT Imaging

"8F_DCFPyL PET/CT was performed for all patients using an imag-
ing protocol that has been previously described (/7). Patients received
up to 333 MBq (9 mCi) of '®F-DCFPyL administered via slow push
through a peripheral intravenous catheter. Patients were instructed
to void immediately before the image acquisition process began.
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FIGURE 1. (A) Series of transparency tracings of histologic sections of prostate gland (blue outline) and tumor (red outline) from 1 patient in this study.

Contours were drawn by hand from original histologic slides stained with hematoxylin and eosin. (B) Corresponding transparency tracings that have
been transferred to 1-mm graph paper, with tumor demarcated by small black marks in each 1-mm square that corresponded to presence of tumor.
Text is mirrored, because images were flipped to correspond to standard imaging display. Individual squares were determined by interpreting patholo-
gist and confirmed by another pathologist. (C) Axial '®F-DCFPyL PET/CT representative images from same patient. High uptake in right-sided dominant
tumor nodule in prostate, extending from base to apex, is similar to pathologic results. PET images were selected to show overall extent of abnormal
uptake but do not specifically correspond in slice-dependent manner with histopathologic slides.
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Approximately 60 min after administration, a low-dose CT scan with-
out intravenous contrast was obtained for attenuation correction and
anatomic localization, followed by PET on either a Biograph mCT
(Siemens Healthineers) or a Discovery VCT (GE Healthcare) using
protocols that had been optimized to produce closely harmonized per-
formance. The Biograph mCT data were reconstructed using
3-dimensional ordered-subsets expectation maximization with time of
flight, 2 iterations, 21 subsets, 4-mm voxels, and a 5-mm, 3-
dimensional gaussian filter. Corrections were applied for attenuation
(CT-based), scatter (single-scatter simulation), randoms (delayed event
subtraction), and dead time. The Discovery VCT data were recon-
structed using 3-dimensional ordered-subsets expectation maximization
without time of flight, 2 iterations, 21 subsets, 4.7-mm voxels, and a
3-mm, 2-dimensional gaussian filter. Corrections were applied for
attenuation (CT-based), scatter (single-scatter simulation), randoms
(singles-based), and dead time. These reconstruction parameters
resulted in closely matched imaging performance, with recovery coeffi-
cients well within the range recommended by the European Association
of Nuclear Medicine. For example, replicate experiments (n = 8)
involving the National Electrical Manufacturers Association image
quality phantom showed mean recovery for the 10-mm sphere of
53.2% (SD, 2.2%) for the Biograph mCT and 50.2% (SD, 3.1%) for
the Discovery VCT.

Surgical Pathology

All patients underwent imaging, followed by radical retropubic
prostatectomy with bilateral extended pelvic lymph node dissection
within 1 wk of the '8F-DCFPyL PET/CT. For routine pathology analy-
sis, the entirety of each prostatectomy specimen was submitted for for-
malin fixation and paraffin embedding. This entailed sectioning the
prostate from apex to base in approximately 3-mm slices and handling
the prostate in a manner that allowed the pathologist to determine tis-
sue orientation at all times. After standard-of-care determination of
tumor stage, margin status, Gleason score, and grade group, each sec-
tion of the prostate and seminal vesicles that had been stained with
hematoxylin and eosin was reviewed microscopically, and regions of
tumor were demarcated using a marking pen. Then, the outline of
each slide and the regions of tumor were traced onto transparency
paper, keeping the orientation of all 3 axes present such that
we obtained 3-dimensional maps of the prostate and tumor lesions
(Fig. 1). Subsequently, each section of prostate and seminal vesicles
was placed over graph paper with 1-mm squares. The total number of
squares subsumed by the prostate and seminal vesicles, as well as by
the tumor, was recorded for each patient. Using 3-mm slice
thicknesses, it was possible to calculate the volumes of the total glands
and the tumor foci. Volumetric analyses were performed by a
subspecialty-trained genitourinary pathologist and verified by another
genitourinary pathologist with more than 20y of experience. The nod-
ule harboring the highest Gleason grade was selected for each patient.

Image Analysis

All images were exported to a Mirada workstation running XD3
software (Mirada Medical). The dominant intraprostatic focus of
uptake was identified in all patients, and segmentations were per-
formed. These segmentations included the best manual approximation
of tumor extent, SUV-based tumor segmentation using the SUV .«
percentage (SUV%) with varying thresholds of SUV30%-SUV70%,
and adaptive segmentation using the adaptive segmentation percentage
(A%) with varying thresholds of A30%—A70%. For adaptive segmen-
tations (/8), the volume-of-interest isocontours were delineated by
multiplying the selected SUV . threshold (SUV30%-SUV70%) by
the sum of SUV ., and an average background value determined by a
3-cm spheric volume of interest in the pelvis that did not include
abnormal uptake. The manual segmentations were not done at any

PSMA PET SEGMENTATION VS. HISTOPATHOLOGY  *

TABLE 1
Summary Patient Demographics

Characteristic Data
Age (y) 61 (54.5-67)
PSA (ng/mL) 9.3 (5.7-19.7)
Gleason score

7 7 (28%)

8 2 (8%)

9 16 (64%)
Staging

pT2NO

pT3aNO0 10

pT3aN1

pT3bNO

pT3bN1 2
Race

White 18 (72%)

African American 5 (20%)

Other 2 (8%)
Surgical margin

Positive 8 (32%)

Negative 17 (68%)
Extraprostatic invasion

Positive 20 (80%)

Negative 5 (20%)
Seminal vesicle invasion

Positive 7 (28%)

Negative 18 (72%)
TV-Histo (cm®) 2.03 (1.16-3.36)
Prostate weight (g) 40 (33.84-51.3)
Prostate

SUVmax 2.07 (1.77-2.72)

SUVpean 1.65 (1.33-2.09)

SUVpeak 1.90 (1.64-2.38)
Tumor

SUVmax 9.84 (6.62-22.61)

SUVpeak 7.10 (4.61-14.97)

PSA = prostate-specific antigen.
Continuous data are median and IQR, and categoric data are
frequency (as number of patients) and percentage.

preset windowing level; the performing radiologist was allowed to
adjust the windowing to account for adjacent activity and was actively
changing the window levels during tumor delineation. Imaging-based
volumes of the prostate were also obtained.

Statistical Analysis

Quantitative variables were tested for normal distribution by the
Shapiro-Wilk test. Continuous variables were presented as median
and interquartile ratio (IQR), and categoric variables were presented
as frequency and percentage.
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TABLE 2
Absolute and Relative Percentage Difference of PET-Derived Tumor Volume with Pathology Across Segmentation Methods

Segmentation method Threshold Absolute difference Relative difference (%) P
SUVmax SUV30% 4.14 (0.92 to 13.50) 142 (48 to 735) <0.001
SUV40% 3 (—0.48 to +3.46) 0 (—24 to +257) 0.09
SUV50% —0.3 (—1.04 to +0.92) —25 (—60 to +78) 0.53
SUV60% -0.9 (=1.71 to —0.16) —57 (—73 to —4) <0.001
SUV70% —1.43 (—2.55 to +0.55) —78 (—85 to —60) <0.001
Adaptive A30% 2.14 (0.46 t0 5.2) 61.8 (0.41 to 419.7) 0.001
A40% 0.19 (—=0.71 to +2.01) 6 (—30.4 to +164.5) 0.23
A50% —0.49 (—1.23 to +0.61) —28.3 (—61.2 to —35.6) 0.056
AB0% —1.18 (—2.17 to —0.49) —61.1 (—76.5 to —32.1) <0.001
A70% —1.64 (—2.69 to —1.64) —78 (—89.3 to —72.6) <0.001
Manual 2.49 (0.42 to 4.11) 130 (25 to 216)

Data are median followed by IQR in parentheses.

For each patient, the absolute and relative differences between
PET-derived tumor volume measured by different segmentation meth-
ods and histopathologic tumor volume (TV-Histo) were calculated as
follows:

Absolute difference = PET volume — TV-Histo,
Absolute difference
TV-Histo

The histopathologic and PET-derived tumor-to-prostate ratios
(TPRs) were calculated.

Box plots were used to graphically illustrate the distribution of dif-
ferences in tumor volumes and TPRs for each segmentation method,
showing the median, first and third quartile, and mean and maximum
values. The significance of differences between the TV-Histo and
PET-based tumor volume and the TPRs were assessed using the
paired-sample Wilcoxon signed-rank test. The Spearman correlation
coefficient was used to establish the strength of association between
TV-Histo and PET-derived tumor volume (/9). Scatterplots were used
to display the relationship between TV-Histo and PET-derived tumor

Eq. 1

Percentage relative difference = X100. Eq.2

volume across segmentation methods (Supplemental Figs. 1-11 [sup-
plemental materials are available at http://jnm.snmjournals.org]). Sta-
tistical significance was defined as a P value of less than 0.05. Data
were analyzed using SPSS version 26 (IBM).

RESULTS

Patient Demographics and Surgical Pathology Findings
Twenty-five patients with clinically localized, high-risk PCa
were included in this study. Supplemental Table 1 lists individual
patient clinical data. A summary of patient demographics and clin-
icopathologic tumor characteristics is provided in Table 1. Patients
had a median prostate-specific antigen level at the time of the scan
of 9.3 ng/mL (IQR, 5.7-19.7ng/mL), and 16 (64%) men had Glea-
son score 9, 2 (8%) men had Gleason score 8, and 7 (28%) men
had Gleason score 7. After prostatectomy, 20 of 25 (80%) patients
were found to have extraprostatic involvement. Seminal vesicle
invasion was present in 7 of 25 (28%) patients, as was lymph
node involvement. The median TV-Histo was 2.03 cm® (IQR,
1.16-3.36 cm®). The median SUV,,,, of
the tumor and background prostate was
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9.84 (IQR, 6.62-22.61) and 2.07 (IQR,
1.77-2.72), respectively.

Comparison of PET Segmentation
Methods to Pathology

Segmentation of the tumor volume using
the SUV threshold algorithm (SUV30%-—
SUV70%), adaptive threshold algorithm
(A30%-A70%) (18), and the manual
method were compared with the ground
truth of TV-Histo. The absolute and relative
differences in PET-derived tumor volume
and TV-Histo across segmentation methods
are reported in Table 2. Our results showed
that adaptive method with an A40% thresh-
old most closely determined the tumor vol-
ume, with a median difference of 0.19 cm’

o
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FIGURE 2. Box plot of absolute differences between PET-derived tumor volume and TV-Histo
across segmentation methods. Asterisk represents extreme values; circles are outlier values.
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(IQR, —0.71 to +2.01 cm®) and a median
relative difference of +7.6%. Among the
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TABLE 3
Comparison of Histopathologic and PET-Derived TPRs Across Segmentation Methods

Derivation method Segmentation method Threshold TPR P
Histopathologic 0.04 (0.02-0.09)
PET SUVmax SUV30% 0.21 (0.25-0.09) <0.001
SUV40% 0.07 (0.04-0.17) 0.08
SUV50% 0.03 (0.02-0.08) 0.40
SUV60% 0.02 (0.01-0.04) <0.001
SUV70% 0.01 (0.01-0.02) <0.001
Adaptive A30% 0.11 (0.06-0.19) 0.002
A40% 0.06 (0.03-0.11) 0.29
A50% 0.03 (0.02-0.05) 0.045
A60% 0.02 (0.01-0.03) <0.001
A70% 0.01 (0.00-0.01) <0.001
Manual 0.08 (0.04-0.20) <0.001

TPR data are median followed by IQR in parentheses.

SUV-based threshold segmentation methods, an SUV50% threshold
had the least difference; TV-Histo had a median difference of —0.3
cm® (IQR, —1.04 to +0.92 cm®) and a median relative difference of
—25%.

The paired-sample Wilcoxon test showed no significant differ-
ence in PET-derived tumor volume and TV-Histo using A40%,
A50%, SUV40%, and SUV50% threshold segmentation algo-
rithms (P > 0.05). The tumor volumes derived from other seg-
mentation algorithms were significantly different from those
of TV-Histo (P < 0.05).

Figure 2 displays the distribution of absolute differences in
tumor volume for different segmentation methods using a box
plot. The box plot illustrates that the A40% segmentation algo-
rithm most closely determined the tumor volume and had the least
difference from TV-Histo.

For both threshold-based segmentation methods, use of higher
thresholds (e.g., SUV60% or SUV70% and AS50%—A70%)
resulted in underestimation of tumor volumes, and use of lower
thresholds (e.g., SUV30% or SUV40% and A30%) resulted in
overestimation of tumor volumes relative to TV-Histo. The man-
ual segmentation method tended to overestimate the tumor vol-
ume, with a median difference of +2.49 (IQR, 0.42-4.11) and a
median relative difference of +130%.

Spearman correlation coefficient analysis revealed statistically
significant low positive correlation between TV-Histo and PET-
derived tumor volume in SUV50%-SUV70%, as well as A30%—
A50% and A70% (r = 0.44, 0.42, and 0.44 for SUV50%,
SUV60%, and SUV70%, respectively, and » = 0.43, 0.47, 0.48,
and 0.49 for A30%, A40%, A50%, and A70%, respectively). It
showed moderate positive correlation in A60% (» = 0.55) and
the manual method (» = 0.56) and no significant correlation in
the SUV30% and SUV40% thresholds.

This analysis was extended to TPR, with statistically significant
low positive correlation between histopathologic and PET-derived
TPRs using the SUV70% threshold (» = 0.47) and the A40% and
A50% thresholds (» = 0.45 and 0.49, respectively). Moderate posi-
tive correlations were observed for the manual method, as well as

PSMA PET SEGMENTATION VS. HISTOPATHOLOGY  *

the A60% and A70% thresholds (» = 0.68 for manual, 0.53 for
A60%, and 0.52 for A70%). No significant correlation was seen for
the SUV30%-SUV60% thresholds or the A30% threshold.

Scatterplots of TV-Histo, PET-derived tumor volume, and
TPRs across segmentation methods are presented in Supplemental
Figures 1-11. The reference line (y = x) was drawn to show sys-
tematic skew in the data.

TPR

Prostate devitalization leads to prostate shrinkage after resec-
tion, which may lead to spuriously decreased histopathologic pros-
tate volume and TV-Histo relative to preresection imaging.
However, because prostate tumors typically do not have hypervas-
cularity, the prostate parenchyma and tumors are likely to undergo
shrinkage to comparable extents, leaving the ratio of the tumor
volume to the prostate volume unchanged. Therefore, we evalu-
ated the comparison of histopathologic and PET-derived TPRs
across segmentation methods (Table 3). TPR analysis showed that
the A40% segmentation and SUV50% threshold methods most
closely determined histopathologic TPR (P = 0.29 and 0.4,
respectively). Figure 3 displays the difference between histopatho-
logic and PET-derived TPRs across segmentation methods.

DISCUSSION

In recent years, there has been a rise in the use of PET imaging
with PSMA-targeted agents, such as '®F-DCFPyL, '8F-DCFBC,
and °®Ga-PSMA-11, in the detection of PCa (2,/9-21). Imple-
menting the best radiotracer in combination with the most accurate
segmentation method may significantly improve staging, prognos-
tication, and treatment planning of PCa. However, no segmenta-
tion method is considered definitive for delineating tumor volume
from '8F-DCFPyL PET/CT. In this article, we demonstrate that an
adaptive segmentation methodology most accurately recapitulates
TV-Histo, regardless of whether tumor volume or TPR is used.

Various methods exist for determining tumor volume from
PET data, including the SUV absolute value cutoff, SUV% thresh-
old, adaptive thresholding, and manual segmentation. In studies
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of segmentation, including those derived
from machine learning or neural networks
(13,29), may be superior to the methods
presented in this article, but those techni-
ques are also more difficult to bring into
clinical routine and may require refine-
ment through additional rigorous, task-
oriented studies (29,30). Even with pain-
stakingly annotated data, there will always
be comparative limitations. In this study,
our inherently analog pathology specimens
are being compared with digital imaging.
Lastly, our scans were obtained from 2
different scanners, which adds an element
of heterogeneity but could indicate broader
generalizability to our findings. Detailed
evaluations of other datasets of primary
tumors relative to volumetric histologic
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FIGURE 3. Box plot of relative differences between PET-derived tumor volume and TV-Histo
across segmentation methods. Asterisks represent extreme values; circles are outlier values.

imaging other cancers using different PET radiotracers, pro-
posed thresholds ranged between 30% and 50% for both the
SUVmax and the adaptive methods (22-25). In a study of *®Ga-
PSMA-11 PET/CT comparing manual and semiautomatic
segmentation methods with SUV,,,, thresholds, the highest sen-
sitivity was achieved with a threshold of SUV20% and the high-
est specificity was achieved with a threshold of SUV40% or
SUV50% (24). In our study, the A40% threshold demonstrated
the greatest similarity to the ground truth of pathology, minimiz-
ing the difference in PET-derived tumor volume versus
TV-Histo. Lower thresholds tended to overestimate tumor vol-
ume, whereas higher thresholds tended to underestimate tumor
volume. Clinically, it may be more advantageous to overesti-
mate, because of the comparative risk of treating benign pros-
tate, than to leave malignant high-grade cells behind. Our
findings are in line with studies that have shown that adaptive
method performance is superior to that of standard fixed or rela-
tive thresholds in the segmentation of tumors (26,27).

Any study of in vivo imaging versus ex vivo pathology will
have limitations. Specifically, both tumors and normal tissues
undergo reductions in volume after devitalization, and accounting
for such changes is difficult. We calculated ratiometric compari-
sons of tumor-to-prostate volume because the changes in volume
in both types of tissue are likely similar. Furthermore, the patient
cohort was limited to patients with high-risk disease. Studies of
patients with lower-grade tumors would need to be performed to
address segmentation in that population. In addition, the sample
size was relatively small, although our study examined a greater
number of lesions than other similar studies (22-24,28). Further-
more, the reliance of many of our segmentation methods on SUV-
based thresholds suggests that very high—uptake tumors may lead
to the exclusion of significant volumes of relevant disease in some
patients. However, the use of SUV-based thresholds is easily
translatable to the clinic. It is likely that more advanced methods

gold standards are necessary. As advanced
methods for segmentation become more
commonly available in the clinic, we
would expect that such methods would
have the potential to supplant threshold-based techniques. We
would also suggest that artificial intelligence or machine learning
methods will be of significant importance in future work (317).

CONCLUSION

Accurate understanding of tumor volumes is critical when plan-
ning treatment for men with localized PCa. We show that segmen-
tation at an A40% threshold on '®F-DCFPyL PET imaging most
closely recapitulates pathologic volume in men with high-risk PCa
(using either tumor volume or TPR) relative to other SUV
threshold-based techniques. Future work is required to validate
this method of tumor segmentation in men with lower-grade dis-
ease. In addition, it is unknown whether this method of tumor seg-
mentation applies to other PSMA-targeted PET radiotracers.
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KEY POINTS

QUESTION: What is the best easily translatable method for seg-
menting primary, high-risk PCa on PSMA PET?

PERTINENT FINDINGS: Segmentation at a threshold of A40%
most closely recapitulates primary tumor volume from pathology,
whether compared with absolute tumor volume or TPR.

IMPLICATIONS FOR PATIENT CARE: Using the noted segmen-
tation technique may allow more accurate guidance of therapy for
primary, high-risk PCa.
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Reproducibility and Accuracy of the PRIMARY Score on
PSMA PET and of PI-RADS on Multiparametric MRI for
Prostate Cancer Diagnosis Within a Real-World Database
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The PRIMARY score is a 5-category scale developed to identify clini-
cally significant intraprostate malignancy (csPCa) on ®8Ga-prostate-
specific membrane antigen (PSMA)-11 PET/CT (®3Ga-PSMA PET)
using a combination of anatomic site, pattern, and intensity. Devel-
oped within the PRIMARY trial, the score requires evaluation in exter-
nal datasets. This study aimed to assess the reproducibility and
diagnostic accuracy of the PRIMARY score in a cohort of patients
who underwent multiparametric MRI (mpMRI) and %8Ga-PSMA PET
before prostate biopsy for the diagnosis of prostate cancer. Methods:
In total, data from 242 men who had undergone ®8Ga-PSMA PET and
mpMRI before transperineal prostate biopsy were available for this
ethics-approved retrospective study. ®Ga-PSMA PET and mpMRI
data were centrally collated in a cloud-based deidentified image data-
base. Six experienced prostate-focused nuclear medicine specialists
were trained (1h) in applying the PRIMARY score with 30 sample
images. Six radiologists experienced in prostate mpMRI read images
as per the Prostate Imaging—Reporting and Data System (PI-RADS),
version 2.1. All images were read (with masking of clinical information)
at least twice, with discordant findings sent to a masked third (or
fourth) reader as necessary. Cohen k was determined for both imag-
ing scales as 5 categories and then collapsed to binary (negative and
positive) categories (score 1 or 2 vs. 3, 4, or 5). Diagnostic perfor-
mance parameters were calculated, with an International Society of
Urological Pathology grade group of at least 2 (csPCa) on biopsy
defined as the gold standard. Combined-imaging—positive results
were defined as any PI-RADS score of 4 or 5 or as a PI-RADS score of
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1-3 with a PRIMARY score of 3-5. Results: In total, 227 patients with
histopathology, %Ga-PSMA PET, and mpMRI imaging before
prostate biopsy were included; 33% had no csPCa, and 67% had
csPCa. Overall interrater reliability was higher for the PRIMARY scale
(x = 0.70) than for PI-RADS (x = 0.58) when assessed as a binary
category (benign vs. malignant). This was similar for all 5 categories
(« = 0.65 vs. 0.48). Diagnostic performance to detect csPCa was
comparable between PSMA PET and mpMRI (sensitivity, 86% vs.
89%; specificity, 76% vs. 74%; positive predictive value, 88% vs. 88%;
negative predictive value, 72% vs. 76%). Using combined imaging, sen-
sitivity was 94%, specificity was 68%, positive predictive value was
86%, and negative predictive value was 85%. Conclusion: The PRI-
MARY score applied by first-user nuclear medicine specialists showed
substantial interrater reproducibility, exceeding that of PI-RADS applied
by mpMRI-experienced radiologists. Diagnostic performance was simi-
lar between the 2 modalities. The PRIMARY score should be considered
when interpreting intraprostatic PSMA PET images.

Key Words: multiparametric MRI; PSMA; prostate-specific mem-
brane antigen; PET; prostate cancer; diagnosis

J Nucl Med 2024; 65:94-99
DOI: 10.2967/jnumed.123.266164

The diagnosis of clinically significant prostate cancer (csPCa) has
improved with the introduction of imaging-targeted biopsy with multi-
parametric MRI (mpMRI), allowing a proportion of men with normal
MRI results to avoid biopsy and allowing MRI-targeted biopsy,
improving the diagnosis of high-grade malignancy (/,2). The addition
of %8Ga-prostate-specific membrane antigen (PSMA)-11 PET/CT
(®8Ga-PSMA PET) to mpMRI further improved the negative predictive
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FIGURE 1. Five-point PRIMARY score (4).

value for prostate cancer diagnosis in the PRIMARY trial (3,4). The
primary objective of this study was to validate the PRIMARY score
developed in the prospective PRIMARY trial using a dataset of ret-
rospectively collected real-world patients undergoing **Ga-PSMA
PET and mpMRI before prostate biopsy.

MATERIALS AND METHODS

This retrospective project was approved by the Human Research
Ethics Board at St. Vincent’s Hospital Sydney (approval 2022/
ETHO00051). Patients from investigating urologists in Australia who
had undergone both *8Ga-PSMA PET and mpMRI before initial pros-
tate biopsy were identified. PSMA PET undertaken after biopsy for
staging was an exclusion criterion. All patients had clinical data col-
lected, including age, PSA level at the time of imaging, and the dates
of imaging and biopsy procedures. The urologists’ reasons for biopsy
or imaging were not available. ®®Ga-PSMA PET and mpMRI were
undertaken as per institutional protocols.

Imaging Data Collection

Both ®®Ga-PSMA PET and mpMRI data were centrally collated
and deidentified on a secure web-based server (MIMcloud; MIM Soft-
ware) for independent review, with imaging modalities collated into
separated imaging datasets to ensure masked reads by imagers. All
imaging and clinical data were collated on an institutional REDCap
database (St. Vincent’s Hospital Sydney) specifically designed for the

REAL-WORLD VALIDATION OF PRIMARY Scorg

trial. Case report forms were developed to record both PRIMARY and
Prostate Imaging—Reporting and Data System (PI-RADS) scores. The
PRIMARY score was documented as previously defined, with 5 cate-
gories: score 1, no significant pattern within the prostate; score 2, a
diffuse transition or central zone pattern; score 3, focal transition zone
activity above twice the background transition zone counts; score 4,
focal peripheral zone activity of any intensity; and score 5, an SUV of
more than 12 (Fig. 1) (4).

Image Reads and Analysis

Deidentified ®®Ga-PSMA PET images were independently read by 6
%8Ga-PSMA PET—experienced nuclear medicine physicians according to
the PRIMARY score. Each scan was read by 2 readers, with a maximum
of 40 scans read by the same 2 readers. To get a single **Ga-PSMA
PET imaging decision per patient, any reader disagreement requiring a
masked read by a third reader occurred when the first score was 1 or 2
and the second score was 3, 4, or 5. Before commencing, all nuclear
medicine imaging investigators participated in a 1-h training session
involving an explanation of the PRIMARY score and a consensus read
of 30 ®Ga-PSMA PET scans external to the study dataset. All readers
were instructed to use the fused PET/CT images to allow differentiation
between transition-zone and peripheral-zone activity. Images were read
using the readers’ preferred PET image viewer platform.

Six experienced prostate MRI radiologists read mpMRI images as
per PI-RADS version 2.1 independently of the PSMA PET or clinical
results (5). To get a single PI-RADS score per patient, in the event of
disagreement on PI-RADS scores between 2 readers, a third masked

TABLE 1
Patient Characteristics (n = 227)

Characteristic Data
Age (y) 68 (61-74)
PSA (ng/mL) 6.8 (4.8-10.3)
Days from MRI to biopsy 33 (14-79)
Days from PET to biopsy 15 (6-35)
Grade group

No cancer 58 (26)

16 (7.0)

2 49 (22)

3 35 (15)

4 13 (5.7)

5 56 (25)
PI-RADS*

1 2 (0.9)

2 70 (31)

8 26 (11)

4 56 (25)

5 73 (32)
PRIMARY"

Negative (1,2) 78 (34)

Positive (3-5) 149 (66)

*Taken as majority score from at least 2 readers.

TTaken as majority read from 2 of 3 readers if discordant.

Qualitative data are number and percentage; continuous data
are median and interquartile range.
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available, and 2 more had no PET images
available, leaving 227 patients for analysis
| (Table 1; Supplemental Fig. 1 [supplemental
I materials are available at http://jnm.

I snmjournals.org]). Seventy-four men (33%)
| did not have csPCa, 49 (22%) had ISUP
grade group 2 disease, and 104 (46%) had
ISUP grade group 35 disease.

Pl-RADS
% = DAB [0,40 - D.56)

e

Reproducibility

The overall k for binary PRIMARY
score categories (1 or 2 vs. 3, 4, or 5) was
0.70 (95% CI, 0.61-0.80), with a percent-

FIGURE 2. Cohen k-coefficient for PRIMARY and PI-RADS divided into 2 categories or left as 5
categories. Overall coefficient and 95% ClI are presented as thicker symbols and lines, with pairwise
interrater values presented next to these as thinner, fainter symbols and lines.

tie-breaking read was performed by another expert reader. If this was
discordant with the other reads, a fourth read was undertaken.

Histopathology

Histopathology from biopsy was derived from the clinical histopa-
thology report. Transperineal rather than transrectal ultrasound biopsy
was undertaken in all cases. The median number of cores was 22. Sys-
tematic biopsy was standard, with MRI-guided additional cores also
obtained in some cases. The International Society of Urological Pathol-
ogy (ISUP) grade group reported for the trial was for the index lesion.

Statistical Analysis

The primary outcome of interest was an estimate of the interrater
reliability of the PRIMARY score, in its original 5 categories and as a
binary evaluation (score 1 or 2 vs. 3, 4, or 5), for nuclear medicine
specialists new to using the score. This was measured using the Cohen
k-coefficient, with the interpretations of the value by Landis and Koch
adopted in the figures and text (0-0.2 indicating slight agreement;
0.21-0.40, fair agreement; 0.41-0.60, moderate agreement; 0.61-0.80,
substantial agreement; and 0.81-1.0, almost perfect or perfect agree-
ment). Additionally, the analogous analysis was performed for the
mpMRI read with PI-RADS with the further evaluation for 3 catego-
ries of PI-RADS (1 or 2 vs. 3 vs. 4 or 5). The sample size per reader
pair aimed to exceed the heuristic of 30 previously proposed in the lit-
erature (6). Further, we expected heterogeneity between PET reader
pairs given the novelty of the scale. Combined with a convenience
sample of about 240 patients, it was thus decided to invite 6 readers
for each imaging modality. Secondary aims were, first, to calculate
diagnostic accuracy for ®*Ga-PSMA PET using the PRIMARY score
and for mpMRI using PI-RADS, with an ISUP grade group of 2 or more
on biopsy being the gold standard; second, to calculate the diagnostic
accuracy of a rational combination of imaging modalities based on the
original PRIMARY paper (defining combined imaging positivity as
PI-RADS 4/5 or PI-RADS 1-3 with a PRIMARY score of 3-5); third,
to assess the distribution of ISUP grade group across categories of
PI-RADS and binary PRIMARY score; and fourth, to evaluate the asso-
ciation between ISUP grade group and SUV,,,,, defined as the mean
SUV nax reported by the 2 readers, with the Kruskal-Wallis test and sig-
nificance set at a P value of less than 0.05. Stata version 17.0MP (Stata-
Corp LLC) was used to generate the figures and analysis.

RESULTS

In total, 242 patients were available for analysis, having undergone
%Ga-PSMA PET and mpMRI, no prior prostate biopsy or treatment
for prostate cancer, and subsequent transperineal prostate biopsy.
Five had no pathology data available, a further 8 had no MR images
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age agreement of 86% (Fig. 2). Pairwise
k-values ranged from 0.55 to 0.87. Interra-
ter reliability for the full 5-category scale
was substantial at 0.65 (95% CI, 0.58—
0.73), percentage agreement was 74%, and pairwise k-values ran-
ged from 0.52 to 0.73. The overall k for binary PI-RADS (1 or 2
vs. 3, 4, or 5) was moderate at 0.58 (95% CI, 0.46-0.70), with a
percentage agreement of 82%. For a 3-group categorization of
PI-RADS (1 or 2 vs. 3 vs. 4 or 5), the k was 0.55 (95% CI, 0.46—
0.65), with percentage agreement of 75%, and for the full
S-category scale, the k was 0.48 (95% CI, 0.40-0.56), with per-
centage agreement of 61%. Twelve patients had discordant
PI-RADS scores among 3 readers and required a fourth read.
There were 7 pairs of MRI readers, instead of 6, as the allotment
of 1 reader could not be completed (paired reader k-values are
shown in Supplemental Tables 1-5).

Diagnostic Accuracy

In total, 149 (66%) of patients had a positive *®Ga-PSMA PET
result (PRIMARY score of 3, 4, or 5), and 155 (68%) had a posi-
tive MRI result (PI-RADS score of 3, 4, or 5). The sensitivity of
%8Ga-PSMA PET was 86% (95% CI, 79%-91%), and the specifi-
city was 76% (95% CI, 64%—-85%), whereas the sensitivity of
MRI was 89% (95% CI, 83%-93%), with a specificity of 74%
(95% CI, 63%—-84%). Individual PET and mpMRI reader sensitivi-
ties are represented in Figure 3. The positive predictive value for
%8Ga-PSMA PET was 88% (95% CI, 82%-93%), with a negative
predictive value of 72% (95% CI, 61%-81%), and the respective
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FIGURE 3. Sensitivity vs. (1 — specificity) overall for ®*Ga-PSMA PET
and MRI derived from PRIMARY and PI-RADS scores, respectively. Faint
markers and lines denote individual readers.

THE JOURNAL OF NUCLEAR MEDICINE * Vol. 65 + No. 1 « January 2024



TABLE 2
Diagnostic Accuracy for PI-RADS, PRIMARY, and Combination

Parameter Sensitivity Specificity Positive predictive value Negative predictive value
PRIMARY 86% (79%-91%) 76% (64%—-85%) 88% (82%-93%) 72% (61%-81%),
PI-RADS 89% (83%-93%) 74% (63%-84%) 88% (82%-93% 76% (65%—-86%)
Combination 94% (89%-97%) 68% (56%-78%). 86% (80%-91%) 85% (73%-93%)

values for MRI were 88% (95% CI, 82%-93%) and 76% (95% ClI,
65%-86%). Using the combined ®Ga-PSMA PET/MRI definition
of positive findings, the sensitivity was 94% (95% CI, 89%-97%),
with a specificity of 68% (95% CI, 56%—78%). The positive predictive
value was 86% (95% CI, 80%-91%), and the negative predictive value
was 85% (95% CI, 73%-93%) (Table 2; Supplemental Table 6).

Histopathology and Imaging

The distribution of histology grade according to positive or negative
%8Ga-PSMA PET finding and category of PI-RADS is demonstrated
in Figure 4. In each PI-RADS category, positive “*Ga-PSMA PET
results, versus negative, resulted in a higher percentage of csPCa and
ISUP grade group 3-5 cancer. Five of 45 patients (11%) with a
PI-RADS score of 1 or 2 and ®®Ga-PSMA PET-negative results had
csPCa, all ISUP grade group 2. One patient of 59 (1.7%) had negative
results on combined imaging (PI-RADS score of 3, ®Ga-PSMA
PET-negative) and ISUP grade group 5 disease (Fig. 5). This patient’s
MR images were read 3 times (PI-RADS scores of 2, 3, and 3), and
the PET images were read twice (PRIMARY scores of 1 and 2).

SUV,,ax and Grade Group

There was a statistically significant association between PSMA
PET SUV,. taken as the mean of 2 readers, and ISUP grade
group (P < 0.001) (Fig. 6). All patients with an SUV ,,, of more
than 12 (PRIMARY score, 5) had csPCa, with 51 of 55 (93%) of
those patients being ISUP grade group 3 or higher.

DISCUSSION

The PRIMARY score was developed to optimize the diagnostic
accuracy of ®®Ga-PSMA PET for csPCa intraprostatically and

8 - 1mo
o 3545 @7 s oz 518 L
231110
(]
g 1H1a
8 B9 ISUP Grade Group
o 8 i ST Mo cancer
o
2 GG1
g an4 GG2
g 3 - &7 GG35
(&)
ans
o |
N 5145
5145
827 s sz 718 B5M1D
o
PET- PET+ PET- PET+ PET- PET+
PI-RADS 1/2 PI-RADS 3 PI-RADS 4/5

FIGURE 4. Cumulative percentage distribution of ISUP grade group by
positive or negative ®®Ga-PSMA PET result and 3 categories of PI-RADS.
GG = grade group.

REAL-WORLD VALIDATION OF PRIMARY Scorg

particularly to improve specificity over an SUV . -based reporting
method (3,4). The PRIMARY score has been incorporated into
PROMISE version 2 for reporting of °®Ga-PSMA PET (7). This
validation study undertaken on a real-world dataset confirmed the
high diagnostic accuracy of the PRIMARY score, with significant
reproducibility among readers. Accuracy was equivalent to the
MRI PI-RADS score, with better reproducibility, despite the lim-
ited experience of the readers with the PRIMARY score.

Benign intraprostatic patterns of PSMA activity with increased
uptake in the transition and central zones are common as a result of
benign prostatic hypertrophy and physiologic activity surrounding
the ejaculatory ducts in the central zones (8,9). However, most
malignancy (70%) arises within the peripheral zone of the prostate,
with the incidence of transition and central zone malignancy signif-
icantly lower (/0). The PRIMARY score uses this information to
weight focal activity in the peripheral and transition zones while
classifying diffuse transition zone activity as a benign finding. The
initial PRIMARY score publication found that separating patterns
of intraprostatic PSMA activity into focal or diffuse improved iden-
tification of significant malignancy (4). This validation cohort con-
firmed improved specificity using a pattern-based reporting system
rather than an intensity (SUV ,.x)-based analysis as was used in the
initial PRIMARY paper (3).

mpMRI is now the standard of care for the diagnosis of csPCa,
with key randomized trials demonstrating improved accuracy and a
reduced requirement for biopsy compared with a non-imaging-based
transrectal ultrasound biopsy diagnostic paradigm (2,//). However,
despite better targeting with MRI, a significant number of malignan-
cies are missed using an MRI-targeted approach, with a high pro-
portion of negative biopsies that could potentially have been
avoided (/). ®*Ga-PSMA PET using the PRIMARY score in con-
junction with mpMRI may further optimize the diagnosis of pros-
tate cancer, reducing the biopsy requirement and detection of
insignificant malignancy while improving sensitivity for csPCa.
This is being evaluated further in the prospective randomized PRI-
MARY? trial (NCT05154162).

There is a strong association between ISUP grade group on his-
topathology and ®®Ga-PSMA PET intensity, an association that is
likely due to the pro-proliferative role of the PSMA receptor in
prostate cancer (/2—16). As with the PRIMARY study, the analy-
sis found that an SUV,,,, of more than 12 was associated with
csPCa in 100%, with an ISUP grade group of at least 3 in 93% of
those cases. This finding validates the use of PSMA intensity (SUV .«
> 12) as the maximal PRIMARY score, although further work will be
required to identify an optimum intensity for a PRIMARY score of 5
if PSMA-targeting peptides other than ®*Ga-PSMA are to be utilized.

The Cohen k demonstrated substantial agreement between the 6
PRIMARY score readers in the study, despite the fact that training
was limited to a single 1-h session and despite the lack of harmo-
nization between PET cameras, acquisition protocols, and doses
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with a lower proportion of benign or low-
grade findings. This factor may have
impacted the negative predictive value of
the PRIMARY, PI-RADS, and combination
scores. In the evaluation of reader agree-
ment for both MRI and PSMA, the study
utilized 2 readers—with a third reader for
discordance—rather than the 3 readers con-
sidered optimal in a registration study (/7).
Both the PRIMARY trial and this vali-
dation study utilized °®Ga-PSMA PET.
Although it is likely that the PRIMARY
score is translatable to other PSMA PET
agents given the focus on pattern and ana-
tomic site, this possibility requires further

FIGURE 5. PSMA PET imaging for patient with ISUP grade group 5 on histopathology, negative

evaluation.

result on ®8Ga-PSMA PET central read, and PI-RADS 3 on MRI. Central readers had 1-h training ses-

sion on PRIMARY score with little prior exposure, and this lesion was missed by both readers. This

CONCLUSION

image is technically PRIMARY score 4 (arrows) with focal lesion apically (SUV nax, 3.5).

due to the retrospective nature of the study. There was a single ISUP
grade group 5 classified as PSMA-negative by both central readers
and with equivocal mpMRI results (PI-RADS score, 3). This scan
had focal PSMA avidity apically, fulfilling the criteria for a PRI-
MARY score of 4. It is expected that the reported diagnostic accu-
racy of the PRIMARY score will improve with further training of
readers. There was a lower k-score for PI-RADS despite the readers’
being high-volume prostate MRI specialists, pointing to reproducibil-
ity and simplicity as strengths of the PRIMARY score.

There are important limitations to the study. The study was
designed as a real-world dataset to externally evaluate the findings
of the PRIMARY trial. As such, it was retrospectively collected,
and the reasons for which the urologists requested °®Ga-PSMA
PET before biopsy were not documented and will have introduced
a selection bias, particularly for the PI-RADS 1 and 2 patients
included. Also because of the retrospective design, no camera or
dose harmonization was possible. Nevertheless, the results show
diagnostic accuracy similar to that of the prospective PRIMARY
trial, demonstrating the reproducibility of the score, both for accu-
racy and among readers. A higher proportion of patients had more
aggressive disease on histopathology than in the PRIMARY trial,

o I
HIH

ISUP Grade Group

SUVmax

FIGURE 6. Horizontal box plot of SUV,,ax by ISUP grade group, taken
as mean of 2 readers’ reports. Not shown are 1 ISUP grade group 3 lesion
(SUVhax, 62) and 2 ISUP grade group 5 lesions (SUV 4, 44 and 46).

The PRIMARY score showed sub-
stantial interrater reproducibility by first-user nuclear medicine
specialists, exceeding that of PI-RADS. Diagnostic performance
was similar between the 2 modalities. The PRIMARY score
should be considered when interpreting intraprostatic PSMA PET
images.
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KEY POINTS

QUESTION: Is the PRIMARY score an accurate reproducible
method for reporting intraprostatic PSMA PET findings in men
prior to prostate biopsy, and how does it compare to mpMRI?

PERTINENT FINDINGS: The PRIMARY score is equivalent in
diagnostic accuracy to mpMRI when undertaken prior to prostate
biopsy in a high-risk population. Further, it is more reproducible
than mpMRI despite the readers having limited clinical experience
with the score.

IMPLICATIONS FOR PATIENT CARE: A 5-level PRIMARY score
incorporating intraprostatic patterns and intensity on ®®Ga-PSMA
PET/CT shows potential as an accurate method for diagnosing
csPCa and should be considered when PSMA PET is undertaken
for this purpose.
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Preclinical Development of PNT6555, a Boronic Acid—Based,
Fibroblast Activation Protein-o (FAP)-Targeted
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The overexpression of fibroblast activation protein-a (FAP) in solid
cancers relative to levels in normal tissues has led to its recognition as
a target for delivering agents directly to tumors. Radiolabeled
quinoline-based FAP ligands have established clinical feasibility for
tumor imaging, but their therapeutic potential is limited due to subopti-
mal tumor retention, which has prompted the search for alternative
pharmacophores. One such pharmacophore is the boronic acid deriv-
ative N-(pyridine-4-carbonyl)-p-Ala-boroPro, a potent and selective
FAP inhibitor (FAPI). In this study, the diagnostic and therapeutic (ther-
anostic) potential of N-(pyridine-4-carbonyl)-p-Ala-boroPro-based
metal-chelating DOTA-FAPIs was evaluated. Methods: Three DOTA-
FAPIs, PNT6555, PNT6952, and PNT6522, were synthesized and
characterized with respect to potency and selectivity toward soluble
and cell membrane FAP; cellular uptake of the Lu-chelated analogs;
biodistribution and pharmacokinetics in mice xenografted with human
embryonic kidney cell-derived tumors expressing mouse FAP; the
diagnostic potential of ®8Ga-chelated DOTA-FAPIs by direct organ
assay and small-animal PET; the antitumor activity of '"7Lu-, 225Ac-,
or '®'Tb-chelated analogs using human embryonic kidney cell-
derived tumors expressing mouse FAP; and the tumor-selective deliv-
ery of ""’Lu-chelated DOTA-FAPIs via direct organ assay and SPECT.
Results: DOTA-FAPIs and their "™Ga and "Lu chelates exhibited
potent inhibition of human and mouse sources of FAP and greatly
reduced activity toward closely related prolyl endopeptidase and
dipeptidyl peptidase 4. ®3Ga-PNT6555 and ®8Ga-PNT6952 showed
rapid renal clearance and continuous accumulation in tumors, resulting
in tumor-selective exposure at 60min after administration. '7’Lu-
PNT6555 was distinguished from '77Lu-PNT6952 and '77Lu-PNT6522
by significantly higher tumor accumulation over 168 h. In therapeutic
studies, all 3 '"7Lu-DOTA-FAPIs exhibited significant antitumor activity
at well-tolerated doses, with '"7Lu-PNT6555 producing the greatest
tumor growth delay and animal survival. 2°Ac-PNT6555 and '®'Tb-
PNT6555 were similarly efficacious, producing 80% and 100% survival
at optimal doses, respectively. Conclusion: PNT6555 has potential for
clinical translation as a theranostic agent in FAP-positive cancer.
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Fibroblast activation protein-a (FAP, also called seprase) is a
member of the dipeptidyl peptidase 4 (DPP4)-like subfamily of
serine proteases (/—3). FAP is expressed as either a type II integral
membrane glycoprotein (4) or a soluble plasma protein containing
only the extracellular carboxy-terminal catalytic domain (5). Rela-
tive to normal tissues, FAP is often highly overexpressed in epi-
thelial tumors on the surface of cancer-associated fibroblasts
(CAFs) (6-8). Less frequently, FAP is overexpressed on neoplas-
tic cells themselves, in certain sarcomas, for example (§).

Although FAP is also upregulated in healing wounds and ath-
erosclerotic, arthritic, and fibrotic lesions (9—13), it is recognized
as a target for the design of anticancer drugs (/4). There is particu-
lar interest in high-affinity, small-molecule catalytic-site ligands
that can be linked to a metal chelator such as DOTA for use as
theranostic agents: for example, positron-emitting ®*Ga for PET or
B-emitting '"’Lu, '®'Tb (which emits Auger electrons and under-
goes B-decay (15)), or a-emitting >?°Ac for radiotherapy (16).
Unlike FAP, the related postproline cleaving proteases DPP4 and
prolyl endopeptidase (PREP) are widely expressed in normal tis-
sues. DPP4 plays a role in glucose metabolism (/7), whereas the
phenotype of PREP-deficient mice suggests that PREP functions
in the central nervous system (/8). High FAP selectivity is, there-
fore, essential in FAP-targeted radioligands for application in
oncology.

A potent and selective inhibitor of FAP (UAMC1110) that is
based on the N-4-quinolinoyl-Gly-(2S)-cyanoPro scaffold, has pro-
vided a lead for the development of quinoline FAP inhibitors
(FAPIs) (19-21). These FAPIs demonstrated the feasibility of
FAP radioligands as PET imaging agents in preclinical models
and human cancer patients, but therapeutic potential appeared lim-
ited by suboptimal tumor retention (22), prompting the exploration
of alternative FAP ligands. A more recent clinical candidate, FAP-
2286, incorporates a cyclic peptide as the FAP-binding moiety,
with the aim of harnessing the entropic advantage available from
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conformationally restricted cyclic ligands, so as to achieve greater
potency and thereby greater tumor retention (23). In a mouse
model of FAP-positive cancer (FAP-expressing human embryonic
kidney [HEK] cells), '77Lu-FAP-2286 did achieve greater tumor
retention and treatment responses than !”’Lu-FAPI-46, the leading
quinoline derivative (24).

A different approach can be based on the boronic acid deriva-
tive N-(pyridine-4-carbonyl)-p-Ala-boroPro (3099), first discov-
ered and characterized by Poplawski et al. (25). The nanomolar
potency of 3099 and the high selectivity for FAP over other
DPP4-like subfamily enzymes provides the rationale for its inves-
tigation as a FAP-targeting moiety. In this study, the feasibility of
amino-terminally blocked p-Ala-boroPro as a FAP-targeting ele-
ment in theranostic radioligands was investigated, with a focus on
PNT6555, PNT6952, and PNT6522 (Fig. 1)—in which the DOTA
chelator was N-terminally linked to p-alanine by either an amino-
benzoic acid residue (PNT6555), a tranexamic acid residue
(PNT6952), or a Gly-Gly-Val tripeptide (PNT6522).

MATERIALS AND METHODS

A complete version of Materials and Methods, including details of
instrumentation, radiochemistry, in vivo imaging protocols, reagents,
reaction buffers, and vendors, is provided in the supplemental materials
(supplemental materials are available at http:/jnm.snmjournals.org).
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FIGURE 1. Structures of FAP ligands. (A) N-(pyridine-4-carbonyl)-p-Ala-

boroPro (3099). (B) DOTA-AmBz-p-Ala-boroPro (AmBz: aminomethylben-
zoyl) (PNT6555). (C) DOTA-TXA-p-Ala-boroPro (TXA: transexamic acid)
(PNT6952). (D) DOTA-Gly-Gly-Val-p-Ala-boroPro (PNT6522).
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In Vivo Procedures

The protocol for the tumor model involving HEK cell-derived
tumors expressing mouse FAP (HEK-mFAP) was approved by the
Dana-Farber Cancer Institute (Boston, Massachusetts) Institutional
Animal Care and Use Committee. Mouse serum was collected by car-
diac puncture using a protocol approved by the Tufts University Insti-
tutional Animal Care and Use Committee.

Synthesis of FAP Ligand Precursors
PNT6555, PNT6522, and PNT6952 were synthesized as previously
described by Bachovchin et al. (26).

Radiochemistry of ®Ga-, '"’Lu-, 2°Ac-, and
161Th-Chelated Compounds

Radioligands were prepared by heating precursors with '"’LuCls,
%8GaCls, *°Ac(NOs);, or '®'TbCl;. Radiochemical identities were
confirmed by chromatography.

HEK-mFAP and HEK-Mock Cell Lines

HEK-mFAP and HEK cells transfected with empty vector (HEK-
Mock) (27) were propagated in standard culture medium with the
addition of G418 (Geneticin; Thermo Fisher Scientific) to sustain sta-
ble transgene expression.

In Vitro Fluorometric IC5, Measurements

Half-maximal inhibitory concentration (ICs) values of FAP ligands
for recombinant human FAP, DPP4, and PREP were determined. FAP
(pH 7.5), PREP (pH 7.5), and DPP4 (pH 8.0) were incubated at room
temperature for 10min with 1:10 serial dilutions of FAP ligands
(PNT6555, PNT6952, and PNT6522) in 96-well plates. 7-Amino-4-
methylcoumarin (AMC) fluorogenic substrates (carboxybenzyl (Z2)-Gly-
Pro-AMC for FAP and PREP and Gly-Pro-AMC for DPP4) were added
to the reactions at a final concentration of 25 uM. After further incubation
for 15 min at room temperature, enzyme activity was measured by fluo-
rimetry (EX3g9 nm:EmMago nm)- A modified method with N-(4-quinolinoyl)-
p-Ala-Pro (3144)-AMC as the FAP substrate was also used for ICs,
assays with recombinant human and mouse FAP. The enzymes were
incubated at 37°C for 10 min with 1:10 serial dilutions of FAP ligands.
3144-AMC was added at a final concentration of 25 uM, and incubation
was continued for a further 30 min at 37°C before fluorimetry.

For ICs assays with serum samples, 1:10 dilutions of human serum
and Sprague-Dawley rat serum and a 1:100 dilution of mouse serum
were incubated at 37°C for 10 min with 1:10 serial dilutions of FAP
ligands. 3144-AMC was added at a final concentration of 25 uM (rat
serum) or 50 uM (human serum and mouse serum), and incubation
was continued for a further 30 min at 37°C before fluorimetry.

For ICs, assays with cell membrane FAP, HEK-mFAP cells were
harvested from bulk cultures grown to approximately 80% confluency
and plated in 96-well plates. After incubation overnight, 1:10 serial
dilutions of FAP ligands were incubated with the cells for 1 h. 3144-
AMC was added at a final concentration of 20 wM, and 37°C incuba-
tion was continued for a further 30 min before fluorimetry.

ICP-MS Assay for In Vitro Uptake and Internalization of
nat) y-Chelated FAP Ligands

In vitro cellular uptake of "*Lu-FAP ligands was investigated by
inductively coupled plasma mass spectrometry (ICP-MS) analysis of
total "Lu associated with HEK-mFAP or HEK-Mock cells. The inter-
nalized fraction represented the "'Lu remaining after an acid wash to
remove any cell membrane—bound inhibitor. HEK-mFAP or HEK-
Mock cells were seeded in 6-well plates (Costar) at 4 X 10° cells/
2mL/well in serum-free RPMI 1640 assay medium and incubated
(37°C, 5% CO,) for 18-24h. Medium was aspirated and replaced
with 1, 5, 10, or 100 n1M "™Lu-PNT6555 for the measurement of FAP
ligand uptake or with 10nM "“Lu-PNT6555, "*Lu-PNT6952, or
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"I u-PNT6522 for the measurement of FAP ligand uptake and inter-
nalization. After incubation for 1h at 37°C, the cells were washed
twice with 1 mL of ice-cold phosphate-buffered saline (PBS). For the
measurement of total cellular FAP ligand uptake ("*'Luyo), the cells
were lysed by incubation at room temperature in 0.3 M NaOH for
5 min, after which the samples were passed through a 23-gauge needle
to shear DNA. For the measurement of cellular internalization, 1 mL
of ice-cold 50 mM glycine-100 mM NaCl (pH 2.8) buffer was added
to the cells after the PBS wash step described before. After incubation
at 4°C for 10 min, the cells were washed twice with 1 mL of ice-cold
PBS and then lysed as described before to provide samples for the
measurement of internalized FAP ligand ("Lujyema). The protein con-
centrations of the total uptake and internalization samples were mea-
sured by the Bradford assay (Bio-Rad). Postlysis samples (300 p.L) were
microwave digested with 0.5 mL of ultrapure water and 2.0 mL of ultra—
high-purity nitric acid. The samples were further diluted with ultrapure
water to achieve 2.8% nitric acid. An internal standard (final concentra-
tion of indium of 5ppb) was added to the samples, and indium at 0.1
ppt was added to 500-ppt Lu standards for the creation of a standard
curve. ICP-MS was conducted in low-resolution mode. Calibrant inten-
sities were normalized to the intensities of the internal controls, and the
intensities in blank samples were subtracted to create linear calibration
curves. The total cellular uptake of "™Lu after incubation of HEK-
mFAP cells with 1, 5, 10, or 100nM "Lu-PNT6555 was expressed as
the absolute amount (nanograms). The percentage internalization of
"Ly was calculated as ("™ Luineermnar’™ Ltor)) X 100.

HEK-mFAP Mouse Tumor Xenograft Model

Six-week-old male Fox Chase mice with severe combined immunode-
ficiency were injected subcutaneously with HEK-mFAP cells. Tumor
growth was determined by measurement of tumor width (/) and length
(L) with calipers, and tumor volume (¥) expressed in mm?® was calculated
by the formula V' = (W, X 0.5L).

Formulation and In Vivo Administration of Radioligands
Radioligands diluted in PBS were administered to anesthetized
mice by a single injection into the lateral tail vein.

Biodistribution of ®Ga- and '7’Lu-Radioligands In Vivo
HEK-mFAP tumor—bearing mice were injected intravenously with
defined doses of ®®Ga-PNT6555 or '"’Lu-radioligands. At designated

time points, blood and tissues were collected from 3 mice per treat-
ment and counted for radioactivity. Tissue weights were measured for
determination of the percentage injected dose per gram (%ID/g).

PET and SPECT
After intravenous injection of radioligands, ®Ga imaging by small-
animal PET/CT and '7’Lu SPECT imaging were performed.

Antitumor Activity of ""Lu-, 22°Ac-, and
181Tp-Radioligands In Vivo

Mice bearing HEK-mFAP tumors of the volumes specified in the
Results section were administered '7"Lu-, >*’Ac-, or 161Tb-radioligands,
vehicle, or precursor ligands (6 mice per group) on day 1. Health checks
were performed, and body weights and tumor dimensions were measured
weekly. Mortality or euthanasia was used interchangeably for plotting
mouse survival curves. Tumor growth curves were plotted up to the time
of the earliest incidence of a mortality/euthanasia endpoint in each of the
control and test groups.

Statistical Analysis
In vitro and in vivo data were analyzed using Prism 6 (GraphPad
Software), and results are presented as mean = SEM.

RESULTS

Potency and Selectivity of FAP Inhibitors for Human
Recombinant FAP

PNT6555, PNT6952, and PNT6522 when not chelated with
metals exhibited low nanomolar 1Cs, values for FAP that were
~200- to ~1000-fold and ~10,000- to ~30,000-fold less, respec-
tively, than the values for PREP and DPP4 (Table 1). The intro-
duction of the metals reduced potency toward FAP by 2- to
48-fold, depending on the compound (Table 1). Metal chelation
also reduced affinity for PREP by =4-fold. No inhibition of DPP4
was detectable.

Potency of FAP Inhibitors for Biologically Relevant Forms
of FAP

The potencies of nonchelated and metal-chelated compound
were evaluated toward human and rodent serum FAP, and mouse
cell surface FAP in HEK-mFAP cells. The 3144-AMC substrate

TABLE 1
Selective Inhibition of FAP by Precursor and Nonradioactive Lu/Ga-Chelated PNT6555, PNT6952, and PNT6522 In Vitro

Recombinant human enzyme IC5sq (nM)*

Selectivity index”

Compound FAP PREP DPP4 PREP DPP4

PNT6555 3.9+0.3 900 + 97 >100,000 230 >26,000
177 u-PNT6555 16 +3.0 4,100 = 740 >100,000 260 >6,300
58Ga-PNT6555 55+ 3.0 3,600 =510 >100,000 65 >1,800
PNT6952 47+02 4,700 = 780 >100,000 1,000 >21,000
177 u-PNT6952 13+1.2 34,000 = 10,000 >100,000 2,500 >7,400
58Ga-PNT6952 84+53 >10,000 >10,000 >120 >120
PNT6522 12+0.6 9,200 + 2,000 >100,000 760 >8,300
177 u-PNT6522 25+2.0 10,000 + 3,700 >100,000 390 >3,900
58Ga-PNT6522 570 + 95 37,000 = 12,000 >100,000 65 >160

*ICsp values obtained in fluorometric assays with Z-Gly-Pro-AMC (FAP and PREP) and Gly-Pro-AMC (DPP4) substrates are expressed

as mean (n = 3) = SEM.
TCalculated as ICso (PREP)/ICso (FAP) and ICso (DPP4)/ICso (FAP).
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TABLE 2
Potency of Inhibition of Soluble Recombinant, Cell Membrane, and Serum Forms of Human and Rodent FAP by Precursor
and Nonradioactive Lu/Ga-Chelated PNT6555, PNT6952, and PNT6522 In Vitro

Recombinant soluble FAP ICsq (M)

Serum ICsq (NM)

HEK-mFAP
Compound Human Mouse ICs50 (NM): mouse Human Mouse Rat
PNT6555 1.8+0.4 0.2 +0.01 0.8 +0.03 25+0.4 0.2 +0.01 0.3 +0.01
177 u-PNT6555 6.6+0.5 0.4 +0.01 1.2+0.1 10+1.7 0.2 +0.02 0.4+0.1
58Ga-PNT6555 98 +5.4 17 +0.9 47 +59 100 +9.3 16 +1.6 24+6.4
PNT6952 0.5+0.1 0.3+0.003 1.2+0.1 1.3+0.3 0.3+0.03 0.3 +0.01
177 u-PNT6952 4.7+0.5 1.6 = 0.1 6.8+0.6 8.0+2.0 1.9+0.1 1.8+0.1
58Ga-PNT6952 47 +6.0 11+1.0 22+1.3 42+55 13+0.6 14+2.0
PNT6522 1.9+04 0.5+0.1 1.7+0.4 1.4+0.2 0.5+0.04 0.5+ 0.01
177 u-PNT6522 47+0.3 2.3+0.2 12+0.5 11+2.0 25+0.1 3.3+0.1
58Ga-PNT6522 140 + 30 87 +18 82 +3.1 190 + 32 83+7.4 64 +5

ICso values obtained in 3144-AMC fluorometric assays are expressed as mean (n = 3) = SEM.

(Supplemental Fig. 1) (28) was used to specifically measure FAP
activity in the unfractionated biologic matrices, and as a bench-
mark for the inhibition of FAP in biologic samples; FAP inhibitor
potency toward soluble recombinant FAP was also evaluated with
this substrate. When not chelated to metals, the compounds exhib-
ited subnanomolar to low-nanomolar ICs, values in assays with all
sources of FAP (Table 2). Lu-chelation reduced the potency to a
smaller extent than Ga-chelation in both the Z-Gly-Pro-AMC and
3144-AMC assays, and with both soluble and cell membrane
forms of FAP (Tables 1 and 2).

Cellular Uptake and Internalization of FAP Inhibitors

The FAP dependence of the cellular uptake of ™Lu-PNT6555
was investigated by comparing the total uptake in HEK-mFAP
versus HEK-Mock cells. Measurement of total cell-associated "Lu-
PNT6555 by ICP-MS demonstrated that uptake required the expres-
sion of FAP (Fig. 2A). ICP-MS measurements of the total cell bound
and internalized amounts of ™'Lu in HEK-mFAP cells after 1 h incu-
bation with "™Lu-PNT6555, "Lu-PNT6952 or "Lu-PNT6522
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FIGURE 2. Cellular uptake and internalization of "*Lu-chelated FAP
ligands. (A) Total "*Lu uptake by HEK-mFAP and HEK-Mock cells after
1 h of incubation at 37°C with increasing concentrations of "*Lu-PNT6555
in vitro. (B) Comparison of internalized fractions of "*Lu after 1 h of incuba-
tion of HEK-mFAP cells with 10nM "®Lu-PNT6555, "2Lu-PNT6952, or
"Au-PNT6522 in vitro.
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indicated that ™Lu-PNT6555 exhibited the greatest degree of inter-
nalization (Fig. 2B).

Biodistribution of Radiolabeled FAP Inhibitors in
Tumor-Bearing Mice

58Ga-PNT6555 and ®®Ga-PNT6952 exhibited selective uptake
into HEK-mFAP tumors (Fig. 3A). Small-animal PET indicated
that the radioligands rapidly entered the tumors, and while they
were progressively cleared from the blood and normal tissues via
the kidneys and the bladder, tumor activity increased rapidly over
the first 5min after injection, and more slowly but continuously
thereafter (Fig. 3C; Supplemental Fig. 2). Elimination from blood,
liver, and muscle resulted in radioligand levels that were distinctly
lower in normal tissues than in tumors by ~25 min after adminis-
tration (Fig. 3C), and high-contrast PET images of tumors were
obtained at 60 min (Fig. 3C). All 3 !"’Lu-FAP radioligands exhib-
ited selective uptake in tumors 4h after a single dose in HEK-
mFAP tumor-bearing mice (Fig. 4A; Supplemental Fig. 3). Intra-
tumoral levels of all 3 radioligands decreased between 4 and 48 h,
but high tumor-to-normal tissue ratios were maintained from 48 to
168 h. Analysis of the area under the curve (AUC) ((%ID/g)-h) for
the period from 4 to 168h indicated that the accumulation of
77Lu-PNT6555 in the tumor was significantly greater than that
for 177Lu-PNT6952 or '"7Lu-PNT6522 (P < 0.0001) (Table 3;
Supplemental Table 1), but the increase in '77Lu-PNT6555
between 48 and 168 h was not statistically significant. Although
the limited uptake in normal tissues exhibited some variation
between the 3 radioligands (Table 3), these differences were not
statistically significant (Supplemental Table 1). The highest levels
of uptake into normal tissues occurred in kidney, liver, bone and
skin for !7’Lu-PNT6555, kidney for '77Lu-PNT6952, and kidney
and bone for '"7Lu-PNT6522 (Table 3; Supplemental Fig. 3).
However, the high initial tumor uptake and kinetics of tumor reten-
tion resulted in tumor-to-normal tissue AUC ratios of 15 to 19 in
these tissues (Table 3). This is illustrated by the pharmacokinetic
profiles in tumor and kidney (Fig. 4A), and the retention of !”’Lu-
PNT6555 in the tumors was apparent in SPECT images collected
from 3 to 120 h (Fig. 4B).
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FIGURE 3. Biodistribution, pharmacokinetics, and PET imaging for ®8Ga-PNT6555 and ®%Ga-
PNT6952 in mice bearing ~300-mm?® HEK-mFAP tumors administered doses of 8-10 MBg. (A) Bio-
distribution of radioligands 60 min after injection. Mean = SEM %ID/g values are shown for 3 animals
per tissue. (B) Biodistribution of radioligands determined by PET imaging 60 min after administration
in representative animals from groups of 3. (C) Time-activity curves for tissue uptake of radioligands
determined by PET imaging. SUVean = SEM are shown for 3 animals per tissue.

appeared to be increased above that in
vehicle-treated mice in the 22Ac-PNT6555
experiment. Although this effect was statisti-
cally significant, it was not pharmacologically
meaningful because it was small and not seen
in the !"Lu-PNT6555 (Fig. 5A) and
161Th-PNT6555 experiments  (Fig. 6A).
ZAc-PNT6555  and  '*'Tb-PNT6555
increased animal survival in a dose-dependent
manner (Fig. 6B). Both radioligands were
well tolerated, as indicated by minimal effect
on body weight (Supplemental Fig. 6).

DISCUSSION

The selective inhibition of FAP over the
dipeptidyl peptidases and PREP by 3099,
which was achieved by the pyridin-4-
carbonyl blocking group at the N terminus,
and p-alanine at P,, respectively (25), was
maintained in PNT6555, PNT6952, and
PNT6522. When expressed as a cell mem-
brane protein in HEK-mFAP cells, the
catalytic site of FAP was found to be
pharmacologically accessible to the p-Ala-
boroPro—based ligands and to be essential
for the cellular uptake of "Lu-PNT6555 by
HEK-mFAP cells. In vivo, °8Ga-PNT6555
and ®8Ga-PNT6952 were selectively re-
tained in HEK-mFAP tumors, resulting in

Antitumor Activity of PNT6555, PNT6952, and PNT6522
177 u-Radioligands

7TLu-PNT6555, '""Lu-PNT6952, and '"’Lu-PNT6522 were
administered to HEK-mFAP tumor—bearing mice as a single dose
of 15, 30, or 60 MBq. These doses were selected to enable efficacy
to be directly compared with '7’Lu-FAPI-46 and '7"Lu-FAP-2286,
previously evaluated in a HEK-FAP tumor model (24). '"’Lu-
radioligands produced dose-dependent delays in tumor growth,
whereas no discernable effect was produced by unlabeled precursors
(Fig. 5A). On the last day of tumor measurement before mortality in
control groups, tumor growth was significantly inhibited at all doses
investigated (Supplemental Fig. 4A). '"7Lu-PNT6555 produced the
longest tumor growth delay (Fig. 5A), with the rank order of effi-
cacy being 7"Lu-PNT6555 > "7Lu-PNT6952 > ""Lu-PNT6522.
The same rank order was also reflected in animal survival (Fig. 5B).
The radioligands appeared to be well tolerated, and weight loss was
=10% and transient (Supplemental Fig. 5).

Antitumor Activity of ?Ac-PNT6555 and "®'Th-PNT6555

To HEK-mFAP tumor-bearing mice, > Ac-PNT6555 was admin-
istered as a single dose of 5, 25, or 50 kBq, and '®'Tb-PNT6555, as
a single dose of 15, 30, or 60 MBq. 2>Ac-PNT6555 doses were
based on single doses of 22°Ac-FAPI-46 that were safe and effective
in the PANC-1 xenograft model (29), and '*'Tb-PNT6555 doses, on
safe and effective single doses of radiometal targeted to L1 cell adhe-
sion protein or folate receptor (30,37). Both ***Ac-PNT6555 and
191Th-PNT6555 produced dose-dependent delays in tumor growth at
all dose levels (Fig. 6A), and before mortality of control animals,
tumor volumes were significantly reduced (Supplemental Fig. 4B).
Mean tumor volume in mice that received nonradiolabeled PNT6555

104

PET images with high tumor-to-background
contrast. The biodistribution of '"’Lu-PNT6555, '7"Lu-PNT6952,
and "7"Lu-PNT6522 in HEK-mFAP tumor-bearing mice confirmed
the selective targeting of the HEK-mFAP tumors and revealed that
77Lu-PNT6555 exhibited the greatest tumor accumulation, consis-
tent with its greater cellular internalization compared with ™Lu-
PNT6952 and "™ Lu-PNT6522 in vitro.

The premise for development of FAP-targeted radioligands is
that the tumor-to-normal tissue ratios of FAP activity in human
cancer will be sufficient to ensure pharmacologic effects on the
tumor while avoiding damage to normal cells and tissues. How-
ever, most mouse tumor models fail to mimic the tumor to normal
tissue FAP ratios found in humans, with mouse models having
both lower levels of FAP in the tumor and higher levels in the
blood than humans (28) (S.E. Poplawski, PhD, unpublished data,
2011). Nonetheless, an albumin binding FAP-radioligand, '”"Lu-
FAP6-IP-DOTA, produced significant tumor responses in mice
implanted with multiple tumor cell lines that were not engineered
to overexpress FAP, and tumor targeting therefore relied on the
FAP expressed in the tumor stroma (32). However, the levels of
responsiveness to !7’Lu-FAP6-IP-DOTA across the KB, HT29,
U87MG, and 4T1 tumor models investigated did not correlate
with ex vivo staining intensity of stromal FAP for reasons that are
not well understood (32). In comparison to these models, the
HEK-mFAP tumor model is artificial and potentially somewhat
problematic because the FAP-levels in the tumor are substantially
greater than found in most human cancers, and the FAP is
expressed on the neoplastic cells rather than on the stromal CAFs,
as in human epithelial cancers. Because of the latter, the FAP tar-
geting is directed at the cancer cells rather than the CAFs, as it
would be in humans, and it is unclear how this might affect the
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A HEK-mFAP Tumor Kidl"ley translatability of the results to humans.
49 Although the FAP levels are artificially

— 1Ly PNTE555 high, the HEK-mFAP model may, never-
& Ir — 177 . PNTE952 theless, have ut.lhty because it brings the
g Al . —— tumor/blood ratio .of FAP .closer to that of
s human cancer patients. Mice have greater
circulating FAP levels than humans (28),
and the tumor/blood ratio is a key determi-
nant of tumor-selective targeting. Thus, the
HEK-mFAP model could facilitate com-

72 96 120 0 24 48 72 96 120 144 168 . ) )
Time (h) Time (h) parison of the FAP-targeting potential of
B various agents and might yield results that
3h 24 h 48 h 120 h

2E6 are predictive of human efficacy. A previ-
ous comparative study of the leading clini-
cal candidates, FAP-2286 and FAPI-46,
demonstrated the utility of HEK cells engi-
neered to express human FAP in selection
of clinical candidates (24), and the results
provide feasible benchmarks for the new
boronic acid derivatives. In humans, **Ga-
FAPI-46-PET exhibited strong correlation
with FAP tissue expression determined by
immunohistochemistry (33), and ®%Ga-
FAPI-46 PET/CT appeared to be equiva-
FIGURE 4. Biodistribution and SPECT imaging for '7”Lu-radioligands in mice bearing HEK-mFAP  lent to 'F-FDG PET/CT for detection of
tumors administered doses of 6.8-7.8 MBa. (A) '"'Lu-PNT6555, '"/Lu-PNT6952, and '"’Lu-  malignant lesions in head and neck cancer
PN'I;6522 uptake in tumors and kidneys at 4 to 168 h after adlministratioln in anima!s pearing ~1.71- (34). Moreover, first-in-human results for
mm®” tumors. Mean = SEM %I|D/g values are shown for 3 animals per tissue. Statistical analysis of 177 1-FAP-2286 in advanced metastatic
AUC values indicated significantly greater accumulation in tumors of '”"Lu-PNT6555 than of '"Lu-
PNT6952 or '"7Lu-PNT6522 (P < 0.0001), and in kidneys there were no significant differences ¢
among AUC values for these radioligands. (B) Biodistribution of '77Lu-PNT6555 determined by ~ tumor uptake and longer tumor retention
SPECT imaging 3, 24, 48, and 120h after administration in representative animals (from groups of 3) ~ times compared with the earlier clinical
bearing ~355-mm? tumors. candidates, FAPI-02 and FAPI-04 (22,35).

Jwybg

disease have demonstrated significant

TABLE 3
Tissue Distribution After Intravenous Injection of '77Lu-PNT6555, 177Lu-PNT6952, and '""Lu-PNT6522
in HEK-mFAP Xenograft Model

AUC ((%1D/g)-h) Tumor-to-normal tissue ratio

Tissue 77 u-PNT6555  '77Lu-PNT6952  '77Lu-PNT6522  '77Lu-PNT6555 '77Lu-PNT6952 '77Lu-PNT6522
Blood 7.2 1.3 3.5 274.2 639.9 396.7
Heart 13.6 3.7 6.0 144.4 229.3 233.3
Lung 13.5 25 7.8 146.3 348.5 180.7
Liver 78.3 9.0 20.5 25.2 95.7 68.6
Spleen 46.7 12.1 24.0 42.2 711 58.7
Pancreas 16.0 3.1 6.1 122.9 280.2 231.1
Stomach 16.1 2.3 6.5 122.0 366.4 216.2
Small intestine 15.8 34 8.6 124.8 255.2 163.3
Kidney 67.1 32.6 92.9 29.3 26.3 15.2
Muscle 30.5 3.1 12.7 64.5 280.2 110.9
Bone (femur) 94.2 9.2 77.2 20.9 93.4 18.2
Skin 53.4 5.0 23.9 36.9 172.9 59.0
Brain 85 1.2 0.7 565.8 702.8 1,961.5
Tumor 1,969.0 857.4 1,408.4
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FIGURE 5. Antitumor activity of '"’Lu-PNT6555, '""Lu-PNT6952, and '"’Lu-PNT6522 in mice bearing HEK-mFAP tumors. Animals bearing tumors
that had grown to ~170-260 mm® were administered single intravenous injection of vehicle or test agent (6 animals/treatment) on day 1. (A) Tumor
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The biodistribution and PET imaging studies of ®®Ga-PNT6555
and *8Ga-PNT6952 reported here demonstrated higher tumor speci-
ficity than ®®Ga-FAP-2286 or ®Ga-FAPI-46. In addition, the tumor
growth delay produced by '"7Lu-PNT6555 in the HEK-mFAP
tumor model was greater than reported for '7’Lu-FAP-2286 and
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77Lu-FAPI-46 when the same single doses of 30 MBq were
administered (24).

In the PANC-1 tumor model, FAP is expressed by stromal
CAFs, and 30 MBq '"’Lu-FAPI-46 produced only an insignificant
trend in tumor growth inhibition (29), whereas equivalent doses of

7Lu-PNT6555, '7Lu-PNT6952, and
7Lu-PNT6522 produced much greater,
statistically significant responses in the
HEK-mFAP model. Similarly, 25 kBq
225A¢-PNT6555 produced a significant
HEK-mFAP tumor response, greatly
exceeding the effect of 22Ac-FAPI-46 in
the PANC-1 model. These results raise an
important question with respect to clinical
translation. Are the efficacy results in the
HEK-mFAP model artefactually exagger-
ated because of the unnaturally high and
homogeneous overexpression of FAP in
the HEK cells, or are the results in the
PANC-1 model artificially suppressed by a
low level of FAP expression in the tumor
stroma and a circulating FAP level
approximately 15-fold greater than in
humans (28)? Compared with the
tumor/blood FAP ratio in human cancer
patients, the ratio in the PANC-1 mouse
model might be lower, whereas the ratio
in HEK-mFAP model is higher (S.E.
Poplawski, PhD, unpublished data, 2010).
As this ratio will be a key determinant of
selective tumor targeting, it is unclear
which model might more reliably predict



human efficacy. Better mouse models that naturally express greater
levels of FAP in the tumor stroma while having less circulating
FAP are definitely needed, but comparative results in humans and
mice for clinical candidates may ultimately resolve this question.

Clinical translation of the PNT FAP ligands will require preclin-
ical evaluation of possible longer-term adverse effects. In this
regard, it is encouraging that tissues associated with known risks
of renal and hematologic toxicity (36) did not show meaningful
accumulation of !”’Lu-PNT6555. Any possible sink effect of the
serum pool of FAP leading to off-target biodistribution, which
would likely be exaggerated in mice, was not observed. In human
cancer, FAP-positive CAFs provide critical support for tumor
growth and metastasis by production and remodeling of extracellu-
lar matrix, release of growth factors and cytokines that directly
stimulate tumor growth or promote angiogenesis, and suppression
of tumor immunity (37). Targeting of FAP-positive stromal CAFs
in human cancer, therefore, has potential for antitumor effects in
addition to DNA damage in neoplastic cells, as would be expected
in FAP-transfected tumor models (38). In FAP-positive human can-
cer there is the opportunity for antitumor effects by direct damage to
FAP-expressing CAFs, and bystander effects on adjacent neoplastic
cells by cross-fire irradiation and cytotoxic factors released by radia-
tion damaged cells (39). Although cross-fire may be greater in larger
tumors with B-particles, which have a range beyond a single cell
layer, a-particles can afford greater cytotoxicity by producing more
double-strand breaks in DNA and chromosomal aberrations (40). It
appears desirable to optimize the type of radionuclide emission for
the clinical stage of the cancer (40,41). If successfully translated to
the clinic, the strong preclinical efficacy of PNT6555 chelated with
7L, 181Th, or 225Ac suggests that 3099-based FAP ligands might
offer the flexibility required to deliver a- or B-emitting radiometals
to the tumor bed, either concomitantly or sequentially.

CONCLUSION

The preclinical results support the advancement of PNT6555 to
the “FAPi Radioligand Open-Label, Phase 1 Study to Evaluate
Safety, Tolerability and Dosimetry of [Lu-177]-PNT6555: A Dose
Escalation Study for Treatment of Patients with Select Solid Tumors
(FRONTIER)” (ClinicalTrials.gov identifier NCT05432193).
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Boronic Acip—BASED FAP RADIOLIGANDS  »

KEY POINTS

QUESTION: Are boronic acid-based DOTA-FAPIs effective as
PET tracers and anticancer agents when chelated with diagnostic
and therapeutic radiometals?

PERTINENT FINDINGS: Boronic acid-based DOTA-FAPIs are
potent, selective inhibitors of soluble and membrane-associated
forms of FAP. In a FAP-positive tumor model, the ®®Ga-chelates
of PNT6555 and PNT6952 exhibited appropriate properties for
PET imaging, and the '"’Lu-chelates of PNT6555, PNT6952, and
PNT6522 produced strong anticancer effects, with PNT6555 exhi-
biting the most potent antitumor activity when chelated with '""Lu
and similar activity when chelated with ?*°Ac or '®'Tb, suggesting
versatility in therapeutic applications.

IMPLICATIONS FOR PATIENT CARE: PNT6555- and 3099-
based analogs provide feasible alternatives to quinoline-based
DOTA-FAPIs, and the preclinical results support their translation
to the clinic for theranostic applications in oncology.
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Although pancreatic ductal adenocarcinoma (PDAC) is associated
with limited treatment options and poor patient outcomes, targeted
a-particle therapy (TAT) represents a promising development in the
field. TAT shows potential in treating metastatic cancers, including
those that have become resistant to conventional treatments. Among
the most auspicious radionuclides stands the in vivo a-generator
212pp. Combined with the imaging-compatible radionuclide 2°®Pb,
this theranostic match is a promising modality rapidly translating into
the clinic. Methods: Using the pretargeting approach between a radio-
labeled 1,2,4,5-tetrazine (Tz) tracer and a trans-cyclooctene (TCO)
modified antibody, imaging and therapy with radiolead were performed
on a PDAC tumor xenograft mouse model. For therapy, 3 cohorts
received a single administration of 1.1, 2.2, or 3.7 MBq of the pretarget-
ing agent, [?'2Pb]Pb-DO3A-PEG,-Tz, whereby administered activity
levels were guided by dosimetric analysis. Results: The treated mice
were holistically evaluated; minimal-to-mild renal tubular necrosis
was observed. At the same time, median survival doubled for the
highest-dose cohort (10.7 wk) compared with the control cohort
(5.1 wk). Conclusion: This foundational study demonstrated the feasi-
bility and safety of pretargeted TAT with 2'2Pb in PDAC while consider-
ing dose limitations and potential adverse effects.

Key Words: targeted o-therapy; pretargeting; lead-212; progeny
release; lead-203

J Nucl Med 2024; 65:109-116
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Recent advances in oncology have led to marked improvements
in the standard of care for cancer patients. Nevertheless, metastatic
relapse remains the principal cause of cancer mortality (7).

Targeted a-particle therapy (TAT) is thought to provide optimal
properties for treating disseminated micrometastatic diseases and
exhibits significant potential, especially for tackling rapidly progres-
sing cancers (2—4). TAT aims to selectively deliver o radiation to
cancer cells while minimizing treatment-related toxicities. The direct
cell-killing effect of a-particles is related to the induction of double-
stranded DNA ruptures caused by the impact of the massive particles
combined with their high linear energy transfer (50-230keV/wm).
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Because of their relatively short effective range (<100 pm),
a-emitters minimally cross-irradiate surrounding healthy tissue (3).

One increasingly popular radionuclide is the in vivo a-particle
generator 2!2Pb, which emits 1 (net) a-particle and 2 B -particles
within its decay chain (Fig. 1; Supplemental Fig. 1; supplemental
materials are available at http://jnm.snmjournals.org). An isotopic
theranostic match can be found in 2°*Pb, which has a half-life of
2.1 d and is suitable for SPECT imaging. Because of the pair’s
suitable chemical and physical properties, 2°*Pb and 2'?Pb are
ideal for clinical translation (6). However, with a relatively short
physical half-life (10.6h), 2!'?Pb-bearing radiopharmaceuticals
require fast pharmacokinetics. Thus, pretargeted radionuclide ther-
apy (PRT) is an especially promising strategy for using 2!?Pb (7).

Our laboratories previously reported the inverse electron-demand
Diels-Alder ligation’s potential for PRT (8—717). In this work, we
investigated the pretargeting strategy between the trans-cyclooctene
(TCO)—conjugated monoclonal antibody (mAb) 5B1 and 2!*Pb-
radiolabeled Tz conjugates. 5SB1 targets the carbohydrate cell sur-
face antigen 19-9, which is overexpressed in pancreatic ductal
adenocarcinoma (PDAC)—a uniformly lethal cancer form with
limited treatment options (/2). The pretargeting approach decou-
ples the relatively short physical half-life of the radionuclide from
the long biologic half-life of antibodies, promising both high speci-
fic binding to the tumor marker and fast clearance of the radio-
tracer. In a preclinical model, we aimed to prove that this strategy
rapidly and safely delivers 2'?Pb to the tumor. A further advantage
of pretargeting is that multiple Tz radiotracers can be subsequently
administered with almost identical tumor uptake, as previously
reported (9). This allows for delivering a diagnostic Tz tracer first
and calculating dosimetry estimates, followed by administering the
therapeutic one without reinjecting the mAb (Fig. 1). This approach
will enable clinicians to better anticipate the outcome of therapy
preceded by predictive imaging.

MATERIALS AND METHODS

Information about laboratory equipment, biology, dosimetry, and
additional studies can be found in the supplemental materials, as well as
the synthesis of the Tz precursors modified with a polyethylene glycol 7
(PEGy) linker and attached to one of the 4 chelators: TCMC (2-[4,7,10-
tris(2-amino-2-oxoethyl)-1,4,7,10-tetrazacyclododec-1-yl]acetamide),
PSC (2-[4,10-bis(carboxymethyl)-1,4,7,10-tetrazacyclododec-1-yl]-
acetamide), DO3A (1,4,7,10-tetraazacyclododecane-1,4,7-triacetic acid),
or DOTA (2,2",2"",2"""-(1,4,7,10-tetraazacyclododecane-1,4,7,10-tetrayl)-
tetraacetic acid).

All animal procedures were approved by the Institutional Animal
Care and Use Committee.
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General Information for In Vivo Studies

For pharmacokinetic assessments, the 203pp- or “Cu-labeled Tz was
intravenously injected (tail vain) into 8 healthy female athymic nude
mice, and the radiotracer distribution was determined in selected organs
at 1 and 4 h after injection (n = 4 per time point). The mice were intra-
venously injected with the 5B1-TCO conjugate (100 pg in sterile filtered
phosphate-buffered saline) for pretargeting. Three to 4 d later, the mice
received the radiolabeled tracer (2 nmol in phosphate-buffered saline).

Imaging

The mice were anesthetized using 2% isoflurane for imaging.
SPECT/CT images with 2**Pb (11-37 MBq per mouse) were obtained on
a Mediso nanoScan SPECT/CT device equipped with a high-resolution,
low-energy, multipinhole collimator detecting the 2°*Pb characteristic
x-rays between 70 and 90 keV. All SPECT images were analyzed using
VivoQuant (Invicro) reconstruction software (2020patchlhf2). PET/CT
images with *Cu (~7.4 MBq per mouse) were obtained on an Inveon
PET/CT (Siemens) rodent scanner. All PET/CT images were analyzed
using the Inveon software suite. The counting rates in the reconstructed
images were converted to the mean percentage injected dose per gram of
tissue (%ID/g) by applying a system-specific calibration factor. Cerenkov
luminescence imaging with 2'?Pb (recording time, 5 min) was performed
with an IVIS Spectrum (PerkinElmer).

For biodistribution studies, the mice were euthanized (CO, asphyxi-
ation followed by cervical dislocation), and the tissues of interest were
harvested for y-counting or histologic analyses.

Therapy
A 212Pb PRT dose escalation study was performed to evaluate ther-
apeutic potential and identify potential adverse effects. Sixty mice

110

were implanted with subcutaneous tumor xenografts 5 wk before the
study commenced. The width and length of the tumors were deter-
mined using a caliper, and the tumor volume was calculated via Equa-
tion 1 as described in the literature (/3).

4 _ (length\* _ width
T lume = = X X .
umor volume = = ( 2 ) )

Eq. 1

Mice with tumor volumes of 100-300 mm® were selected and ran-
domized into 5 cohorts (n = 8 per cohort). Two cohorts served as con-
trols and 3 received administered activities of 1.1, 2.2, and 3.7 MBgq;
the choice of these administered activities was guided by dosimetry
estimates and accepted dosimetry thresholds for tumor response and
toxicity (/4,15). The mice received the SB1-TCO conjugate 1 d after
randomization and the 2'?Pb-labeled Tz 3 d later. Wellness was moni-
tored daily, and tumor volume and body weight were monitored
biweekly until the endpoint. The endpoint was defined as a tumor vol-
ume of more than 2,000 mm>, weight loss of more than 20% (com-
pared with initial measurement), or a concerning health condition
(e.g., necrotic or ulcerating tumor). After reaching their endpoints, the
mice were euthanized, and selected tissues, including tumors, livers,
and kidneys, were collected. Selected mice (n = 14 in total) from each
cohort were submitted alive to a board-certified veterinary pathologist
at the Memorial Sloan Kettering Cancer Center, Weill Cornell Medi-
cine, and the Rockefeller University Laboratory of Comparative
Pathology for a holistic evaluation. Blood samples (3 per cohort) were
collected weekly via retroorbital blood draws and analyzed with a
Hemavet 950 (Drew Scientific).

All data are represented as mean value * standard error of the mean.
The sample sizes were selected regarding statistical considerations,
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ethical guidelines, and exigencies of funding. The significance analyses
were performed using GraphPad Prism software 9.0, using unpaired
2-tailed ¢, multiple ¢, and log-rank tests.

RESULTS

Chemical Evaluation of Tz-Based Radiotracers

The pharmacokinetic properties of Tz-based radiopharmaceuti-
cal systems are essential factors for the success of PRT. Ideally,
Tz-based radiopharmaceuticals exhibit short blood retention times
and demonstrate low off-target uptake; usually, renal elimination
is preferable. For this study, we investigated the previously devel-
oped precursor DOTA-PEG;-Tz (8) and 3 additional precursors
differing in the attached chelator (Fig. 2A). The 4 precursors
are distinct in their theoretic charge (from +2 to —2, when lead-
labeled), which might have a substantial influence on their
pharmacokinetics (16,17). To visualize their relative ionic beha-
vior under physiologic conditions, we performed paper electropho-
resis with the 2!?Pb-labeled radiotracers using phosphate-buffered
saline at a pH of 7.4 (18), followed by phosphor imaging
(Fig. 2B). Worthy of mentioning, the charges are not sharply
defined but are a function of the pH and concentration of other
coordinating anions and cations. Free Pb>* hydrolyzes under
physiologic conditions and predominately forms the Pb(OH)™*
species, thus explaining the minimal migration (/9). The 4 radio-
tracers showed a clear charge tendency, with DO3A-PEG-Tz and
PSC-PEG;-Tz being close to their isoelectric point. It has been
previously reported that a slight negative charge facilitates a bene-
ficial pharmacokinetic behavior (17,20). These results suggest that
DO3A-PEG;-Tz might show superior performance in vivo, with a

relatively short plasma retention time, fast renal clearance, and
minimal hepatic clearance.

The radiotracers’ lipophilicity was investigated by analytic
high-performance liquid chromatography and confirmed by the
1-octanol/phosphate-buffered saline distribution coefficient at pH
7.4 (log D74) (21). The data (Fig. 2C; Supplemental Table 1)
affirm that all compounds are susceptible to high aqueous solubil-
ity and poor membrane permeability—desirable properties for a
pretargeting tracer. The reason for the relatively similar behavior
is that the lipophilicity is predominately regulated by the Tz-PEG,
unit, which all compounds have in common.

All precursors (at a concentration of 10~ ° M) demonstrated
lead incorporation greater than 90% within 15min at 37°C
(Fig. 2D). Further experiments (Supplemental Fig. 2) revealed that
a chelator concentration greater than 10~ M and a chelator:metal
ratio greater than 50:1 is required to approach quantitative labeling
yield. The tracer stability of all 2°>Pb-labeled tracers was investi-
gated in human serum at 37°C via radio—instant thin-layer chroma-
tography and revealed a release of less than 5% 2%°Pb over 5 d,
indicating that all lead chelates possess excellent stability.

Pharmacokinetics of Radiotracers

The 2%Pb-labeled and purified radiotracers (Supplemental
Fig. 3) were administered to healthy mice, and their pharmacoki-
netic behavior was investigated (Fig. 3A). All tracers showed a
predominantly renal clearance (>90 %ID/g, Supplemental Fig. 4).
The TCMC-based tracer, with the highest positive relative charge
in the paper electrophoresis, revealed slightly higher blood reten-
tion (0.71 £0.05 %ID/g at 1h), possibly because of increased
binding to the negatively charged albumin. Additionally, an
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FIGURE 2. Chemical evaluation of Tz compounds. (A) Chemical structures of 4 Tz precursors. (B) Autoradiogram of paper electrophoresis performed
with 2"2Pb-labeled Tz precursors and [2'?Pb]PbCl, at pH 7.4. (C) Normalized high-performance liquid chromatography diagrams of free and
"3ph-labeled Tz compounds (ultraviolet/visible light signal recorded at 254 nm). (D) Radiochemical conversion of Tz precursors (concentration of Tz =
10~® mol/L, at 37°C) with 2°*Pb measured via radio-instant thin-layer chromatography.
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Biodistribution of 2%3Pb-labeled Tz tracers in healthy mice
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FIGURE 3. Pretargeting study with [2°*Pb]Pb-DO3A-PEG,-Tz. (A) Biodistribution data of 4 2**Pb-labeled Tz tracers (2 nmol, 0.7 MBg) in healthy female
nude mice. (B) Results of initial pretargeting study, with study design shown at top and, at bottom, biodistribution data of [2°Pb]Pb-DO3A-PEG,-Tz
(2nmol, 0.7 MBq) in mice pretargeted with 5B1-TCO (100 pg, 0.7 nmol), accompanied by SPECT maximum-intensity projections (2 nmol, 18.5 MBq).

Bl = bladder uptake; T = tumor uptake.

increased uptake in kidneys (3.0 £0.1 %ID/g at 4h) and liver
(3.5%0.1 %ID/g at 4h) was observed. The radiotracer with the
highest relative negative charge, DOTA, showed partial hepatic
clearance, as indicated by intestinal uptake (3.9 = 0.3 %ID/g at
4h). This clearance path is unfavorable because of the high radio-
sensitivity of the intestinal tract. The DO3A derivative showed the
best pharmacokinetics, with fast clearance and low uptake in
healthy tissue. Interestingly, this outcome could not have been pre-
dicted by relying solely on logD- 4 values or in vitro stability tests.
However, investigating the overall charge (visualized via paper
electrophoresis) indicated which radiotracer could provide desir-
able pharmacokinetics; a slight negative charge (at pH 7.4) was
confirmed to be beneficial for fast renal clearance.

Moving forward, the lead candidate, DO3A-PEG7-Tz, radiola-
beled with 23Pb was investigated in a murine xenografted PDAC
model pretargeted with 5B1-TCO (Fig. 3B). SPECT imaging and a
multiple-time-point biodistribution study revealed a tumor uptake
of 9.9 = 1.4 %ID/g at 24h after Tz injection. The tumor-to-blood
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ratio was 3.8 = 1.0, and the tumor-to-muscle ratio at the same time
was 27.2 = 8.4. The increased blood retention (2.6 * 0.4 %ID/g)
can be attributed to still-circulating 5SB1-TCO, which reacted with
the Tz tracer and slowly accumulated at the tumor site. Within the
48-h interval, no release of 2Pb was observed. These results
reflect previously published pretargeting data (9,22).

212Bj Release and Dosimetry Estimations

It is essential to underline that 2!2Pb itself is not the a-emitter
but its progeny. Since >'?Po has a short half-life of 0.3 s, its
redistribution can be neglected. However, the first daughter—?2'2Bi
(half-life, 61 min)—has the potential to redistribute in the body.
The conversion from 2!2Pb to 2!2Bi happens via low-energy
B-decay, and the average recoil energy is approximately 0.52¢eV.
Hence, the 2'?Bi release is unlikely to be driven by the recoil,
assuming a bond energy of around 3 eV (23). However, the yield
of conversion electrons from 2!2Pb is relatively high (38%) and is
followed by a cascade of Auger electrons resulting in highly
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ionized states for the daughter nuclides (Bi** to Bi’ "), which are
postulated to destroy the chelate (24,25). If 2!Bi is released from
the tumor environment, it will localize predominantly in the kid-
neys (Supplemental Fig. 5) (8,26).

Using radiochemical separation methods (Supplemental Fig. 6),
we determined via +y-spectroscopy (Supplemental Fig. 7) that on
average 40% =+ 5% of 2!?Bi is eliminated from the chelators (Sup-
plemental Table 2). This reflects values previously reported in the
literature (24,27-29). However, when we were investigating the
212B; release in a cell assay using the BXPC-3 cell line (Supplemen-
tal Fig. 6B), instead of 40% * 5% only 26% * 5% unbound 2!?Bi
was detected in the cell medium. When we repeated this experi-
ment but incubated the cells at 4°C, an increased fraction of 34%
+ 5% 212Bi was released. We hypothesize that biologic processes
such as mitosis, membrane turnover, and endocytosis of the radio-
tracer facilitate the retention of unbound 2'?Bi. The possibility of
an active bismuth transport mechanism was ruled out by incubating
the cells with [>'?Bi]BiCls; no 2!2Bi uptake was detected.

Finally, we investigated the release of 2!?Bi in vivo using
the pretargeting strategy with [>!*Pb]Pb-DO3A-PEG;-Tz in our
PDAC xenograft mouse model. The mice were euthanized individ-
ually 24 h after injection of the radiotracer, and the tissues of inter-
est were measured via y-counting. We determined that merely

14.6% * 0.7% of the intratumorally generated 2'?Bi activity was
redistributed. As expected, an additional relative uptake of 58.3% =
6.4% 2'2Bi activity (compared with 2'?Pb) was measured in the kid-
neys (Fig. 4), reflecting the 1?Bi elimination from the tumor.

Summarizing, even though we determined an elimination of
40% =+ 5% 21?Bi from the chelator, the release of intratumorally
generated 21?Bi was reduced to 14.6% = 0.7% in vivo, because of
the retention of the progeny within the tumor environment.

Pretargeting dosimetry estimates for murine administration of
[*'>Pb]Pb-DO3A-PEG-Tz were determined according to the literature
(Fig. 4) (30-33). When no daughter redistribution was assumed, the
critical organs were the kidneys (6.9 Gy-equivalent/MBq of [*!2Pb]Pb-
DO3A-PEG;-Tz administered), red marrow (9.5 Gy-equivalent/MBq),
and urinary bladder (7.5 Gy-equivalent/MBq) (Supplemental Table 3).
When using a conservative organ-level release estimate of 40% 2!?Bi
(highly overestimated as confirmed by the in vivo 2'?Bi release study
showing only 14.6% = 0.7% release), which is followed by rapid
redistribution and kidney accumulation, we calculated that the kidney
dose coefficient could increase by nearly an order of magnitude
(62 Gy-equivalent/MBq) (Supplemental Table 4). In contrast, dose
coefficients for the tumor and other organs consequently decrease by
40%. In either case, myelotoxicity and renal toxicity are determining
dose limitations.

Therapy Study with [2'2Pb]Pb-DO3A-
PEG,-Tz

212Bj redistribution study
(n=4)
= 212g;
== 21%pp

relative difference

%ID/g

A therapy study was conducted with
[212Pb]Pb-DO3A-PEG,-Tz (single admin-
istration) comprising 5 arms (n 8 per
cohort) with 2 control and 3 therapeutic
groups. The 2 control arms consisted of
one group that received only 5B1-TCO
and one that received an unspecific 1gG-
TCO mAbD followed by administration of
1.1 MBq of [*'?Pb]Pb-DO3A-PEG;-Tz
3 d later. For PRT, the pretargeted mice
received 1.1, 2.2, or 3.7 MBq of
[212Pb]Pb-DO3A-PEG-Tz. For these activ-
ities, the estimated relative biological effec-
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would be expected to induce a response
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excessive toxicity (Supplemental Fig. 8).
The 4 groups that received a radioactive pay-
load (3 d after mAb administration) were
imaged 1 d after injection via Cerenkov
luminescence imaging (Fig. 5A). The 4 ther-
apeutic arms revealed that the Cerenkov
luminescence imaging signal increased
between the 3 dose levels. The IgG control
arm showed unspecific accumulation in the
liver, spleen, and kidneys.
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FIGURE 4. 2'®Bj release and dosimetry estimations. (Top) Biodistribution data of 2'?Bi, measured

15min after death, and of 2'?Pb. (Bottom) Estimated relative biological
absorbed dose coefficients for [2'2Pb]Pb-DO3A-PEG7-Tz (in Gy-equivalent

estimated for different assumptions regarding redistribution of 2'2Pb’s progeny.

tical consideration since PET imaging allows
for easily quantifiable images, higher output,
and shorter imaging times. We confirmed
that the radiolabeling (Supplemental Fig. 2C)

effectiveness-weighted
per MBq administered)
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FIGURE 5. Therapy study: pretargeting with [>'>Pb]Pb-DO3A-PEG,-Tz. (A) Cerenkov luminescence imaging of 4 arms that received [*"?Pb]Pb-DO3A-
PEG7-Tz (2 nmol) via pretargeting 24 h after injection. (B) Maximum-intensity projections (24 h after injection) of 4 mice (3.7-MBq cohort) injected with
[6*CulCu-DO3A-PEG,-Tz 1 d after therapy to demonstrate complementary PET imaging. (C) Waterfall plot of fold change of tumor volume for each

cohort. (D) Survival probability as function of time after Tz injection (n = 8 per cohort). Bl = bladder uptake; K = kidney uptake; T = tumor uptake.

and pharmacokinetics (Supplemental Fig. 9) are similar between
the ®*Cu- and 2%3Pb-labeled precursors. Consequently, dosimetry
estimates and therapy monitoring can be pursued via either SPECT
or PET imaging using 2%Pb or ®*Cu, respectively, greatly expand-
ing the toolbox. Here, the mice were injected with the PET agent
1 d after receiving the therapeutic dose (4 d after SB1-TCO admin-
istration) to circumvent interference with the Cerenkov lumines-
cence imaging.

Three criteria were established requiring euthanasia of the mice:
a tumor burden of more than 2,000 mm?>, weight loss of more than
20%, or a severe health condition (e.g., lethargy, petechiae, or
infections). In the first week, the white blood cell count decreased
for the 4 cohorts that received activity. The 3.7-MBq cohort was
most affected, revealing a count of roughly 0.2 X 10 white blood
cells per microliter. The population of platelets and red blood cells
decreased minimally within the first 2 wk. By the third week, all
cohorts had recovered from the initial impairment, as indicated by
the normalized blood panel (Supplemental Fig. 10).

Compared with the SB1-TCO control group, the PRT cohorts
revealed a particular duration of tumor growth retardation, and the
effect depended on the received activity. The delayed onset for
tumor progression was roughly 5 wk for the 3.7-MBq cohort,
3.5 wk for the 2.2-MBq cohort, and 2.5 wk for the 1.1-MBq cohort
(Fig. 5B; Supplemental Fig. 11). A growth suppression of almost
2 wk was observed for the IgG (+1.1 MBq of 2!2Pb) control
cohort; this finding can be attributed to the enhanced permeability
and retention effect and stimulated immune response, as previo-
usly reported (34). After the onset of tumor progression, each
cohort reached the endpoint in approximately 5 wk. On average,
the median survival was 5.1 wk for the 5SB1-TCO cohort and 6.5
wk for the IgG-TCO control cohort. The 1.1-, 2.2-, and 3.7-MBq
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[2'?Pb]Pb-DO3A-PEG;-Tz cohorts showed a median survival of
8.3, 9.7, and 10.7 wk, respectively. These data include mice eutha-
nized before reaching the maximum tumor volume. Three mice of
the 1.1-MBq cohort, 2 of the 2.2-MBq cohort, and 2 of the 3.7-
MBq cohort developed ulcerating tumors. One mouse of the 3.7-
MBq cohort and 2 of the IgG-TCO 1.1-MBq cohort showed
lethargic behavior. One mouse of the 2.2-MBq cohort died on day
58 due to unidentified causes.

To investigate possible adverse effects of PRT, randomly
selected mice from each cohort—after they reached their end-
point—were submitted alive for a comprehensive assessment by
board-certified veterinary pathologists. This included a gross
examination, a histopathologic examination of selected tissues of
interest, and blood work (hematology and serum chemistry) analy-
sis. The only significant changes that could be attributed to the
treatment (i.e., radiation injury) in these mice were seen in the kid-
neys and ovaries (Fig. 6). The other macroscopic, microscopic,
hematology, and serum chemistry changes observed in the evalu-
ated mice were not considered treatment-related.

All the microscopically examined treated mice (n = 8) exhib-
ited a bilateral minimal-to-mild tubulonephropathy with tubular
epithelial degeneration and necrosis (cellular sloughing, cytoplas-
mic swelling, pallor, condensation or hypereosinophilia, karyor-
rhexis, karyolysis or karyomegaly, or attenuation). These changes
affected a minimal to mild portion (=1%—-=10%) of the renal
tubules—mainly those found at the corticomedullary junction.
These lesions were not observed in the microscopically examined
5B1-TCO control mice (n = 3). These findings resemble renal
injuries previously associated with a-emitter treatments in mice,
including mice administered 2'?Pb and 2*’Ac (35,36). Although
some mice were slightly more affected than others, the treatment
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FIGURE 6. Representative histology results. Representative histology of hematoxylin- and eosin-stained kidney (top) and ovarian (bottom) sections of
BxPC-3 tumor-bearing female athymic nude mice. (Left) Mice treated with 2"*Pb. (Right) Control group. Histopathology of kidneys revealed multifocal,
minimal-to-mild tubular injury (arrows) affecting approximately 1%-10% of tubules. Control animals showed histologically normal kidneys. Histopathol-
ogy of treated ovaries revealed diffuse marked ovarian atrophy with complete loss of follicles and corpora lutea.

dosage did not seem to have significantly affected the severity of
the kidney lesions. These lesions also did not seem to substantially
affect the renal function of these animals, as there were no appar-
ent signs of renal toxicity in the serum chemistry results.

All microscopically examined ovaries from the treated mice
(n = 9) exhibited marked atrophy. These ovarian changes were
not observed in the microscopically examined 5B1-TCO control
mice (n = 6). Ovarian atrophy can be caused by radiation because
of nonreversible injury to germ cells (37). Ovaries are radiosensi-
tive organs, and their atrophy has been described as an effect of
some radioimmunotherapies in mice (38). As all examined ovaries
were markedly affected, the treatment dose did not seem to have
substantially affected the severity of the ovarian lesions.

The pathology report further highlights that fractionated dosing of
[*'?Pb]Pb-DO3A-PEG,-Tz at 1- to 2-wk intervals could decrease
toxicity while possibly increasing the therapeutic response. Reimaging
of selected mice 10 wk after receiving the therapeutic dose confirmed
that their tumors still highly express the carbohydrate cell surface
antigen 19-9 (Supplemental Fig. 12), indicating the feasibility of frac-
tionated dosing.

CONCLUSION

The elementary match pair 2!2Pb and 2°*Pb has demonstrated
great potential to advance theranostics and promote the translation
of TAT. For the relatively short-lived therapeutic nuclide 2!?Pb,
PRT appears to be a promising strategy because of its rapid deliv-
ery of the radioactive payload and minimal off-targeting.

Here, we used a xenografted PDAC mouse model and the TCO-
modified mAb 5B1 to enable pretargeting with the Tz-based radio-
tracer [2°>Pb]Pb-DO3A-PEG,-Tz.

In a single administration study, the efficiency and safety of
PRT with 2!2Pb were evaluated. With the highest administered
dose of 3.7 MBgq, the average survival time could be doubled com-
pared with the control cohort while maintaining radiotoxicity
within acceptable limits. Furthermore, we demonstrated that even

when using a noninternalizing vector, the limited redistribution of
the daughter nuclide 2'?Bi does not lead to marked reduction in
antitumor potency and does not lead to marked increases in
normal-organ toxicity.

The short half-life of 2!?Pb (10.6 h) would allow for a controlled
dose fractionation and weekly-to-biweekly injections. On this
regimen, side effects can be minimized, therapy progress can be
monitored exactly, and the tumor burden can be further reduced
until eventually eliminated. Recently, Keinanen et al. reported on
a pretargeting strategy harnessing ®/*’Cu in a colorectal cancer
mouse model. They revealed that fractionated dosing with the
therapeutic nuclide resulted in prolonged tumor suppression (9).
Studies with 2!2Pb administration in biweekly cycles (fractionated
dosing) are under way.

This foundational study demonstrated the feasibility and safety
of pretargeted TAT with 2!2Pb in PDAC while considering dose
limitations and potential adverse effects.
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KEY POINTS

QUESTION: Is pretargeting a feasible strategy for the theranostic
matched pair 2°*2'2Pb to enable combined imaging and therapy
in an adenocarcinoma mouse model?

PERTINENT FINDINGS: Pretargeting is a suitable delivery
approach for the short-lived radionuclide 2'2Pb. This foundational
study demonstrates the feasibility and safety of pretargeting TAT
with 2"2Pb—accompanied by complementary imaging with 2°°Pb
(and ®*Cu)—in PDAC while considering dose limitations and
potential adverse effects.

IMPLICATIONS FOR PATIENT CARE: Pretargeting with
radiolead is a promising strategy to improve patient care,
especially for cancer entities with currently limited treatment
options, such as PDAC. Upcoming studies will elucidate the
benefit of dose fractionation, which will minimize side effects while
the tumor burden is further reduced until eventually eliminated.
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Our objective was to investigate the clinical value of ®Ga-pentixafor
PET/CT in subtype diagnosis of primary aldosteronism (PA) patients
with adrenal micronodules less than 1 cm in diameter and compare it
with the routine clinical methods. Methods: We used prospective
enrollment of PA patients with adrenal micronodules identified by
adrenal CT scans to undergo ®3Ga-pentixafor PET/CT. Patients were
divided into surgically eligible and ineligible groups based on surgical
pathology and postoperative follow-up or adrenal venous sampling
(AVS) results. Patient management was discussed by a multidisciplin-
ary team. The semiquantitative parameters of PET/CT included
SUVmax for adrenal lesion and SUV ratios for lesion to liver and lesion
to normal adrenal gland. Results: In total, 123 PA patients with adre-
nal micronodules were examined using ®8Ga-pentixafor PET/CT, and
104 patients who underwent surgery or successful AVS were included
in the analysis (48 = 10y old). The sensitivity, specificity, and accuracy
of visual analysis using ®®Ga-pentixafor PET/CT to identify surgically
eligible patients were 90.2%, 72.7%, and 86.5%, respectively, which
were significantly higher than those of adrenal CT (73.1%, 53.8%, and
68.3%, respectively) and yielded consistent results in different CT
morphologic or age subgroups. In 36 patients who had both AVS and
58Ga-pentixafor PET/CT, the tests showed a 66.7% concordance
rate. However, PET/CT was significantly more concordant with surgi-
cal outcomes than was AVS in 17 patients who underwent adrenalect-
omy (82.4% vs. 68.86%). Among the 183 adrenal micronodules
included in the study, the semiquantitative diagnostic thresholds for
92 lesions eligible for surgical treatment were an SUV, o« of at least
4.55, an SUV ratio of at least 2.17 for lesion to liver, and an SUV ratio
of at least 1.90 for lesion to normal adrenal gland. All patients
benefited from surgical removal of ®Ga-pentixafor-avid microlesions.
Conclusion: In PA patients with adrenal micronodules, ®®Ga-pentixa-
for PET/CT demonstrated promising diagnostic accuracy in classifica-
tion and appeared to perform better than adrenal CT. Furthermore,
there was also a suggestion of some potential in predicting postoper-
ative efficacy compared with AVS, although these observations
require further investigation and verification in larger cohorts.
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Primary aldosteronism (PA) is the most prevalent curable form
of endocrine hypertension, characterized by low renin and high
aldosterone levels (/). PA patients are at an increased risk of car-
diovascular and cerebrovascular complications (2), highlighting
the importance of early diagnosis and effective treatment for better
outcomes.

The most important clinical classification of PA is differentiat-
ing between surgically eligible forms (e.g., unilateral/bilateral
aldosterone-producing adenoma [APA] and unilateral adrenocorti-
cal hyperplasia [UAH]) and ineligible forms (e.g., bilateral adreno-
cortical hyperplasia [BAH]) (3). Adrenal CT and adrenal venous
sampling (AVS) are recommended for PA subtyping by the Endo-
crine Society practice guidelines (4). However, adrenal CT can
provide only morphologic, not functional, information. Around
40% of PA patients had nonconcordant adrenal CT and AVS
results (5). Notably, the evaluation of adrenal microadenomas
(=10mm) in PA patients is the primary limitation of adrenal
imaging (3). Besides, AVS is invasive and technically challenging,
with only a 50%-80% success rate for right adrenal vein cannula-
tion, and carries the risk of significant complications (6).

Previous studies have explored noninvasive alternatives for PA
subtyping, particularly in the field of nuclear functional imaging.
However, existing methods such as *!I-NP-59 and !'C-metomidate
have significant shortcomings, including time-consuming acquisition
protocols, low specificity, and the need for pretreatment dexametha-
sone (7). Besides, the short half-life of !'C also limits its clinical use.
Identifying and classifying adrenal microlesions remain a major limi-
tation of adrenal imaging in PA patients.

C-X-C motif chemokine receptor 4 (CXCR4) is expressed on
the surface of cell membranes, and previous studies have shown
that it is highly expressed in most APAs (8). “*Ga-pentixafor,
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a CXCR4-specific ligand, has shown strong diagnostic efficacy
in detecting APAs larger than 1 cm in diameter (9, 10). However, the
performance of *®Ga-pentixafor in characterizing adrenal micro-
nodules remains unclear, and the uptake threshold for identifying
the surgically eligible group in PA patients needs to be determined.

Therefore, the present study aimed to evaluate the performance
of %8Ga-pentixafor PET/CT in characterizing adrenal micronodules
and to compare it with adrenal CT and AVS. The study also aimed
to determine the uptake threshold for identifying the surgically eli-
gible group in PA patients. This research will provide valuable
insights into the use of ®®Ga-pentixafor PET/CT for noninvasive
diagnosis of PA and could potentially improve clinical decision-
making and patient outcomes.

MATERIALS AND METHODS

Patients

We conducted a prospective study between December 2018 and
June 2022 using the following criteria for inclusion: a confirmed diag-
nosis of PA determined by an endocrinologist with 30 y of experience
(the detailed diagnostic criteria are described in our previously pub-
lished article (/0)) and an adrenal CT scan showing unilateral or bilat-
eral adrenal micronodules (=1.0 cm in length) or small nodular
hyperplasia (=1.0 cm in thickness). Exclusion criteria included preg-
nancy, breastfeeding, or hypertension resulting from other causes. All
included patients underwent *®Ga-pentixafor PET/CT (within 30 d
after adrenal CT). The decision whether to perform AVS and the
method of patient management were made by a multidisciplinary team
comprising members from the departments of endocrinology, urology,
and nuclear medicine at our hospital. The study protocol is further
outlined in the supplemental materials (available at http:/jnm.
snmjournals.org). Written informed consent to undergo *®Ga-pentixafor
PET/CT imaging was obtained from all patients, and the consent form and
study protocol were approved by the Ethical
Committee of Peking Union Medical College

The diagnostic rules of CT are listed in the supplemental materials. The
adrenal CT scans were plain CT scans.

%8Ga-Pentixafor PET/CT

The preparation of *®Ga-pentixafor was previously published (10).
The examination and reconstruction methods for ®*Ga-pentixafor
PET/CT can be found in the supplemental materials.

Two experienced nuclear medicine physicians who were unaware of
the clinical information evaluated the °*Ga-pentixafor PET/CT data using
MIM Encore (MIM Software). The first step involved categorizing the
lesions as positive or negative for uptake through visual assessment.
Then, the SUV . of the adrenal microlesions, the ratio of lesion SUV .«
to normal-liver SUV .., (LLR), the ratio of lesion SUV,,,, to normal-
adrenal-tissue SUV,ean (LAR), and the ratio of bilateral adrenal SUV
(SUV ax lateralization index) were calculated. The criteria for visual and
semiquantitative analysis are detailed in the supplemental materials.

Postoperative Outcome Assessment

Choice of surgical method can be found in the supplemental materi-
als. The interval between adrenalectomy and *®Ga-pentixafor PET/CT
ranged from 15 to 45 d. The median duration of follow-up was 8 mo
(range, 6-12 mo). Postoperative clinical and biochemical outcomes
were assessed according to the international multicenter PA surgical
outcome criteria (//), which include complete success (cured), partial
success (improvement), and absence of success (persistence).

AVS Examination for Subtype Diagnosis

AVS was performed without adrenocorticotropic hormone stimula-
tion in our hospital. The supplemental materials describe the examina-
tion and calculation methods.

Diagnostic Criteria
Adrenal micronodules were classified as surgically eligible (includ-
ing unilateral micro-APA, bilateral micro-APA, and micro-UAH) or

Hospital (institutional review board protocol
7S-1435). We registered the study at
ClinicalTrials.gov ~ (NCT04859959).  Only
patients who underwent adrenalectomy and had
a follow-up time of 612 mo or who underwent
successful AVS were included in the final
analysis.

The following data were collected and cal-
culated at baseline: general clinical informa-
tion, antihypertensive drug dose (defined daily
dose based on World Health Organization
collaborating center, https://www.whocc.no/
atc_%?20ddd_index/%202010), aldosterone-to-
renin ratio (plasma renin activity < 0.1 ng/mL/h
was considered 0.1 ng/mL/h), and adrenal CT
results. Six to 12 mo after adrenalectomy, the
change in values was recorded.

3 patients with failed
AVS were excluded

Patients with PA were enrolled sequentially
n =350

198 patients presented with lesions
=1 cm in diameter on adrenal CT,
while 29 patients showed no
significant lesions on adrenal CT

Adrenal CT showed unilateral/bilateral adrenal
micranodules or micronadular hyperplasia
n=123

l

|GBGa-penﬁxafor PET/CT |

n=123
AVS Without AVS
n=39 n=84

| 16 non-surgical patients
were excluded

Adrenal CT

Mon-surgical Patients ‘ ‘ Surgical patients
n=18

|
Surgical patients
n=68

n=A17

Two experienced radiologists classified the

adrenal CT imaging features of PA patients
into the following 5 categories based on the
morphologic changes in adrenal glands: unilat-

Subtype diagnosed by AVS
results
n=19

Subtype diagnosed by
follow-up after surgery
n=a5

eral single micronodule, unilateral micronodular |

l

hyperplasia, bilateral single micronodule, bilat- ‘

14 patients no |ateralization
5§ patients with |

62 patients with micro-APA
14 patients with micro-UAH

eral micronodular hyperplasia, and unilateral

9 patients with micro-BAH

single micronodule with contralateral micro-
nodular hyperplasia. Examples of CT perfor-
mance are shown in Supplemental Figure 1.

FIGURE 1.
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Flowchart of PA patients included in study. Because of impact of coronavirus disease
2019 pandemic, surgical treatment of 5 patients with lateralization in AVS had been postponed.
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surgically ineligible (including nonfunctioning micronodule and micro-
BAH) on the basis of surgical pathology and postoperative follow-up
or AVS results. When a patient underwent both surgical treatment and
AVS examination, especially when there was a discrepancy between
the 2 results, the follow-up results were considered the gold standard
for diagnosis. According to whether there were adrenal micronodules
requiring surgical resection, the patients were divided into surgically
eligible and surgically ineligible groups.

Statistical Analysis

All data were processed by SPSS Statistics 22.0 (IBM) and Graph-
Pad Prism 9 statistical software. Quantitative values are expressed as
mean * SD. Categoric variables are presented as numbers and percen-
tages. Differences between 2 different groups were compared using the
independent ¢ test or the Mann—Whitney U test. The P value among
3 different groups was calculated via 1-way ANOVA and x> tests.
Receiver-operating characteristic curves were constructed to determine
the threshold of semiquantitative parameters of ®*Ga-pentixafor PET/CT
for the diagnosis of surgically eligible microlesions. The 95% Cls for
diagnostic performance measures were calculated using the Wilson score.
A P value of less than 0.05 was considered statistically significant.

RESULTS

Clinical Characteristics of Included Patients
A total of 123 PA patients with adrenal micronodules under-
went *8Ga-pentixafor PET/CT. Nineteen patients were excluded

for lacking a diagnostic basis (Fig. 1). Ultimately, 104 PA patients
were included in the final analysis, of whom 82 were deemed sur-
gically eligible and 22 surgically ineligible. Their clinical charac-
teristics are in Table 1.

Inconsistent results between AVS and *®Ga-pentixafor PET/CT
led to treatment decisions grounded in providing the greatest like-
lihood of surgical cure for the patient (details can be found in the
supplemental materials). Eighty-five patients finally underwent
laparoscopic adrenalectomy, including 76 in the surgically eligible
group (56 with unilateral micro-APA, 6 with bilateral micro-APA,
and 14 with micro-UAH) and 9 in the surgically ineligible group
(9 with micro-BAH). The preoperative and postoperative charac-
teristics of these patients are in Supplemental Table 1.

Efficacy of ®®Ga-Pentixafor PET/CT Visual Analysis
in Diagnosing Surgically Eligible PA Patients

The sensitivity, specificity, and accuracy of %®Ga-pentixafor
PET/CT in diagnosing surgically eligible patients (subtype diagnosis)
were 90.2%, 86.3%, and 89.4%, respectively, for all 104 enrolled
PA patients. The performance of PET/CT is shown in Figure 2. As
for the 85 surgical patients, the diagnostic efficacy of PET/CT in sub-
typing was significantly higher than that of adrenal CT (Table 2,
P < 0.05). Among the 17 surgical patients who underwent both
AVS and PET/CT, the accuracy of AVS examination was lower
than that of PET/CT, using postoperative efficacy as the standard
(Table 2).

TABLE 1
Clinical Characteristics of Included 104 PA Patients with Adrenal Micronodules

Surgically eligible Surgically ineligible

Clinical characteristics Total (n = 104) group (n = 82) group (n = 22) P
Age (y) 48.4+9.9 48.5+10.0 48.0+9.7 0.84
Sex <0.05
Male 57 38 19
Female a7 44 3
Body mass index (kg/m?) 272+5.4 26.2+4.0 31.3x7.6 <0.05
Hypertension 104 (100%) 82 (100%) 22 (100%) 1
Refractory hypertension 26 (25.0%) 17 (20.7%) 4 (44.4%) 0.54
Stage 1 hypertension 2 (1.9%) 1(1.2%) 1(4.5%) 0.24
Stage 2 hypertension 28 (26.9%) 25 (30.5%) 3 (13.6%)
Stage 3 hypertension 74 (71.2%) 56 (68.3%) 18 (81.8%)
Duration of hypertension (y) 8.1x79 8.8+7.1 11.9+x75 0.09
Systolic pressure (mm Hg) 179.8 =22.3 180.2 = 22.7 178.5 +21.1 0.75
Diastolic pressure (mm Hg) 110.9+=14.3 110.5 =141 112.8 +15.3 0.50
Preoperative defined daily dose 27+x12 26+x1.1 32x14 <0.05
Hypokalemia 69 (66.3%) 55 (67.1%) 14 (63.6%) 0.28
Duration of hypokalemia (y) 3.1+3.0 29+28 3.8+3.1 0.22
Serum potassium (mmol/L) 3.0+x0.5 3.0+0.6 3.0+0.5 0.62
Aldosterone-to-renin ratio ([ng/dL]/[ng/mL/h]) 131.0+83.7 131.1 =83.0 130.6 + 88.1 0.98
Serum aldosterone (ng/dL) 20.4+5.7 20.4+5.9 20.7 5.2 0.82
Lesion located on right 36 (34.6%) 31 (37.8%) 5 (22.7%) 0.56
Lesion located on left 29 (27.9%) 25 (30.5%) 4 (18.2%)

Lesion bilateral

Qualitative data are number; continuous data are mean and SD.

39 (37.5%)

26 (31.7%) 13 (59.1%)
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58Ga-Pentixafor PET/CT images
PET CcT

MIP image

Unilateral
micro-APA

Bilateral
micro-APA

Micre-UAH

Micro-NFN

Micro-BAH

Table 3. Examples of ®Ga-pentixafor
PET/CT in PA patients with bilateral adre-

Fusion image . -
nal micronodules are shown in Figure 3.

Patients with Adrenal Micronodules
Who Underwent Both AVS and
%8Ga-Penxitafor PET/CT

A total of 36 patients successfully
underwent both AVS and ®¥Ga-pentixafor
PET/CT, as shown in Table 3. The con-
sistency rate was 66.7%, which was signi-
ficantly higher (P < 0.05) than the
concordance rate between AVS and adre-
nal CT (47.2%, Supplemental Table 4).

Subsequently, in these 36 patients, the
%8Ga-pentixafor SUV,,,, lateralization index
values were 1.8 = 0.7 for patients with uni-
lateral AVS lateralization and 1.4 *=0.5
for patients without AVS lateralization
(P = 0.06). When the SUV,,,,, lateralization
index ratio was given a threshold of at least
1.35, using AVS as the gold standard, the
sensitivity and specificity of PET/CT for lat-
eralization were 70.6% and 68.4%, respec-
tively (area under the curve, 0.74; P < 0.05).

FIGURE 2. Performance of ®Ga-pentixafor PET/CT in PA patients with different adrenal microno-

dules. MIP = maximum-intensity projection; NFN = nonfunctioning nodule.

Furthermore, ®®Ga-pentixafor PET/CT demonstrated better diag-
nostic performance than adrenal CT in both younger and older
patients. In younger patients with unilateral single micronodules on
adrenal CT, PET/CT also exhibited significantly higher diagnostic
accuracy than adrenal CT (Supplemental Table 2). Additionally, adre-
nal CT displayed inferior diagnostic performance across various
adrenal lesion morphologic groups, as shown in Supplemental

Lesional Characteristics and Imaging
Manifestations
There were 76 micro-APA lesions, 16
micro-UAH lesions, 51 micro-BAH lesions, and 40 nonfunctioning
micronodule lesions among the 104 patients in this study. Micro-
APA lesions had the highest %*Ga-pentixafor SUV,,,,, LLR, and
LAR, followed by micro-UAH, whereas micro-BAH and nonfunc-
tioning micronodule had relatively lower uptake values (Table 4). In
this study, pathologic results were obtained for 86 adrenal lesions; the
uptake of *®Ga-pentixafor in adenomas was significantly higher than

TABLE 2
Efficacy of 8Ga-Pentixafor PET/CT Visual Analysis in Diagnosing Surgically Eligible PA Patients and Comparison with
Adrenal CT and AVS in Patients with Pathology and Postoperative Follow-up

Modality TP TN FP FN Sensitivity Specificity Accuracy PPV NPV
Both CT and PET/CT*
Adrenal CT 55 6 7 17 76.4% 46.2% 71.8% 88.7% 26.1%
(65.4%-84.7%) (23.3%-70.9%) (62.2%-81.3%) (78.5%-94.4%) (12.5%-46.5%)
PET/CT 70 8 1 6 92.1% 88.9% 91.8% 98.6% 57.1%

(86.0%-98.2%)
Both AVS and PET/CT'

(68.3%—-100%)

(85.9%-97.6%) (95.9%-100%) (31.2%-83.1%)

AVS 10 2 2 3 76.9% 50.0% 70.6% 83.3% 40.0%
(49.7%-91.8%) (15.0%-85.0%) (48.9%-92.2%) (565.2%-95.3%) (11.8%-77.0%)
PET/CT 11 3 1 2 84.6% 75.0% 82.4% 91.7% 60.0%
(57.8%-95.7%) (30.0%-95.4%) (64.2%-100%) (76.0%-100%) (23.1%-88.2%)
*n = 85.
n=17.

TP = true-positive; TN = true-negative; FP = false-positive; FN = false-negative; PPV = positive prediction value; NPV = negative

prediction value.
Data in parentheses are 95% Cls.
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FIGURE 3. Performance of ®®Ga-pentixafor PET/CT in PA patients with bilateral microlesions on adrenal CT: unilateral micro-APA (A), micro-APA (B),

micro-BAH (C), and bilateral micro-APA (D).

that in nodular hyperplastic lesions, and the difference was statistically
significant (Supplemental Table 5).

Efficacy of ®®Ga-Pentixafor PET/CT for Differential Diagnosis
of Micronodules

Ninety-two surgically eligible micronodules and 91 ineligible
micronodules were identified. Visual analysis of *®Ga-pentixafor
PET/CT showed 97 positive and 86 negative micronodules. The
thresholds for SUV .., LLR, and LAR were 4.55, 2.17, and 1.90,
respectively. The visual analysis had higher sensitivity, whereas
the semiquantitative analysis had higher specificity (Table 5). Sup-
plemental Figure 2 displays examples of surgically eligible micro-
lesions that were positive on visual analysis but negative on
semiquantitative analysis for ®®Ga-pentixafor PET/CT.

Relationship Between Surgical Outcome and ®8Ga-Pentixafor
PET/CT Performance

Seventy-six surgical patients had biochemical results checked
during postoperative follow-up. Among them, 63.5% achieved
biochemical cure, 23.7% showed biochemical improvement, and

4.7% had absence of success (persistence). All achieved biochemical
cure or improvement after the *®Ga-pentixafor—positive micronodules
were resected, with a cure rate of up to 80% (Supplemental Fig. 3).
The adrenal micronodules had a higher ®®Ga-pentixafor SUV,.s,
LLR, and LAR in the patients with biochemical cure or improvement
than in the persistence group (Fig. 4). Baseline clinical characteristics
did not significantly differ among the 3 outcome groups (Supplemen-
tal Table 6).

In terms of clinical outcomes in the 85 surgical patients, 34
(40.0%) achieved clinical cure, 47 (55.3%) showed clinical
improvement, and 4 (4.7%) had persistent clinical symptoms. All
PA patients with positive adrenal micronodules on *®Ga-pentixafor
PET/CT achieved clinical cure or improvement after adrenalect-
omy, with a cure rate of 47.9%. The SUV ., LLR, and LAR of
the resected adrenal micronodules decreased progressively from
the clinical cure group to the clinical improvement group to the
clinical persistence group, with significant differences among the
3 groups (Fig. 4). Comparison of the baseline characteristics of
patients with different clinical outcomes showed that female
patients with a lower body mass index, shorter duration of

TABLE 3
Consistency Evaluation in Patients Undergoing Concurrent AVS and ®8Ga-Pentixafor PET/CT (n = 36)
AVS

88Ga-pentixafor PET/CT Left lateralization Right lateralization No lateralization Total K P
Left lateralization 6 0 2 8 0.45 <0.01
Right lateralization 4 3 8
No lateralization 4 2 14 20
Total 11 6 19 36

Consistency index: (6 + 4 + 14)/36 = 66.7%. Inconsistency index: (1 +4 + 2 +2 + 3)/36 = 33.3%.

%8G A-PENTIXAFOR IN PA WITH MICRONODULES ~ *
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TABLE 4
Imaging Variables of 183 Adrenal Micronodules in All PA Patients

Micro-APA Micro-UAH Micro-BAH Nonfunctioning
Variable (n =76) (n = 16) (n =51) micronodule (n = 40) P
Size (cm) 0.9=+0.1 0.8 0.1 0.8*+0.1 0.8+0.1 0.23
SUVmax 8.4+42 6.7 2.3 39=*1.2 3.2+0.8 <0.001
LLR 49=+3.0 40=*x15 22=*0.7 1.8+0.6 <0.001
LAR 35*18 29+1.0 15+04 14+05 <0.001

hypertension, nonrefractory hypertension, and lower dose of anti-
hypertensive drugs before surgery were more likely to achieve
clinical cure (Supplemental Table 7).

Correlation Between ®8Ga-Pentixafor PET/CT Uptake in
Positive Lesions and Biochemical/Clinical Values in
Surgical Patients

In further analyzing the correlation between PET/CT semiquanti-
tative parameters and clinical indicators in 71 patients who under-
went removal of PET-positive adrenal micronodules (Supplemental
Table 8), we found that the greater the ®*Ga-pentixafor positivity in
the adrenal micronodules, the greater was the decrease in postoper-
ative systolic and diastolic blood pressure and postoperative defined
daily dose and the greater was the degree of biochemical improve-
ment and increase in blood potassium levels achieved through

surgery.
DISCUSSION

The occurrence of adrenal micronodules in PA patients is com-
mon, with previous studies reporting that micro-APA lesions

comprise approximately 13%-30% of all cases of APA (I2).
Because of the tendency to miss or misdiagnose these lesions
using routine imaging examinations, the functional evaluation of
adrenal micronodules has always been challenging in subtype clas-
sification of PA (3). There has been considerable interest in
exploring noninvasive alternatives, particularly in the field of
nuclear functional imaging. This study used ©°%Ga-pentixafor
PET/CT to subtype PA patients with adrenal micronodules and
compare this modality with adrenal CT and AVS.

Adrenal CT is often recommended as the first step in the sub-
type classification of PA but can result in missed opportunities for
adrenalectomy in some patients and unnecessary surgery in others
(13). In the present study, *Ga-pentixafor PET/CT improved sub-
type diagnostic efficacy in PA patients with adrenal micronodules
compared with adrenal CT and yielded consistent results in differ-
ent CT morphologic subgroups. In addition, our study suggested
that visual assessment of ®®Ga-pentixafor PET/CT images may be
sufficient because of the highly specific uptake in functional adre-
nal micronodules. The fact that semiquantitative analysis of *®Ga-
pentixafor PET data had no significant impact on diagnostic

TABLE 5
Diagnostic Performance of ®8Ga-Pentixafor PET/CT to Distinguish Surgically Eligible and Ineligible Micronodules
Eligible Ineligible
Parameter n=92) (n=91) Sensitivity Specificity Accuracy Area under curve
Visual analysis
Avid lesions (n = 97) 83 14 90.2% 84.6% 87.4% —
(84.1%-96.3%) (77.2%-92.0%) (82.6%-92.2%)
Nonavid lesions (n = 86) 9 77
Semiquantitative analysis
SUVmax
=4.55 (n = 92) 78 14 84.8% 84.6% 84.7% 0.91 (0.87-0.95)
(77.4%-92.1%) (77.2%-92.0%)  (79.4%-89.9%)
<4.55 (n = 91) 14 77
LLR
=2.17 (n = 80) 70 10 76.1% 89.0% 82.5% 0.88 (0.83-0.93)
(67.3%-84.8%) (82.6%-95.4%) (77.0%-88.0%)
<217 (n = 103) 22 81
LAR
=1.90 (n = 87) 78 9 84.8% 90.1% 87.4% 0.91 (0.86-0.95)
(77.4%-92.1%) (84.0%-96.2%) (82.6%-92.2%)
<1.90 (n = 96) 14 82

Data in parentheses are 95% Cls.
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FIGURE 4. (A) Highest proportion of patients with ®Ga-pentixafor PET/CT-positive adrenal micro-
lesions was observed in biochemical/clinical cure group, followed by biochemical/clinical improve-
ment group, whereas all patients in biochemical/clinical persistence group had negative PET/CT
imaging results. (B) Patients in biochemical cure/improvement group had significantly higher ®8Ga-
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and LAR of removed adrenal micronodules decreased gradually from group of patients with clinical
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cally significant. *P < 0.05. **P < 0.01.

performance could be attributed to the variability in uptake across
micro-APAs and the inherent limitations of such an analysis due
to patient-specific, technical, and methodologic factors.

The incidence of nonfunctional adrenal adenoma decreases in
individuals under 40y old (/4). Guidelines suggest that PA
patients under 35y old with unilateral adrenal nodules detected on
adrenal CT may consider surgery without AVS (15). However,
our study found that relying solely on adrenal CT results for sub-
typing diagnosis in such patients remains inaccurate and that
surgery may be recommended directly only when *®Ga-pentixafor—
positive adrenal nodules are present.

A clinical study (/6) comparing the diagnostic performance of
%8Ga-pentixafor PET/CT and AVS in the subtyping of 100 PA
patients found a diagnostic consistency rate of 90%. However,
adrenal micronodules were not analyzed further, and diagnoses
were not confirmed on the basis of postsurgical follow-up. How-
ever, the consistency rate in our study was lower than in the afore-
mentioned study, potentially because of inclusion of only patients
with microlesions. Our study suggested that the results of *®Ga-
pentixafor PET/CT may be more consistent with postoperative
efficacy than is AVS. Nevertheless, further research is necessary
to substantiate these preliminary findings.

There have been studies indicating that the level of CYP11B2 is
higher in micro-APA than in macro-APA (/2). Considering the

%8G A-PENTIXAFOR IN PA WITH MICRONODULES ~ *

with better surgical outcomes. We also
found that female patients with a lower
body mass index, shorter duration of
hypertension, nonrefractory hypertension,
and less antihypertensive drug use before
surgery had a higher probability of achiev-
ing clinical cure after surgery, as is consis-
tent with previous literature (12).

There were some limitations in this
study. Because our institution did not routinely perform CYP11B2
staining on PA lesions, the latest international consensus statement
on the histopathologic diagnostics of adrenal tumors and hyperpla-
sia published by the International Endocrine Society (/8) was not
applied. Our single-center study design inherently has certain
biases. Additionally, although the adrenal micronodules in our
study were detectable on adrenal CT, some microadenomas might
have been missed. Moreover, few patients underwent both *®Ga-
pentixafor PET/CT and AVS, causing potential bias. Importantly,
the decision-making process in our study—to forego the estab-
lished reference method, AVS, on the basis of the *®Ga-pentixafor
PET/CT results in certain scenarios—highlights a potential limita-
tion. Thus, we underline the need for larger, multicenter studies to
further validate the efficacy and reliability of °®Ga-pentixafor
PET/CT in comparison with AVS.

CONCLUSION

Our findings suggest that °*Ga-pentixafor PET/CT holds prom-
ise in outperforming adrenal CT for classifying different morpho-
logic subtypes of PA patients with adrenal micronodules.
Moreover, this technique seems to offer improved consistency in
predicting postoperative efficacy in PA patients compared with
AVS examination. However, larger controlled clinical trials are
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necessary to confirm this observation. The level of ®Ga-pentixafor
uptake in adrenal micronodules appears to be a valuable guide for
recommending appropriate surgical treatments for PA patients,
thereby facilitating the implementation of personalized manage-
ment strategies.
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KEY POINTS

QUESTION: How well does ®8Ga-pentixafor PET/CT perform in
subtype diagnosis of PA patients with adrenal micronodules less
than 1 cm in diameter, and how does ®8Ga-pentixafor PET/CT
compare with standard diagnostic methods such as adrenal CT
and AVS?

PERTINENT FINDINGS: ®®Ga-pentixafor PET/CT showed
superior sensitivity, specificity, and accuracy in identifying
surgically eligible PA patients compared with adrenal CT. It was
also more concordant with surgical outcomes than AVS.

IMPLICATIONS FOR PATIENT CARE: This study showed that a
new imaging technique, ®Ga-pentixafor PET/CT, can accurately
classify adrenal micronodules in PA patients, helping doctors
make better treatment decisions and predict treatment outcomes.
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Implementation of radiopharmaceutical therapy dosimetry varies
depending on the clinical application, dosimetry protocol, software, and
ultimately the operator. Assessing clinical dosimetry accuracy and preci-
sion is therefore a challenging task. This work emphasizes some pitfalls
encountered during a structured analysis, performed on a single-patient
dataset consisting of SPECT/CT images by various participants using
a standard protocol and clinically approved commercial software.
Methods: The clinical dataset consisted of the dosimetric study of a
patient administered with [""’LulLu-DOTATATE at Tygerberg Hospital,
South Africa, as a part of International Atomic Energy Agency—coordi-
nated research project E23005. SPECT/CT images were acquired at 5
time points postinjection. Patient and calibration images were recon-
structed on a workstation, and a calibration factor of 122.6 Bg/count was
derived independently and provided to the participants. A standard dosi-
metric protocol was defined, and PLANETDose (version 3.1.1) software
was installed at 9 centers to perform the dosimetry of 3 treatment cycles.
The protocol included rigid image registration, segmentation (semiman-
ual for organs, activity threshold for tumors), and dose voxel kernel con-
volution of activity followed by absorbed dose (AD) rate integration to
obtain the ADs. lterations of the protocol were performed by participants
individually and within collective training, the results of which were ana-
lyzed for dosimetric variability, as well as for quality assurance and error
analysis. Intermediary checkpoints were developed to understand possi-
ble sources of variation and to differentiate user error from legitimate user
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variability. Results: Initial dosimetric results for organs (liver and kidneys)
and lesions showed considerable interoperator variability. Not only was
the generation of intermediate checkpoints such as total counts,
volumes, and activity required, but also activity-to-count ratio, activity
concentration, and AD rate-to-activity concentration ratio to determine
the source of variability. Conclusion: When the same patient dataset
was analyzed using the same dosimetry procedure and software, signifi-
cant disparities were observed in the results despite multiple sessions of
training and feedback. Variations due to human error could be minimized
or avoided by performing intensive training sessions, establishing inter-
mediate checkpoints, conducting sanity checks, and cross-validating
results across physicists or with standardized datasets. This finding pro-
motes the development of quality assurance in clinical dosimetry.

Key Words: clinical dosimetry; SPECT/CT; quality assurance;
PLANETDose; variability assessment

J Nucl Med 2024; 65:125-131
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Radiopharmaceutical therapy (RPT) is based on the administra-
tion of radiolabeled vectors designed to concentrate cytotoxic levels
of radiation in targets while preserving the surrounding healthy tis-
sues. In comparison to external-beam radiation therapy, which
involves personalized treatment regimens, most RPT administers a
fixed activity. For example, the European Medicines Agency and the
Food and Drug Administration approved ['7’Lu]Lu-DOTATATE
(Lutathera; Novartis) for treatment of neuroendocrine tumors as four
7.4-GBq injections separated by 8-wk intervals (/,2).

A patient-specific treatment approach would allow a major para-
digm shift from the one-size-fits-all approach to personalized medi-
cine in which the optimal activity is specifically assessed for each
patient. In article 56 (Optimization) (3), Euratom Directive 2013/59
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(applicable within the European Union) requests that “For all medical
exposure of patients for radiotherapeutic purposes, exposures of target
volumes shall be individually planned, and their delivery appropri-
ately verified taking into account that doses to non-target volumes
and tissues shall be as low as reasonably achievable and consistent
with the intended radiotherapeutic purpose of the exposure.” Even
though personalized planning cannot be achieved with fixed activities,
the verification of irradiation delivered can always be assessed. Also,
several authors (4-7) have advocated the feasibility of patient-specific
RPT dosimetry. Evidence of the absorbed dose (AD)-effect relation-
ship has been published in several clinical indications (8—17).

The clinical dosimetry workflow consists of several steps, from
radiopharmaceutical pharmacokinetics determination in the volumes
of interest (VOIs), most often through sequential quantitative imag-
ing, to AD or other standardized dosimetry quantity computation,
such as biologic effective dose or equieffective dose (/2). Currently,
RPT dosimetry either is not widely implemented in clinical facilities
(13-15) or, if implemented, may differ in objectives and sophistica-
tion among centers, thereby resulting in a large variability of dosi-
metric approaches and results (/6).

However, there are 2 facets of variability. Clinical choices that
govern dosimetric approaches induce natural variability and should
not preclude the use of personalized dosimetry. More concerning is
the potential variability of results for a given clinical application,
due to different methodologies or even to general lack of expertise.
It is therefore desirable to be able to compare results obtained in
different clinical centers for a given therapeutic approach.

The Society of Nuclear Medicine and Molecular Imaging presented
the preliminary results of a study aiming to standardize and harmonize
dosimetry procedures by assessing the variability introduced in vari-
ous dosimetry steps. The study revealed large differences in time-
integrated activity (TIA) and in ADs. The participants in this study
chose their own methodologies for VOI delineation, TIA integration,
TIA dosimetry, and reported volumes, TIA, AD rates (ADRs), and
AD; however, neither the sources of variation nor the origins of the
outliers were obvious (/7). Subsequent detailed analysis (/8) demon-
strated that there were transcription, methodologic, and reporting
errors and differences in methods and decisions that contributed sub-
stantially to the large variations. In this analysis (/8) for pure SPECT
data, removing variabilities due to errors resulted in quartile coeffi-
cients of dispersion of 10%—30% in the organs and 10%—40% in the
lesions for the 2 patients used in the study. Variabilities were further
reduced when participants were given VOIs or TIAs.

In 2017, the International Atomic Energy Agency initiated coor-
dinated research project (CRP) E2.30.05, “Dosimetry in Radiophar-
maceutical Therapy for Personalized Patient Treatment,” to educate
and train volunteer medical physicists and implement harmonized
dosimetric procedures, along with assessing the global accuracy of
RPT dosimetry. This was done by conducting multiple training ses-
sions and iterations using a clinical SPECT/CT patient dataset.

Consequently, the ground truth activity and ADs of the dataset
are not known and the study cannot assess for accuracy. The goal
of this work is to assess variability or precision of results and to
identify and eliminate methodologic errors that increase variability
as part of an overall educational goal.

MATERIALS AND METHODS

Participants
The participating institutions were from Colombia, Croatia, Cuba,
France, India, Indonesia, South Africa, and the United States. Each
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performed dosimetry with its respective expertise and the specific
training acquired throughout this work. The selection of institutions
was based on International Atomic Energy Agency reviews of propo-
sals to join the CRP, except for the United States and France, whose
participation was based on their substantial experience in this field.

Clinical Dataset

The clinical dataset was derived from the dosimetric study of a
['"7Lu]Lu-DOTATATE patient from Tygerberg Hospital, South Africa.
Activities of 6.24, 6.67, 6.85, and 6.03 GBq were administered in a
first, second, third, and fourth therapy cycle, respectively, with an inter-
val of 11 wk between cycles. Patient SPECT/CT images were acquired
at 5 time points after injection (1-2, 4, 24, 48, and 96 h) on a GE
Healthcare Infinia Hawkeye 4 (9.5-mm [*/g-in] Nal crystal thickness
and medium-energy collimator) with calibration images and recon-
structed on a Hermes Medical Solutions (version 4.15) workstation. A
calibration phantom was imaged using the same acquisition and recon-
struction settings. All parameters were specified by Kayal et al. (/9). A
calibration factor of 122.6 Bg/count (or 4.53 cps/MBq with 1,800 s of
acquisition time) was obtained and provided to each center.

Definition of Standard Protocol

A standard dosimetric protocol was defined, and PLANETDose
(version 3.1.1) from DOSIsoft SA was used for the first 3 therapy
cycles. The fourth cycle was not examined because there was no ade-
quate SPECT/CT imaging. Since reconstructed patient images were
circulated to each center, the common dosimetry protocol was defined
beginning at the registration step. All steps of the protocol were fol-
lowed by all participants independently on their workstations.

Registration and Segmentation. Automatic rigid registration for all
time points was performed by each site considering the first CT scan as
the reference. The segmented VOlIs included lesions (anterior, lateral, pos-
terior, and inferior) along with both kidneys and whole and healthy liver.
Each participating center contoured the normal organs (kidneys and liver)
semimanually on the first CT scan with an interpolation process and then
propagated in a rigid way through all registered CT scans while perform-
ing lesion segmentation on SPECT images at each time point using a 40%
threshold of the maximal uptake. Afterward, a 4-dimensional exclusion
Boolean operation between the anatomic liver (or whole liver) and the 4
lesions gave the contour of normal liver.

ADR and AD. ADRs were obtained for each VOI and cycle using
the dose voxel kernel convolution algorithm with density correction
within PLANETDose. ADs were obtained by integrating ADR over
time. Each participant selected a fit among mono-, bi-, or triexponen-
tial fitting or trapezoidal fitting, on the basis of the participant’s exper-
tise. The fit functions and parameters used by each participant can be
provided on request.

Data Exportation. For each VOI, the volume, total counts, and
activity per time point were exported. The values for normal organs and
lesions were taken from the anatomic and functional contouring result
tables, respectively (PLANETDose uses a dual anatomic/functional mode
system). The fitting parameters (fitting equation and R?) along with the
ADs in each VOI were generated and stored.

Statistics

To quantify the variations among participants, the mean and median
along with the associated uncertainties were computed using previ-
ously published equations (20). The t-test was performed to examine
the significance of the difference between the fitting techniques used
among participants (P < 0.05) (21,22).

Optimization Procedure

The CRP project aimed to contribute to the standardization of RPT
dosimetry and help participants develop and implement harmonized
dosimetric procedures.
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During each brainstorming session, the results were discussed, and
further training was provided to the participants, resulting in an itera-
tion of the dosimetry calculations. The number of iterations for the first,
second, and third therapy cycles was 1-4, 2-3, and 4 or more, respec-
tively. Even though the results for each center were not available to all,
the procedure was not a masked intercomparison but rather evolved to
an elaborate training procedure, with the objective of ensuring proper
dosimetric understanding and application while allowing for limited
individual choices in registration, contouring, and integration.

The identification of outlier results led participants to evaluate the
integrity of their results as shown in Figure 1. Other variations
observed consistently throughout the data necessitated the inclusion
of additional quality assurance (QA) metrics (or checkpoints) in the

dosimetric procedure with subsequent iterations of results. The results
presented here are therefore the best that could be obtained within the
time frame of the CRP, after extensive training and iterations.

RESULTS

Results were obtained for each time point and VOI for the first 3
cycles. In this section, the salient results are highlighted as coeffi-
cients of variation of the median (CV ,eq) among participants (ratio
of median uncertainty to median); however, all results are available
in Supplemental Tables 1 and 2 and Supplemental Figures 1-8 (sup-
plemental materials are available at http://jnm.snmjournals.org).

Activity Quantification

Volume Segmentation. The liver and the kidneys along with the
4 lesions defined in the patient SPECT/CT images are shown in
Figure 2 for the first cycle.

The volumes obtained by the 9 centers (C1-C9) for each VOI
for the first cycle are plotted in Figure 3. The CV ,q among time
points and cycles ranged from 6% to 13% for normal organs and
from 3% to 20% for lesions, with the smallest lesions exhibiting
the largest variability. The variations in normal-organ volumes as
a function of time at each center constitute evidence of error
according to the propagation process defined in the protocol, since
the volume—once defined on the first time point—is propagated
to the other time points. Similarly, variations of the lesion volumes
between time points may be expected, and each center, in princi-
ple, should have the same volume at each time point because the
lesion volumes were defined using a predefined threshold (40% of
maximum activity uptake relative to each time point). The range
of volumes (along with the uncertainties) obtained by various par-
ticipants for each VOI and each cycle is specified in Supplemental
Table 1.

Derivation of Counts and Activity. The total counts and activity
in normal organs (kidneys, normal liver, and whole liver) and
lesions are illustrated in Figures 4A and 4B for the third cycle.
Counts and activities within each VOI tend to follow a similar
trend for most time intervals and participants, although they are
not identical as would be anticipated.

The whole liver demonstrated a significantly lower CV,,,¢q in vol-
ume and activity (~5% and 3%—5%, respectively) at each time point
and cycle analyzed. The lateral lesion had the widest range in volume
(8%—59%) and activity (10%-49%). The other smaller lesions had a
relatively lower activity (CV eq, 2%—15%) comparable to that in the
kidneys.

Outlier data are discernible. The counts

and the activity for the lateral lesion were
significantly higher at C6 than at the other
centers (Fig. 4A) and can be attributed to
this center’s larger lesion segmentation. In
parallel, a significant activity decrease was
seen in the lesions and the normal liver for
the first time point for C8. A common trend
in counts and activity was not systema-
tically observed, thereby necessitating the
generation of a new checkpoint activity-to-
count ratio (Fig. 4C). The activity fluctua-
tion for C8 might be attributed to incorrect
calibration factor input or a software flaw

FIGURE 2.
for lesions. (C) Normal liver from Boolean subtraction.
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(A) Anatomic segmentation (for whole liver and kidneys). (B) Functional segmentation

linked with a particular time point, but these
possibilities require further investigation.
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ADRs

Notable anomalies were observed for the third cycle (Fig. 5A).
Except for results from C6, the ADR for time points for each
organ was reasonably consistent between time points and par-
ticipants. Unexpected ADR variability in lesions among partici-
pants initiated the generation of additional checkpoints: activity

concentration (AC) and ADR-to-AC ratio.
Since ADR is proportional to AC (for self-
dose contributions to the AD dominating
in regions of high uptake), it was hypothe-
sized that the ADR-to-AC ratio would be
relatively constant for each VOI.

Figure 5B shows the AC at each time
point for the third cycle. All centers,
including C6, had a fairly consistent AC
for the liver and kidneys. Consequently,
the ADR deviation of C6 in the liver and
kidneys (6%—73%) cannot be directly
related to volume segmentation or activity
quantification but was most likely due to a
transcriptional error. Additionally, the cal-

culation of AC revealed that C8 likely overlooked some system-
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atic error at the first time point.

The ADR-to-AC ratio (Fig. 5C) had nearly constant values (despite
the presence of a few outliers) for the organs but not necessarily for
the lesions. Because of the incoherent ADR and AC of C6, its ADR-
to-AC ratio varied significantly. Variability in this ratio for lesions at

the first time point for C8 is a consequence
of error propagation from the activity quanti-
fication. Other variations were ascribed to
transcriptional error.

AD Calculations

The ADRs were integrated using either
monoexponential (corresponding to washout
or decay curve) or biexponential (including
one uptake and one washout phase) fitting
models to obtain the ADs in each VOI. The
fits chosen by centers for different VOIs are
presented in Table 1. ADs for the first cycle
are plotted in Figure 6. Low ADs (24 Gy)
were obtained for the liver and kidneys,
whereas ADs of up to 41 Gy were obtained
for lesions. The AD obtained from monoex-
ponential ADR fitting was substantially
higher than that from biexponential ADR
fitting (whole liver: 3.76 = 0.15 Gy vs.
3.21 £0.24 Gy with P < 0.01; anterior
lesion: 37.85 = 3.98 Gy vs. 29.97 = 1.42 Gy;
P < 0.01).

Although ADRs from one site (C6) varied
by up to 73% for the third cycle, variability
in organ ADs was generally acceptable
across participants (Table 2). For lesions,
several outliers in the AD were identified
and most probably arose from the centers’
respective high or low ADR (C6 and C8).
The high AD in the inferior lesion from C6
was not plausible given the reduced ADR
and AC and was likely a consequence of a
transcriptional error or mishandling of the
software.

Mean variations in the AD calculation
for each cycle in each VOI can be seen in
Table 2. The coefficient of variation in AD
was up to 15% in the case of organs and
up to 33% for the lesions.



FIGURE 5. ADR (A), AC (B), and ADR-to-AC ratio (C) for each VOI in third cycle for time points 1-5.
Whole liver signifies anatomic liver, whereas normal liver represents healthy liver (whole liver — 4

lesions).
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of expertise. To obtain more explainable
results, these discrepancies were identified
and addressed until the last iteration. Some
of the observed issues were transcriptional
error (improper unit conversions, use of a
comma to represent decimals, errors in

TABLE 1

Fitting Chosen by Different Centers to Obtain AD

for Each VOI

Treatment

cycle

VOI

No. of centers

Monoexponential

Biexponential

Organs
Anterior lesion
Other lesions
Organs
Anterior lesion*
Other lesions
Organs
Anterior lesion

Other lesions

A W OO B WO = WO

g O W o0 W oo o W

*Absence of fitting parameters from clinical center.
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copying and pasting exported data), improper segmentation (inap-
propriate use of the thresholding technique, resulting in smaller
segmented volumes; Fig. 7), and software mishandling (software
data output formats were multiple and confusing, leading to incor-
rect reporting). However, since this was an educational and learn-
ing experience, most of these errors were deemed to be correctable.

Several additional checkpoints were defined during this dosi-
metric analysis: activity-to-count ratio, AC, and ADR-to-AC ratio.
The 2 latter checkpoints could be incorporated in the software.

Even after compensation for obvious methodologic errors, the
user-dependent fitting model generated significant variability. Pro-
viding users with additional leeway to choose their preferred meth-
odologic dosimetric approach will probably lead to an even wider
range of outcomes. This was seen in recently published data from
Society of Nuclear Medicine and Molecular Imaging challenge
users when allowed to choose the methodology (/7) and when
segmentation and TIA were provided (/8).

The initial hypothesis that the same patient data, with the same pro-
cessing workflow and using the same software, would yield relatively
low interoperator variability proved to be false. Variable results were
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FIGURE 6. AD (in Gy) for each VOI (organs and lesions) in first cycle. Whole liver signifies anatomic

liver, whereas normal liver represents healthy liver (whole liver — 4 lesions).

TABLE 2
AD in Each VOI for Each Treatment Cycle

VOI Cycle 1 Cycle 2 Cycle 3

R kidney 2.24+0.14 3.51+0.29 3.33+0.25
L kidney 2.25+0.12 3.48+0.18 3.50+0.18
Whole liver 3.58 =0.33 3.87 =0.21 3.35+0.17
Normal liver ~ 2.61 +0.40 2.94+0.28 2.28+0.15
1, anterior 32.60+4.56 34.68+6.73 24.60*2.00
2, lateral 16.783 £4.45 20.29+6.40 12.22+2.90
3, posterior  23.69+4.53 28.57+9.16 11.34 =3.75
4, inferior 18.27 £4.35 23.94+6.36 15.77+4.85

Data are mean =+ SD (Gy).

examined closely in peer review training sessions, the source of the
discrepancy was searched for, and it was decided whether an avoidable
error had been made, warranting a teaching moment, or whether
the discrepancy was a justified user variation.

The large number of iterations needed to increase the proficiency
of each user with the software highlighted the importance of training.
Often, insufficient training is delivered to users after the acquisition
of new software packages. Several practical training sessions (along
with theory) could increase proficiency in clinical dosimetry. Also,
having access to a benchmark clinical dataset that comes with a set
of expected results, or at least a range of acceptable results, would be
an invaluable asset of the training.

FIGURE 7. Typical error illustrating selection of small bounding box (in
red) for anterior lesion while performing threshold-based segmentation.
Blue VOI represents correct segmentation. Bounding box refers to prede-
termined subregion or selection in which thresholding is performed. By
performing single click in area of high uptake, it is possible to generate
tumor contour, thus preventing any potential correlation with uptake
regions that are near tumor (e.g., organ, another tumor).
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new to the field, a critical eye (and QA) on
the procedure implemented by the user
should also be accompanied by an equally
critical use, including commissioning and
regular QA of the software. In the present case, no commissioning
or QA was performed initially, although several checks evolved to
account for possible software inconsistencies (e.g., count-to-activity
ratio).

Also, collaboration between physicists and physicians and
between external-beam radiation therapy and RPT physicists
would be a good starting point for implementing dosimetry QA
since external-beam radiation therapy physicists are more experi-
enced with error and failure mode analysis, therapeutic QA, and
procedures. This requires a willingness to adapt to a new work-
place culture of increasing cooperation (25).

It is vital to assess not only the precision but also the accuracy
of the clinical dosimetry workflow. A possible way forward for
this objective is the DosiTest project, in which simulated patient
datasets (with activity being perfectly characterized at the voxel
level for each time point) are used as the ground truth (26).

Finally, although not implemented here, using biologic effective
dose or equieffective dose along with AD is an essential part of
standardizing the dosimetric process and reporting (27,28).

CONCLUSION

This paper illustrates how dosimetric analysis performed by vari-
ous operators using the same protocol and software on one patient
dataset may still result in large variations, as well as how practice
and experience are needed after initial training to obtain reliable
results in RPT dosimetry. Making the distinction between expected
variability (related to legitimate operator choices) and erroneous
processing (due to a variety of causes) was deemed crucial. The
analysis of the results revealed the following important points.

Software Commissioning

Use of software for calculation of AD and other dosimetric
quantities requires a rigorous validation of the software itself,
including checks on intermediate results and an end-to-end test.

Checkpoints

The possibility to extract results at various intermediate steps of
the clinical dosimetry workflow should be integrated, such as
activity-to-count ratio or ADR-to-AC ratio.

Sanity Checks

Internal checks implemented in the dosimetry package should
minimize human mistakes: when obviously aberrant results are
obtained, warning messages or even fatal errors should be generated.
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Result Validation

Most errors could be related to the fact that dosimetry was per-
formed by single individuals. Cross-verification of results among
physicists and clinicians should be systematically implemented,
when possible.

This CRP enabled defining some aspects to include in a clinical
dosimetry QA procedure. As such, it represents a stepping stone
toward the definition of reliable and reproducible dosimetry proce-
dures. This project also resulted in the creation of a benchmark
dosimetry dataset that is adapted for training individuals in dosim-
etry. This should set a model for other clinical indications and
software. The expected results and associated variability are now
available for this patient dataset and procedure and will be the
topic of further communication.
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KEY POINTS

QUESTION: How can the sources of variation associated with
clinical dosimetry be evaluated?

PERTINENT FINDINGS: Dosimetry performed by several users
on a single patient dataset with the same software and the same
standard protocol resulted nonetheless in high variations and
discrepancies among participants. The in-depth analysis required
implementing checkpoints and internal sanity checks.

IMPLICATIONS FOR PATIENT CARE: Implementing QA in
clinical dosimetry starts with providing sufficient training and
implementing cross validation of dosimetry results.
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[*®GalGa-NODAGA-Arg-Gly-Asp (RGD) is a PET tracer targeting o83
integrin, which is upregulated during angiogenesis soon after acute
myocardial infarction (AMI). We prospectively evaluated determinants
of myocardial uptake of [*®Ga]Ga-NODAGA-RGD and its associations
with left ventricular (LV) function in patients after AMI. Methods:
Myocardial blood flow and [*8Ga]Ga-NODAGA-RGD uptake (60 min
after injection) were evaluated by PET in 31 patients 7.7 + 3.8 d after
primary percutaneous coronary intervention for ST-elevation AMI.
Transthoracic echocardiography of LV function was performed on the
day of PET and at the 6-mo follow-up. Results: PET images showed
increased uptake of [*3Ga]Ga-NODAGA-RGD in the ischemic area at
risk (AAR), predominantly in injured myocardial segments. The SUV in
the segment with the highest uptake (SUV,4) in the ischemic AAR
was higher than the SUV/ean of the remote myocardium (0.73 = 0.16
vs. 0.51£0.11, P < 0.001). Multivariable predictors of [®Ga]Ga-
NODAGA-RGD uptake in the AAR included high peak N-terminal pro—
B-type natriuretic peptide (P < 0.001), low LV ejection fraction, low
global longitudinal strain (P = 0.01), and low longitudinal strain in the
AAR (P = 0.01). [F®Ga]Ga-NODAGA-RGD uptake corrected for myo-
cardial blood flow and perfusable tissue fraction in the AAR predicted
improvement in global longitudinal strain at follow-up (P = 0.002),
independent of peak troponin, N-terminal pro—-B-type natriuretic pep-
tide, and LV ejection fraction. Conclusion: [F3Ga]Ga-NODAGA-RGD
uptake shows increased a3 integrin expression in the ischemic AAR
early after AMI that is associated with regional and global systolic dys-
function, as well as increased LV filling pressure. Increased [*Ga]Ga-
NODAGA-RGD uptake predicts improvement of global LV function
6 mo after AMI.

Key Words: myocardial infarction; PET; angiogenesis; myocardial
strain; coronary artery disease
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Acute myocardial infarction (AMI) initiates maladaptive
changes in cardiac myocytes and the extracellular matrix, which
can contribute to left ventricular (LV) dysfunction, adverse remo-
deling, and eventual failure (/). The repair process aimed at
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restoration of the capillary network, elimination of necrotic tissue,
and deposition of new extracellular matrix is essential for healing
of AMI and can counteract the development of chronic LV dys-
function (7). In parallel with inflammation and fibrosis, angiogene-
sis (sprouting of preexisting capillaries) plays an important role in
myocardial repair after AMI (2).

Integrin a5 is a glycoprotein transmembrane receptor the
expression of which is upregulated in proliferating endothelial
cells and can serve as a biomarker of angiogenesis (3). After AMI,
o3 integrin expression increases in vascular structures during
the early repair process (4). Studies in experimental models and
humans demonstrated the feasibility of using radiolabeled tracers
containing the Arg-Gly-Asp (RGD) motif for the noninvasive
detection of o3 integrin expression after AMI (5—13). However,
the clinical utility of a,fB; integrin as a biomarker after AMI
remains uncertain.

We sought to study the determinants of a,[3; integrin expression
and its association with LV function after AMI. We prospectively
evaluated myocardial uptake of [**Ga]Ga-NODAGA-RGD (10,14), a
PET radiotracer targeting o33 integrin, within 2 wk of reperfusion
in patients with AMI. The function of the LV was evaluated by echo-
cardiography at the time of the PET scan and 6 mo later.

MATERIALS AND METHODS

Study Cohort and Design

We prospectively recruited patients who underwent primary percu-
taneous coronary intervention because of ST-elevation AMI and who
had an LV ejection fraction (LVEF) of less than 50% during the index
hospitalization in Turku University Hospital from December 2018 to
January 2021. Exclusion criteria are listed in the supplemental materi-
als (available at http:/jnm.snmjournals.org). Each patient signed an
informed consent form. The study conforms to the Declaration of
Helsinki, and the institutional review boards of the Hospital District of
Southwest Finland, Finnish Medicines Agency, and Turku University
Hospital approved the study. The study was registered in clinicaltrials.
gov with identifier NCT04871217.

To evaluate myocardial o,f; integrin expression, patients under-
went ['30]O-water PET followed by [®*Ga]Ga-NODAGA-RGD PET
within 3 to 14 d after AMIL To evaluate LV function, echocardiogra-
phy was performed at baseline on the day of PET imaging and at the
6-mo follow-up. Peak cardiac troponin T and N-terminal pro—B-type
natriuretic peptide (NT-proBNP) levels were recorded during hospital-
ization and at the time of PET imaging. Data on cardiovascular risk
factors, medications, and cardiovascular events were collected from
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electronic medical reports. The myocardial area at risk (AAR) and the
remote area were based on the culprit coronary arterial segment, deter-
mined from the invasive coronary angiography and electrocardiography.

PET Imaging

Synthesis of [*Ga]Ga-NODAGA-RGD is described in the sup-
plemental materials. For each patient, resting ['°O]O-water and
[*3Ga]Ga-NODAGA-RGD PET scans were performed using a dedi-
cated PET/CT scanner (Discovery MI; GE Healthcare) on the same
day, as previously described (supplemental materials) (/5). In brief,
['*0]0-water (Radiowater Generator; Hidex Oy) was injected as an
intravenous bolus (target injected radioactivity, 500 MBq) over 15s,
and dynamic PET was performed over 4 min and 40s, starting 25 s after
injection, with the patient at rest. Then, an average of 179 * 15 MBq of
[®®Ga]Ga-NODAGA-RGD was injected as an intravenous bolus and
was followed by a list-mode PET acquisition over 15min after a
60-min uptake period.

PET Image Analysis and Interpretation

Images were analyzed using Carimas 2.9 software (Turku PET
Centre) (supplemental materials) (/0,16). In brief, polar maps of
[*¥Ga]Ga-NODAGA-RGD uptake (SUV) in the LV myocardium were
based on myocardial contours and sampling points matching with
coregistered ['°0]O-water images. The [*®*Ga]Ga-NODAGA-RGD
SUV.x Was defined as the highest segmental uptake. An indexed
SUV,x corrected for the mean myocardial blood flow (MBF) and
perfusable tissue fraction in the AAR was also calculated to account
for the reduced amount of viable tissue in the infarct zone (/6).

Echocardiography

Transthoracic echocardiography was performed using Vivid E9 or
E95 (GE Vingmed Ultrasound) devices equipped with MS5 and 4Vc-D
4-dimensional probes. All images were digitally stored for offline analy-
sis (EchoPAC PC version 203; GE Vingmed) of LV global and segmen-
tal function (supplemental materials). The LV volumes and LVEF
were measured using the biplane Simpson method. Myocardial global
longitudinal strain (GLS) and segmental longitudinal strain (LS) were
analyzed using the speckle-tracking method and reported as absolute
values. Segments with a baseline LS of less than 13.5% were defined
as injured (/7).

Statistical Analysis

Continuous data are reported as mean and SD and compared using
the Student ¢ test when normally distributed or with the Mann—Whitney
test otherwise. Categoric data are reported as count and percentage
and compared with x> or Fisher exact tests, as appropriate. Univari-
able and multivariable linear regression models were constructed to
identify predictors of [**Ga]Ga-NODAGA-RGD uptake at baseline
and predictors of improvement in LV function from baseline to
follow-up. Statistically significant variables in the univariable analysis
were added to multivariable models as covariates. Intra- and interob-
server reproducibility of [®8Ga]Ga-NODAGA-RGD SUV,,, mea-
sures were assessed in 7 randomly selected patients by calculating the
coefficient of variation. Statistical significance was set at a P value of
less than 0.05. Statistical analyses were performed using SPSS version
25.0 (IBM Corp.).

RESULTS

We enrolled 31 patients with the first ST-elevation AMI. Table 1
summarizes the baseline characteristics of the patients. All patients
underwent primary percutaneous coronary intervention at 4.9 = 6.1 h
from symptom onset. The AAR was in the left anterior descending,
the right, and the left circumflex coronary artery territories in 48.4%,
29.0%, and 22.6% of patients, respectively.
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TABLE 1

Patient Characteristics (n = 31)
Characteristic Data
Age (y) 64.2+9.2
Male sex 28 (90.3%)
Body mass index (kg/m?) 25.4+4.8
Current smoking 11 (35.5%)
Diabetes mellitus 3 (9.7%)

Hypertension 13 (41.9%)
17 (54.8%)
9 (831%)

49+6.1

Hypercholesterolemia
Family history of CAD
Time from symptoms to PCI (h)
Culprit coronary artery territory
Left anterior descending artery 15 (48.4%)
7 (22.6%)
9 (29%)

Circumflex artery
Right coronary artery
Post-PCI TIMI flow

Grade 2 10 (82.3%)

Grade 3 21 (67.7%)
Peak troponin T (ng/L) 3884.3 +4391.7
Peak NT-proBNP (ng/L) 979.4 +871.5
Total cholesterol (mmol/L) 42+11
LDL cholesterol (mmol/L) 29+09
Duration of hospital stay (d) 3.7+1.8
Loop diuretics 10 (32.3%)
Inotropic medication 7 (22.6%)
Medication at discharge

Aspirin 30 (96.8%)

Statin 30 (96.8%)*

ACEI/ARB 29 (93.5%)

B-blocker 25 (80.6%)

*High-intensity statin in 27 (87.1%).

CAD = coronary artery disease; PCl = percutaneous coronary
intervention; TIMI = thrombolysis in myocardial infarction; LDL =
low-density lipoprotein; ACEI/ARB = angiotensin-converting
enzyme inhibitor/angiotensin receptor blocker.

Qualitative data are number and percentage; continuous data
are mean * SD.

Patients underwent ['’0]O-water and [*®Ga]Ga-NODAGA-
RGD PET scans at 7.7 = 3.8 d (median, 8 d; interquartile range, 7 d)
after AMI. The clinical characteristics were similar between patients
who underwent PET at less than 7 d after AMI (» = 14) and patients
who underwent PET at 7 d or more after AMI (n = 17).

One patient was lost to follow-up. Consequently, 30 patients
underwent both baseline and follow-up echocardiography 210 = 38 d
after AMI. There were no deaths or heart failure hospitalizations dur-
ing follow-up, but 1 patient had non—ST-elevation AMI caused by a
coronary lesion other than the index lesion.

LV Function
Table 2 summarizes the echocardiography data. All patients ini-
tially had an LVEF of less than 50%, whereas at baseline evaluation
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TABLE 2
Echocardiography Data

Parameter Baseline (n = 31) Follow-up (n = 30) P
LV end-diastolic volume (mL) 94.7 = 27.7 93.6 = 30.1 0.7
LV end-systolic volume (mL) 42.7 =171 40.8 =19.1 0.4
LVEF (%) 55.8 6.9 57.5+7.3 0.2
GLS (%) 149+46 15.4+3.9 0.3
LS in AAR (%) 125%=6.0 13.8+5.2 0.03
Mitral E/A ratio 0.96 =0.35 1.01 +0.36 0.4
E/e’ ratio 89*+27 7.7+1.8 0.01

E/A = early diastolic filling velocity/atrial filling velocity; E/e’ = early diastolic filling velocity/early diastolic tissue velocity.

Data are mean + SD.

on the day of PET scanning, LVEF was less than 50% in 5 patients
and GLS was less than 16% in 17. In the AAR, myocardial injury
(segmental LS < 13.5%) was present in 26 (84%) patients. The
average number of injured segments per patient was 3.1 = 2.2.

At follow-up, LS in the AAR showed significant improvement
from baseline (P = 0.03). LVEF improved by at least 5% in 12
(40%) patients and worsened by at least 5% in 6 (20%). In turn,
GLS improved by at least 3% in 9 (30%) patients and worsened
by at least 3% in 4 (13%). Only 4 patients had an LV end-
diastolic volume increase of at least 20%.

[®®Ga]Ga-NODAGA-RGD Uptake After AMI

Uptake of [*3Ga]Ga-NODAGA-RGD was visible in the AAR in
PET images from all patients (Fig. 1; Supplemental Fig. 1). The
segment with the highest [°®Ga]Ga-NODAGA-RGD uptake
(SUVpax) Was within or immediately adjacent to the AAR in
all patients. Segments in the AAR (n = 168) showed higher
[®Ga]Ga-NODAGA-RGD SUV than segments in the remote area
(0.66 £0.18 vs. 0.55 = 0.14, P < 0.001, Fig. 2).

The [*®Ga]Ga-NODAGA-RGD SUV,,.« colocalized with the
segment with the most severe contractile abnormality or the imme-
diately adjacent segment in 22 patients. In the remaining patients,

SUVmax Was either in the border of a large injured area (n = 4) or
there was no contractile abnormality in the AAR (n = 5). Within
the AAR, the average [*®Ga]Ga-NODAGA-RGD SUV was higher
in segments with myocardial injury (n = 97) than in other seg-
ments (0.71 £0.19 vs. 0.61 =0.14, P < 0.001, Fig. 2) and
inversely correlated with LS (P < 0.001, Fig. 3A).

MBF was lower in the AAR than in remote myocardium
(0.73+0.23 vs. 0.83 =0.23 mL/g/min, P < 0.001). There was
no correlation between segmental SUV and overall MBF in the
AAR (P = 0.1), but SUV,,,, correlated with MBF in the non-
injured myocardial segments within or immediately adjacent to
AAR (r = 0.49, P = 0.017, Supplemental Fig. 2).

In patient-based analysis, SUV,,,,«x and indexed SUV,,,, were
higher in the AAR than in remote myocardium (Table 3). SUV,,., in
the AAR was higher than blood pool SUV (0.73 = 0.16 vs.
0.64 = 0.15, P < 0.001) but lower than liver SUV (0.73 = 0.16 vs.
1.04 £0.16, P < 0.001). SUV,,,.x Was similar between patients who
underwent PET at less than 7 d after AMI and patients who under-
went PET at 7 d or more after AMI (P > 0.05, Supplemental Table).

Measurement of SUV,,,, was reproducible, with an intraobser-
ver coefficient of variation of 1.4% and an interobserver coeffi-
cient of variation of 10.9%.

Predictors of [(®Ga]Ga-NODAGA-RGD

[*Ga]Ga-NODAGA-RGD [""0]0-water

A Fusion

B [“Ga]Ga-NODAGA-RGD

Myocardial blood flow

Uptake After AMI

Univariable ~ predictors  of  [®Ga]Ga-
NODAGA-RGD SUV,,., and indexed SUV,,.x
in the AAR at baseline included peak troponin
T, peak NT-proBNP, GLS, and LS in the AAR
(Table 4). Neither age nor peak CRP level pre-
dicted SUV o« or indexed SUV . (P > 0.05
for both), which were similar in patients with
postrevascularization thrombolysis in myocar-
dial infarction flow grade 2 or 3 (P = 0.6).

In multivariable models, the only inde-
pendent predictor of SUV,,,, in the AAR
was peak NT-proBNP (Fig. 3B; Table 4),

10

Strain (follow-up)

FIGURE 1. Uptake of [*®Ga]Ga-NODAGA-RGD 7 d after acute occlusion of proximal left anterior
descending coronary artery. (A) Myocardial contours in ['°0]O-water images, [®Ga]Ga-NODAGA-
RGD uptake images, and corresponding fusion images. (B) Polar maps of [*®Ga]Ga-NODAGA-RGD
uptake, resting MBF, and longitudinal strain at time of PET and 6 mo later. Reduced longitudinal
strain is seen in anteroseptal region at baseline and partial functional recovery at 6 mo. HLA = hori-

zontal long axis; SA = short axis; VLA = vertical long axis.
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whereas peak troponin T, LVEF, and GLS
predicted indexed SUV . (Table 4).

[**Ga]Ga-NODAGA-RGD Uptake and LV
Function at Follow-up

In univariable analysis, indexed [**Ga]Ga-
NODAGA-RGD SUV,,,, in the AAR, peak
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FIGURE 2. At baseline, segmental uptake of [*3Ga]Ga-NODAGA-RGD
was higher in AAR than in remote myocardium and was highest in seg-
ments with myocardial injury (longitudinal strain < 13.5%).

troponin T, peak NT-proBNP, and baseline LVEF predicted improve-
ment of GLS adjusted for baseline (Table 5). Neither time from
symptom onset to revascularization nor the postrevascularization
thrombolysis in myocardial infarction flow grade predicted improve-
ment of GLS. In multivariable analysis, indexed SUV ;. in the AAR
was the only independent predictor of improvement of GLS at
follow-up (P = 0.002, Fig. 4).

.
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FIGURE 3. (A) Segmental uptake of [*®Ga]Ga-NODAGA-RGD inversely
correlated with LS (r = —0.0355, P < 0.001). (B) Increased NT-pro-BNP
level predicted [*®Ga]Ga-NODAGA-RGD SUV ax in AAR (P < 0.001).
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Although associated with global LV function improvement,
indexed SUV .« was not associated with improvement of LS in the
AAR in 26 patients with myocardial injury at baseline (P = 0.7).
Furthermore, segmental [*3Ga]Ga-NODAGA-RGD SUV did not
correlate with change in LS in injured segments in the AAR (P = 0.2).

DISCUSSION

We found that uptake of [*3Ga]Ga-NODAGA-RGD increased
in the myocardium distal to the culprit lesion of the infarct-related
artery (AAR) in patients with recent ST-elevation AMI. Uptake of
[®8Ga]Ga-NODAGA-RGD was associated with myocardial injury,
regional and global LV systolic dysfunction, and increased LV
filling pressure. Furthermore, the intensity of [**Ga]Ga-NODAGA-
RGD uptake was associated with improvement in global LV
function at the 6-mo follow-up. These results indicate that
[*Ga]Ga-NODAGA-RGD PET provides information about the
severity of acute ischemic myocardial injury and the potential for
recovery of LV function.

Earlier studies demonstrated the feasibility of noninvasive
nuclear imaging of «,[3; integrin expression using radiolabeled
tracers containing the RGD motif after recent AMI (5—13). Early
after AMI, o33 integrin is expressed by vascular endothelial cells
(4), and uptake of RGD-based tracers correlates with neovasculari-
zation (5—13). However, o35 integrin has also been implicated in
mediating the macrophage response to inflammatory signals (/8)
and myofibroblast differentiation through the activation of trans-
forming growth factor B1 (/9), which may be also targeted by
RGD-based tracers late after AMI (20). Thus, o,f; integrin
expression may provide information about the activation of the
repair process after ischemic myocardial injury, but its utility as an
imaging biomarker after human AMI remains uncertain.

Uptake of [®®Ga]Ga-NODAGA-RGD After Myocardial Infarction

68Ga-RGD tracers were previously demonstrated to accumulate
in areas of injured myocardium in experimental models of ische-
mic myocardial injury and to correlate with o33 integrin expres-
sion (8,10). In this study, we found consistently increased uptake
of [*¥Ga]Ga-NODAGA-RGD in the ischemic AAR at less than
14 d after AMI, a finding that is in line with previous studies
showing accumulation of RGD-based tracers as early as 3 d after
ischemic myocardial injury and then a peak at 1-3 wk (6). Uptake
of [*Ga]Ga-NODAGA-RGD was sometimes also observed adja-
cent to the AAR, as is consistent with previous evidence showing
uptake of RGD-based tracers extending into the periinfarct zone
(12,21). In contrast to AMI, accumulation of RGD-based tracers
was not found in patients with chronic coronary total occlusion
(12) or old myocardial infarction (/7,12,21).

We found that the highest segmental uptake of [*3Ga]Ga-
NODAGA-RGD (SUV,,,x) was 1.43-fold higher than the SUV pean
in the remote myocardium, which is similar to previous studies using
different RGD-based tracers (1.34-2.33) (//-13). Using a rat model
of AMI, we previously found that measurement of SUV using static
images showed comparable results to kinetic modeling of the distri-
bution volume of [*Ga]Ga-DOTA-RGD uptake, thereby simplifying
in vivo analysis (9). We also measured [**Ga]Ga-NODAGA-RGD
uptake corrected for both MBF and perfusable tissue fraction
(indexed SUV,,,y) to account for reduced MBF and reduced dis-
tribution volume due to loss of viable tissue (22). Developments
in scanner technology and motion correction algorithms may
further facilitate quantification of the [*®Ga]Ga-NODAGA-RGD
signal.
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TABLE 3
[68Ga]Ga-NODAGA-RGD and ['°0]O-Water PET Data

Parameter AAR Remote area P

[?8Ga]Ga-NODAGA-RGD SUVmax 0.727 +0.16 0.529 + 0.14 <0.001
[?8Ga]Ga-NODAGA-RGD SUVmean 0.652 +0.15 0.511 £ 0.11 <0.001
Mean MBF 0.732 +0.23 0.827 =0.23 <0.001
Indexed [*8Ga]Ga-NODAGA-RGD SUV ax 1.263 = 0.64 0.789 +£0.24 <0.001

Data are mean *+ SD.

Determinants of [*®Ga]Ga-NODAGA-RGD Uptake

Uptake of [*Ga]Ga-NODAGA-RGD colocalized with injured
myocardial areas based on reduced systolic LS on echocardiogra-
phy and correlated with the degree of LS reduction after AMI. In a
previous study, LS reduction was associated with the transmurality
of myocardial injury according to late gadolinium enhancement on
cardiac MRI (/7). Thus, our findings are consistent with experi-
mental (/0) as well as clinical studies that found colocalization
of RGD-based tracer uptake with resting myocardial perfusion
defects (11,13,21), hypokinesia (12), and late gadolinium enhance-
ment (/2,21). In line with previous studies using other RGD-based
tracers (12,21), [°8Ga]Ga-NODAGA-RGD uptake was also pre-
sent in the periinfarct border zone and in 5 patients without wall
motion abnormality at the time of the PET scan, indicating that it
is a sensitive marker of recent ischemic myocardial injury.

Myocardial infarct size determined by peak troponin was not an
independent predictor of the indexed [*®Ga]Ga-NODAGA-RGD
SUV % indicating that o33 integrin expression is also dependent
on factors other than the extent of myocardial injury. Our finding

is consistent with no association between uptake of another RGD-
based tracer and infarct size quantified by cardiac MRI early after
AMI (12). However, other studies reported correlations between
uptake of other RGD-based tracers and infarct size late after AMI
(31 £ 14 d and 8 wk) (13,21). Furthermore, an inverse relationship
between !3F-galacto-RGD uptake and resting MBF has been
reported (13). In our study, uptake of [**Ga]Ga-NODAGA-RGD
did not correlate with overall MBF in the AAR consisting of a
mixture of injured and noninjured myocardium but was associated
with preserved MBF in the periinfarct border zone.

A novel finding in the present study is that in addition to LV
dysfunction in the AAR, reduced LVEF, impaired GLS, and high
NT-proBNP were independent predictors of [*®Ga]Ga-NODAGA-
RGD uptake. These findings are consistent with the key roles
of hemodynamic stress and pressure overload in modifying the
responses of different cell types toward maintenance of cardiac
function after injury (/). Taken together, our results are consistent
with the increased expression of «, 35 integrin after ischemic myo-
cardial injury and with the intensity of [**Ga]Ga-NODAGA-RGD

TABLE 4
Predictors of [?®Ga]Ga-NODAGA-RGD Uptake in AAR After AMI

Univariable analysis

Multivariable analysis

Predictor B coefficient R coefficient P B coefficient R coefficient P
SUVmax
Age 0.001 (—0.005-0.008) 0.077 0.6
Peak troponin T 0.002 (0.001-0.003) 0.603 <0.001
Peak NT-proBNP 0.001 (0.001-0.002) 0.605 <0.001 0.001 (0.001-0.002) 0.605 <0.001
Baseline LVEF —0.008 (—0.016-0.000) —0.348 0.055
Baseline GLS 0.016 (0.004-0.028) 0.447 0.01
AAR LS 0.010 (0.001-0.020) 0.394 0.02
Indexed SUVax
Age —0.002 (—0.030-0.026) —0.033 0.8
Peak troponin T 0.011 (0.008-0.015) 0.765 <0.001 0.008 (0.005-0.012) 0.542 <0.001
Peak NT-proBNP 0.004 (0.002-0.007) 0.561 0.002
Baseline LVEF —0.067 (—0.093-0.041) —-0.701 <0.001 —0.045 (—0.067-0.023) -0.476 <0.001
Baseline GLS 0.106 (0.069-0.143) 0.741 <0.001 0.061 (0.014-0.109) 0.422 0.01
AAR LS 0.071 (0.040-0.101) 0.668 <0.001 0.035 (—0.002-0.071) 0.315 0.059

Data in parentheses are 95% CI. Covariates in multivariable model were peak troponin T, peak NT-proBNP, and either LVEF, GLS, or
AAR longitudinal strain. Peak troponin T is for 100-unit increment, and peak NT-proBNP is for 10-unit increment.
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TABLE 5
Predictors of LV Function Improvement at Follow-up

Predictor B coefficient R coefficient P

Improvement in LVEF*
Age 0.004 (—0.001-0.009) 0.272 0.1
Peak troponin T 0.000 (—0.001-0.001) —0.071 0.7
Peak NT-proBNP 0.000 (—0.001-0.000) -0.228 0.2
SUVax in AAR 0.004 (—0.309-0.316) 0.005 0.9
Indexed SUV, o« in AAR 0.047 (—0.031-0.125) 0.233 0.2
Baseline GLS 0.007 (—0.003-0.018) 0.260 0.1

Improvement in GLS*
Age 0.010 (—0.006-0.025) 0.232 0.2
Peak troponin T 0.004 (0.002-0.007) 0.519 0.003
Peak NT-proBNP 0.002 (0.000-0.004) 0.435 0.02
SUVax in AAR 0.666 (—0.190-1.523) 0.288 0.1
Indexed SUV o« in AAR 0.319 (0.128-0.510) 0.550 0.002
Baseline LVEF —0.023 (—0.042-0.004) —0.423 0.02

*Adjusted for baseline. Peak troponin T is for 100-unit increment and peak NT-proBNP is for 10-unit increment.

Data in parentheses are 95% CI.

uptake reflecting both regional and global LV dysfunction, as well
as increased LV filling pressure. Since global LV remodeling and
dysfunction are robust risk factors for heart failure and mortality
after AMI (1,23), our findings indicate that [**Ga]Ga-NODAGA-
RGD uptake is a potentially relevant prognostic biomarker.

Uptake of [®®Ga]Ga-NODAGA-RGD and Ventricular Function
After AMI

Despite improvements in acute management, AMI remains one
of the most important causes of chronic heart failure (/). Early
detection of myocardial responses to injury could provide the
opportunity for targeting and monitoring therapies, such as thera-
peutic angiogenesis, to attenuate adverse LV remodeling and sys-
tolic dysfunction (/,3,24). A novel finding of our study is that
increased indexed [*®Ga]Ga-NODAGA-RGD SUV,,,« was associ-
ated with improvement in global LV function at follow-up,

R=10.55
P=0.002
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FIGURE 4. At follow-up, [°®Ga]Ga-NODAGA-RGD SUV,ay in AAR pre-
dicted improvement of global longitudinal strain.
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independently of peak troponin T, elevated NT-proBNP, and
impaired LVEF. Our finding is in line with preclinical and clinical
data suggesting that increased o33 integrin expression after AMI
predicts improvement of regional LV function (/2) and the absence
of adverse remodeling (7,21). However, in our study, [*®Ga]Ga-
NODAGA-RGD was not directly associated with the functional
outcome of the myocardium in the AAR. This finding may be
explained by the functional outcome’s being dependent mainly on
the extent of irreversible myocardial injury whereas the repair pro-
cesses affect viable surrounding myocardium, impacting adverse
LV remodeling and global LV function (7).

Limitations of Study

We studied patients within 3—14 d after AMI on the basis of
experimental studies indicating that «,[3; integrin expression peaks
at 1-3 wk after AMI (6). There was no difference in the uptake
of [*®Ga]Ga-NODAGA-RGD between patients scanned before
versus after 7 d after AMI, indicating relatively stable uptake at
this time. Our ability to detect associations between the uptake of
[®Ga]Ga-NODAGA-RGD and changes in LV structure and func-
tion may have been limited by the modest degree of changes and
limited number of patients with significant LV remodeling despite
a relatively long time from symptom onset to revascularization.
Furthermore, cardiac MRI could have provided more precise quan-
tification of cardiac structure and function than echocardiography
despite a standardized, predefined protocol. The predictive value
of endothelial progenitor cells, proposed to contribute to angiogen-
esis, versus [**Ga]Ga-NODAGA-RGD PET for functional recov-
ery remains to be explored in future studies. Although a formal
power calculation was not feasible, the sample size of 30 patients
would be sufficient—on the basis of a previous experimental study
(7)—to detect differences in tracer uptake between those with and
without significant remodeling.
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CONCLUSION

In patients with AMI, [®Ga]Ga-NODAGA-RGD uptake was
increased in the ischemic AAR, correlating with the extent of
myocardial injury, global and regional LV dysfunction, and LV
filling pressure. Furthermore, [*®Ga]Ga-NODAGA-RGD uptake
predicted global LV function improvement at the midterm follow-up.
These results suggest that targeted imaging of o,B; integrin is a
potential approach to evaluate myocardial injury responses after AML
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KEY POINTS

QUESTION: We prospectively evaluated determinants of
[®®Ga]Ga-NODAGA-RGD uptake, a PET tracer targeting o83
integrin, after myocardial infarction and its associations with LV
function at follow-up.

PERTINENT FINDINGS: In 31 patients with AMI, [(®Ga]Ga-
NODAGA-RGD uptake increased in the ischemic AAR early after
myocardial infarction, and this increase was associated with

the severity of myocardial injury, LV systolic dysfunction, and
increased LV filling pressure. Increased [*Ga]Ga-NODAGA-RGD
uptake predicted improvement of global LV function.

IMPLICATIONS FOR PATIENT CARE: Uptake of [*®Ga]Ga-
NODAGA-RGD is a potentially relevant prognostic biomarker in
AMI and might identify patients who could benefit from therapeu-
tic interventions aimed at improving myocardial repair after AMI.
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Automated Motion Correction for Myocardial Blood Flow
Measurements and Diagnostic Performance of 2Rb PET

Myocardial Perfusion Imaging
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Motion correction (MC) affects myocardial blood flow (MBF) measure-
ments in #Rb PET myocardial perfusion imaging (MPI); however,
frame-by-frame manual MC of dynamic frames is time-consuming.
This study aims to develop an automated MC algorithm for time—
activity curves used in compartmental modeling and compare the pre-
dictive value of MBF with and without automated MC for significant
coronary artery disease (CAD). Methods: In total, 565 patients who
underwent PET-MPI were considered. Patients without angiographic
findings were split into training (7 = 112) and validation (n = 112)
groups. The automated MC algorithm used simplex iterative optimiza-
tion of a count-based cost function and was developed using the
training group. MBF measurements with automated MC were com-
pared with those with manual MC in the validation group. In a separate
cohort, 341 patients who underwent PET-MPI and invasive coronary
angiography were enrolled in the angiographic group. The predictive
performance in patients with significant CAD (=70% stenosis) was
compared between MBF measurements with and without automated
MC. Results: In the validation group (n = 112), MBF measurements
with automated and manual MC showed strong correlations (- = 0.98
for stress MBF and r = 0.99 for rest MBF). The automatic MC took
less time than the manual MC (<12s vs. 10min per case). In the
angiographic group (n = 341), MBF measurements with automated
MC decreased significantly compared with those without (stress
MBF, 2.16 vs. 2.26 mL/g/min; rest MBF, 1.12 vs. 1.14 mL/g/min; MFR,
2.02 vs. 2.10; all P < 0.05). The area under the curve (AUC) for the
detection of significant CAD by stress MBF with automated MC was
higher than that without (AUC, 95% ClI, 0.76 [0.71-0.80] vs. 0.73
[0.68-0.78]; P < 0.05). The addition of stress MBF with automated
MC to the model with ischemic total perfusion deficit showed higher
diagnostic performance for detection of significant CAD (AUC, 95%
Cl, 0.82 [0.77-0.86] vs. 0.78 [0.74-0.83]; P = 0.022), but the addition
of stress MBF without MC to the model with ischemic total perfusion
deficit did not reach significance (AUC, 95% CI, 0.81 [0.76-0.85] vs.
0.78 [0.74-0.83]; P = 0.067). Conclusion: Automated MC on ®?Rb
PET-MPI can be performed rapidly with excellent agreement with
experienced operators. Stress MBF with automated MC showed sig-
nificantly higher diagnostic performance than without MC.

Key Words: motion correction; myocardial perfusion imaging; myo-
cardial blood flow; PET; rubidium
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PET myocardial perfusion imaging (PET-MPI) with pharma-
cologic stress can assess absolute myocardial blood flow (MBF),
which relates to disease severity in patients with coronary artery
disease (CAD) (/). Myocardial motion is frequently observed dur-
ing pharmacologic stress PET-MPI and can significantly affect
MBF measurements (2—6). Hence, motion correction (MC) is cru-
cial to obtain reliable MBF measurements by PET-MPI (3,7). We
recently showed that the diagnostic performance of stress MBF
and myocardial flow reserve (MFR) computed with the compart-
mental model and manual MC of time—activity curves was supe-
rior for predicting significant CAD when compared with stress
MBF and MFR without correction in '®F-flurpiridaz PET-MPI (8).
However, frame-by-frame manual adjustment of image positions
to correct time—activity curves is tedious and operator-dependent.
This manual step adds difficulty to highly complex cardiovascular
PET protocols. Recent studies showed that the automated MC
yields MBF measurements similar to those of manual MC and
improves repeatability and reproducibility (9,/0). However, the
diagnostic performance of MBF measurements with automated
MC for predicting significant CAD compared with those without
MC has not been studied.

We aimed to develop an automated MC algorithm for MBF
quantification, compare MBF measurements with automated MC
to those with manual MC, and assess the predictive performance
of MBF with automated MC compared with MBF without MC for
significant CAD by invasive coronary angiography (ICA).

MATERIALS AND METHODS

Study Population

To develop and validate the automated MC algorithm, 224 patients
who underwent stress and rest *?Rb PET-MPI at Cedars-Sinai Medical
Center were retrospectively selected. The 224 patients were split into
a training (n = 112) and a validation group (n = 112). Apart from this
population, 341 consecutive patients without a history of prior CAD
who underwent 82Rb PET-MPI and ICA within 6 mo at Cedars-Sinai
Medical Center from 2011 to 2018 were enrolled as an angiographic
group. The study complies with the Declaration of Helsinki and was
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approved by the institutional review board at Cedars-Sinai Medical
Center. All participants gave informed consent.

ICA

Significant CAD was visually evaluated using ICA by an experi-
enced interventional cardiologist. Significant CAD was defined as hav-
ing at least 50% stenosis in the left main trunk or at least 70% stenosis
in the left anterior descending artery, left circumflex artery, or right
coronary artery (RCA). For per-vessel analysis, significant left main
trunk CAD was considered a disease in the left anterior descending
and left circumflex arteries.

PET Protocol

Same-day, rest, and pharmacologic stress **Rb PET-MPI studies
were performed for all patients on a Biograph 64 PET/CT scanner
(Siemens Healthineers) or a Discovery 710 scanner (GE Healthcare).
A 6-min rest list-mode acquisition was started immediately before the
injection of weight-based doses of 10-12 MBg/kg of ¥*Rb (925-1,850
MBq [25-50mCi]). Pharmacologic stress with regadenoson, adeno-
sine, or dipyridamole was performed, and a 6-min stress imaging
acquisition was simultaneously initiated with the start of the 3*Rb infu-
sion (10-12 MBg/kg). A low-dose helical CT scan was acquired
before each rest and stress PET scan for attenuation correction as pre-
viously described (/7).

Reconstruction

PET images were reconstructed using standard PET corrections
(attenuation, randoms, scatter, dead time, decay). The 6-min list-mode
data were reconstructed into 16 frames (12 frames, 10s; 2 frames,
30s; 1 frame, 60s; and 1 frame, 1205s).

Automated Myocardial Contour Positioning

Left ventricular (LV) and right ventricular (RV) contours were auto-
matically segmented from the summed image data from the last 4 min
of the 6-min list-mode acquisition by QPET software (Cedars-Sinai)

(12). PET images were automatically reoriented into short-axis and ver-
tical and horizontal long-axis views. Quality control for all myocardial
contours was performed by experienced technologists. Stress and
rest total perfusion deficit was derived automatically using QPET soft-
ware (12).

Manual MC

MC for the LV contour was performed manually in 1-mm steps at
stress and rest to align the myocardial tracer uptake frame by frame by
2 experienced operators. For each frame, the operators shifted the
image position to match the position of the LV contour. The third
experienced operator reviewed the motion-corrected data and recon-
ciled the MC results by a consensus with each operator. The MC in
millimeters was quantified in 3 orthogonal directions (septal-lateral,
superior—inferior, and apical-basal).

Automated MC

The motion of the heart in 3-dimensional space was automatically
detected on each frame using the automatically segmented LV and RV
contours as references. The image of each frame was translated in all
3 axes (septal-lateral, superior—inferior, and apical-basal directions)
by the algorithm to align with the static contours. A previous study
showed that over 5mm of myocardial motion can lead to significant
alterations in the MBF measurements (/3), so we defined significant
myocardial motion as a maximum shift greater than 5 mm in an acqui-
sition. All cases were processed in a fully automated batch mode.

Algorithm for Automated MC

The LV and RV contours generated by segmenting the summed
image of the last 4 min of the acquisition were used to define a static
3-dimensional geometric model of the ventricles, which included the
endocardial and epicardial surfaces of the left and right ventricles, the
cavities within the endocardial surfaces, and the myocardium between.
Our automated MC algorithm was based on aligning individual image
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FIGURE 1.

Mean automated and manual MC on stress (top) and rest (bottom) acquisition per phase in validation group. Solid lines indicate means,

and shaded areas indicate 95% Cls (blue for automated and red for manual MC).
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FIGURE 2. Correlation and Bland-Altman plots between MBF measurements with automated
and manual MC in validation group for global stress MBF (mL/g/min) (top) and global rest MBF

(mL/g/min) (bottom).

frames to this geometric model using 3-dimensional rigid-body trans-
lations. Stress and rest acquisitions were corrected independently.

For image frames in the LV blood-pool phase, the LV myocardium
phase, and the transition between, 3 key frames based on the time—
activity curves of the LV input region of interest (ROI) and LV myo-
cardium were identified: an LV blood-pool peak frame where the LV
input ROI activity curve had a maximal value, an LV blood-pool and
myocardium crossover frame where the LV input ROI and LV

rately align each of these 3 key frames of the
kinetic study to the model as follows: LV
blood-pool peak, where tracer activity was
expected to concentrate in the cavity within
the LV endocardial surface; LV blood-pool
and myocardium crossover, where activity
was expected to fill both the LV cavity and myocardium; and end
of acquisition, where activity was concentrated within the LV
myocardium.

For each frame between the LV peak and LV crossover key frames,
the 2key frames were linearly blended into a synthetic reference using
the ratios of total counts in the LV myocardium to counts in the LV
input ROI as weights. Similarly, a synthetic reference was generated
for each frame between the LV crossover and the end of acquisition

TABLE 1

Patient Characteristics of Angiographic Group

Parameter Overall Significant CAD No significant CAD P
n 341 206 (60.4) 135 (39.6)
Age (y) 71.3x12.2 735*=11.5 68.0+=12.6 <0.001
Male sex 229 (67.2) 142 (68.9) 87 (64.4) 0.411
Body mass index (kg/m?) 28.5+6.7 28.0*+6.1 292+7.4 0.127
Hypertension 260 (76.2) 161 (78.2) 99 (73.3) 0.362
Dyslipidemia 214 (62.8) 130 (63.1) 84 (62.2) 0.909
Diabetes 122 (35.8) 74 (35.9) 48 (35.6) 0.999
Family history of CAD 50 (14.7) 29 (14.1) 21 (15.6) 0.755
Smoking 31 (9.1) 14 (6.8) 17 (12.6) 0.083
PVD 38 (11.1) 29 (14.1) 9 (6.7) 0.035
History of CAD 0 (0) 0 (0) 0 (0)
Stress agent

Regadenoson 324 (95.0) 196 (95.1) 128 (94.8) 0.576

Adenosine 16 (4.7) 10 (4.9) 6 (4.4)

Dipyridamole 1(0.3) 1(0.7) 0 (0)

PVD = peripheral vascular disease.

Categoric values are expressed as n with percentage in parentheses; continuous values are expressed as mean =+ SD.
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TABLE 2
ICA Results in Angiographic Group (n = 341)

Result Number
Significant LM disease 12 (3.5%)
Significant LAD disease 137 (40.2%)
Significant LCX disease 90 (26.4%)

Significant RCA disease
Significant CAD

112 (32.8%)
206 (60.4%)

LM = left main trunk; LAD = left anterior descending artery;
LCX = left circumflex artery.

by the same linear blending process. These in-between frames were
then registered to the references using simplex maximization of the
mutual information criterion (/4).

Lastly, image frames in the RV phase before the LV blood-pool
phase, which were defined as any frames at or after the RV input ROI
peak and before the LV input ROI peak, were individually registered
to the geometric model using a fourth similarity metric designed to
align the activity with the right ventricle while minimizing counts in
the LV myocardium.

MBF and MFR Quantification

Rest and stress MBF was calculated by clinical software (QPET)

with a 1-tissue-compartment kinetic model (/5). MBF and the spill-
over fraction from the blood to the myocardium were computed by

numeric optimization. Stress and rest MBF values in mL/g/min were
computed for each sample on the polar map. The rate—pressure prod-
uct (RPP) was calculated by heart rate (bpm) times systolic blood
pressure (mmHg) and used for rest MBF adjustment in the angio-
graphic group by (rest MBF X RPP average)/RPP. The average RPP
value in the angiographic group was 9,720 bpm X mm Hg (/6). MFR
was computed as the ratio of stress over the rest MBF adjusted by
RPP. All MBF values were calculated automatically in batch mode.

Diagnostic Performance for Predicting Significant CAD

To evaluate the diagnostic performance for significant CAD, mini-
mal vessel stress MBF or MFR (lowest stress MBF or MFR value
in the left anterior descending artery, left circumflex artery, and RCA
territories) was used.

Statistical Analysis

Categoric variables are presented as frequencies, and continuous
variables as mean = SD or median and interquartile ranges. Variables
were compared using the Pearson x> statistic for categoric variables.
For continuous variables, a 2-sample ¢ test was used to compare
unpaired samples, and a paired ¢ test was used to compare paired sam-
ples. The correlation of stress and rest MBF values between automated
and manual MC was assessed using Pearson correlation analysis and
Bland-Altman plots. Homogeneity of variances between automated
and manual MC was checked by the Levene test for stress and rest
MBF. The diagnostic performance of minimal vessel stress MBF,
MFR, and ischemic total perfusion deficit (iTPD) (stress total perfu-
sion deficit — rest total perfusion deficit) for predicting significant
CAD was evaluated by pairwise comparisons of the areas under the
receiver operating characteristic curve (AUC) by DeLong et al. (/7)
and paired binary comparisons using a threshold of 2.0 mL/g/min for
MBF and 2.0 for MFR (/8) by the McNemar test (/9). Since minimal

TABLE 3
Global and Territorial MFR, Stress MBF, and Rest MBF According to Myocardial Motion in Angiographic Group

Overall (n = 341) Motion = 5mm at stress* Motion > 5mm at stress’

Parameter Auto MC No MC P Auto MC No MC P Auto MC No MC P
MFR

Global 2.02+0.85 2.10*+0.85 <0.001 1.99+0.77 198*+0.76 0.788 2.04*+0.89 2.15*+0.89 <0.001

LAD 2.02+0.89 2.00+0.89 0.201 2.02+0.82 1.98+0.80 0.071 2.02+0.93 2.01=+0.93 0.554

LCX 2.00+0.82 2.04*=0.80 0.009 1.94+0.72 1.93+0.69 0.521 2.03+0.86 2.12+0.87 0.002

RCA 2.06+093 223*+1.02 <0.001 2.00+0.84 2.04+0.88 0.141 2.08*x0.89 2.29*+1.03 <0.001
Stress MBF

Global 216*+0.86 2.26*+0.86 <0.001 227*x0.87 229*090 0.229 211*0.85 225*0.84 <0.001

LAD 2.19+091 2.21+0.93 0232 233x0.92 232x095 03861 2.12*x091 2.15*x0.91 0.175

LCX 219+0.85 230*+0.86 <0.001 227*+0.85 230*+0.88 0.085 2.16+0.86 2.30+0.85 <0.001

RCA 2.11+£0.89 228+095 <0.001 220+0.92 224+097 0.117 2.07*=0.87 230*+0.95 <0.001
Rest MBF

Global 1.12+042 1.14=+0.41 0.021 1.18+044 1.18+0.44 0.241 1.05*+0.38 1.07*=0.37 0.042

LAD 1.14+044 1.17+0.44 <0.001 1.19+046 1.21+0.45 0.005 1.08=0.39 1.11+0.41 0.008

LCX 1.15+0.42 1.17+0.42 0.002 1.20+045 1.21+0.45 0.110 1.07+0.37 1.10+0.37 0.009

RCA 1.08 +0.42 1.08 +0.42 0.474 1.14+=044 1.13+0.44 0.262 1.00+0.39 1.00=0.38 0.963

*n = 106 for MFR and stress MBF but 202 for rest MBF.
Tn = 235 for MFR and stress MBF but 139 for rest MBF.
LAD = left anterior descending artery; LCX = left circumflex artery.

MBF measurements according to significant myocardial motion, myocardial motion greater than 5 mm.
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vessel stress, MBF, and MFR showed higher diagnostic performance
than global stress MBF and MFR, we used minimal vessel stress MBF
and MFR to assess the diagnostic performance (8). The vascular terri-
torial segmentation was based on standardized myocardial segmenta-
tion (20). A 2-tailed P value of less than 0.05 was considered
statistically significant. All statistical analyses were performed with R
version 4.2.0 (R Foundation for Statistical Computing) or MedCalc
version 20.210 (MedCalc Software).

RESULTS

Comparison of Stress and Rest MBF with Automated MC and
Manual MC Table

Figure 1 shows the mean MC and 95% CI per frame for stress
and rest imaging in each direction in the validation group. Although
the direction of MC was similar between automated and manual
MC, the variances (ranges of the adjustment) were greater for the
automated software (all P < 0.005). Supplemental Figure 1 shows
the scatterplots of the automated and manual MC per frame for stress
and rest imaging (supplemental materials are available at http://jnm.
snmjournals.org). MC at stress in the inferior direction, especially
in the early phase, was greater than in the other directions (Fig. 1;
Supplemental Fig. 1). The processing time of the automatic MC was
less than 12s, which was faster than the manual MC, which took
approximately 10 min per case. Figure 2 shows the correlation and
Bland-Altman plots between stress and rest MBF with automated
and manual MC. Strong correlations between automated and manual
MC were seen in the stress MBF (» = 0.98, P < 0.001) and the rest
MBF (r = 0.99, P < 0.001). There was no significant difference
between stress and rest MBF with automated and manual MC
(P = 0.068 for stress MBF and P = 0.157 for rest MBF).

Patient Characteristics of the Angiographic Cohort

The baseline characteristics of the angiographic group are
shown in Table 1. The mean age was 71y, and 67% (229/341)
were male. The mean interval between the PET-MPI and ICA was
19 d, and 60% (206/341) of patients had significant CAD. Table 2
shows the results of the ICA.

Comparison Between MBF and MFR With and Without
Automated MC

Similar to the validation group, myocardial motion in the inferior
direction, especially in the early phase at stress, was greater than in
the other directions in the angiographic group (Supplemental Fig. 2).
The MFR and stress and rest MBF measurements before and after
MC for global and each vascular territory measurement are shown in
Table 3. Overall, mean flow measurements and SD were lower for
those with automated MC than without MC (Table 3). In the angio-
graphic group, 52 of 341 (15.2%) and 62 of 341 (18.2%) patients
had a change of more than 20% before and after MC in global stress
MBF and global MFR, respectively. Among the 3 vascular territo-
ries, the stress MBF and MFR in the RCA territory showed the
largest decrease after automated MC compared with those without
MC (mean stress MBF in RCA, 2.11 = 0.89 mL/min/g vs. 2.28 =
0.95mL/min/g; P < 0.001; mean MFR in RCA, 2.06 +0.93 vs.
223 +1.02; P < 0.001) (Table 3). When patients were divided into
groups with and without myocardial motion greater than 5 mm, those
with greater myocardial motion showed larger differences in flow
measurements before and after MC than those with less myocardial
motion (Table 3). Myocardial motion over 5mm was observed in
69% (235/341) of patients at stress and 41% (139/341) at rest
(Table 3). Global and territorial spillover fractions for stress and
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Stress time activity curve

- Blood input

FIGURE 3. Case example of automated MC in patient with significant
myocardial motion: early dynamic images before (above) and after (below)
automated MC. LV contours before MC were automatically computed
from summed frames after 2min. Before correction, inferior LV contour
overlapped substantially with activity of blood pool, and anterior LV con-
tour was far from actual LV myocardium (orange arrows). Time-activity
curve shows LV myocardial activities are overestimated before MC (red
curve). Curves were corrected after automated MC (blue arrows); how-
ever, myocardial contours after automated MC contain some remaining
activity at apex. Middle graph shows MC results for each direction and
each frame (maximum magnitude of MC was 19.9mm at stress and
6.3mm at rest). Global MFR decreased from 2.90 to 1.33 after MC.
Although patient showed normal perfusion, coronary angiography showed
significant stenosis in proximal left anterior descending (LAD) artery and
RCA (Supplemental Fig. 3). Ant = anterior; Apx = apical; Bas = basal;
HLA = horizontal long axis; Inf = inferior; Lat = lateral; SA = short axis;
Sep = septal; VLA = vertical long axis.

rest images were lower for images with automated MC than for
those without (Supplemental Table 1). Figure 3 and Supplemental
Figure 3 show a case example of a significant change in flow mea-
surements before and after automated MC.

Diagnostic Performance of Stress MBF and MFR With and
Without Automated MC

The AUC of minimal vessel stress MBF with automated MC
for predicting significant CAD was significantly higher than that
without MC (AUC, 0.76 vs. 0.73; P = 0.047) (Fig. 4). The AUC
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the addition of stress MBF without MC to
iTPD alone did not (AUC, 0.81 vs. 0.78;
P = 0.067) (Fig. 6). Similar findings were
observed when using minimal vessel MFR
(Supplemental Fig. 6).

DISCUSSION
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FIGURE 4. Diagnostic performance of minimal vessel stress MBF for prediction of significant CAD
in angiographic group in all patients (A), patients without significant myocardial motion (B), and those

with significant myocardial motion (C).

of minimal vessel MFR with automated MC was trending higher
than that without MC (AUC, 0.74 vs. 0.72; P = 0.073) (Supple-
mental Fig. 4). When the patients were stratified into groups with
and without motion greater than 5 mm at stress (n = 235), a myo-
cardial motion greater than 5 mm trended toward higher AUC by
stress MBF with automated MC than that without MC (AUC, 0.74
vs. 0.71; P = 0.056), but the AUCs with and without automated
MC were comparable in patients with myocardial motion less than
5mm (AUC, 0.78 vs. 0.77; P = 0.148) (Fig. 4).

Figure 5 shows the sensitivity and specificity for predicting signifi-
cant CAD by minimal vessel stress MBF with and without auto-
mated MC using the threshold of 2.0 mL/g/min. The sensitivity using
automated MC was significantly higher than that without (75.2% vs.
68.4%; P = 0.002). Overall, the minimal vessel stress MBF mea-
surements with automated MC performed significantly better than
without MC (difference, 5.9% [95% CI, 2.5%-9.3%]; P = 0.001)
(Supplemental Table 2). Supplemental Figure 5 shows the results of
the same analysis using minimal vessel MFR. Although there was no
significant difference for sensitivity (77.7% vs. 77.2%, P = 0.999),
the specificity using automated MC was significantly higher than that
without MC (57.0% vs. 49.6%, P = 0.021). Overall, minimal vessel
MFR measurements with automated MC tended to agree better with
ICA; however, the difference was not significant (difference, 3.2%
[95% CI, —0.1%—6.5%]; P = 0.080) (Supplemental Table 3).

The addition of minimal vessel stress MBF with automated
MC to the model with iTPD alone improved discrimination for
predicting significant CAD (AUC, 0.82 vs. 0.78; P = 0.022), but

mm Auto MC
100 mm= No MC
P =0.002 B
80 —_—
60
40
75.2 68.4 65.2
20
0
Sensitivity Specificity

FIGURE 5. Sensitivity and specificity for predicting significant CAD by
minimal vessel stress MBF of 2.0 mL/g/min in angiographic group.
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pared, for the first time to our knowledge,
the diagnostic performance of MBF mea-
surements with automated MC to those
without MC. The main findings of this study
are as follows: in the validation group, there
were strong correlations and no significant difference between MBF
measurements with automated and manual MC; in the angiographic
group, MBF measurements decreased significantly after automated
MC compared with those before MC; minimal vessel stress MBF
with automated MC showed higher diagnostic performance for pre-
dicting significant CAD; and adding stress MBF with automated MC
to the model with only iTPD significantly improved the diagnostic
performance, but adding stress MBF without MC did not.

In the validation group, stress and rest MBF results with auto-
mated MC were strongly correlated with manual MC by experienced
operators (r > 0.95), and there was no significant difference between
those (P > 0.05). These results were in line with previous studies
using automated MC by different software (9,/0). In addition, the
processing time of the automatic MC was shorter than that of the
manual MC (<12s vs. 10min per case). Thus, MBF quantification
using automatic MC software could be incorporated into clinical
practice, reducing cardiovascular PET protocol complexity. Our
algorithm performs the rigid-body translation. It is possible that
excluding rotational correction may lead to suboptimal MC espe-
cially for the patients with rotational heart motion. However, the
degree of rotational correction is usually small. In previous studies, it
was reported to be less than 2° for over 90% of patients (21). It is
unclear how the addition of rotational MC to a simple 3-dimensional
translational MC affects the MBF measurements. Adding rotational
correction may provide an optimal MC, especially for the patients
with rotational motion of the heart; however, the addition of rota-
tional correction is complicated and may not be suitable for MC in
daily clinical settings because of time-consuming quality checks. The
algorithm was designed to automate only the steps that are currently
performed manually by the clinicians, so in the case of failure, they
could be easily adjusted by a human operator. In the angiographic
group, we compared MBF measurements before and after automated
MC. Overall, MBF measurements with automated MC decreased
significantly compared with those without automated MC, which is
consistent with prior studies (3,4,9). The most significant changes in
the MBF and MFR were in the RCA territory (Table 3), consistent
with previous studies (4,9). The etiology of myocardial motion dur-
ing dynamic scanning is considered to be primarily myocardial creep
(22). Previous studies showed that up to 66% of patients undergoing
pharmacologic stress dynamic PET-MPI showed significant myocar-
dial motion (>5 mm) or myocardial creep during dynamic scans, pri-
marily in the inferior direction (3—6). This largely inferior direction
of myocardial motion, myocardial creep, could cause a spillover of
blood-pool activity during the early phase into the LV myocardial
contour and increase MBF measurements, especially in the RCA

THE JoURNAL OF NUCLEAR MEDICINE * Vol. 65 ¢ No. 1 « January 2024



s | have impaired stress MBF and MFR due
- R to coronary microvascular disease (28).
s Finally, because our study is a single-
w P=0.167 center retrospective study, it may have an
£z 0.9 S i inherent selection bias, and our results
:E . .
2 Q 08 may not generalize to other populations.
i3 ] * o
o - 0.6 CONCLUSION
™~
0.5 e TPD An automated MC algorithm for dynamic
° L i : | | ; Auto MC No MC PET-MPI showed good agreement with
0 20 40 60 80 100 + + -
100 - specificity {TPD {TPD manual MC by experienced operators. Com-

FIGURE 6. Receiver operating characteristic curves (left) and AUC bar plots (right) for predicting

significant CAD in angiographic group.

territory (23). In the present study, a trend similar to that in previous
studies was shown (3—6); myocardial motion at stress in the inferior
direction was greater than in the other directions, and 69% of patients
showed significant myocardial motion at stress (>5mm). Because
MC had a greater impact on MBF measurements in patients with sig-
nificant myocardial motion than in those without (Table 3), MC
would be important, especially for the patients with significant myo-
cardial motion (>5 mm), to obtain dependable MBF measurements.

A previous study demonstrated the feasibility of automated MC
for MBF measurements on dynamic PET-MPI (9). In our study,
we show, for the first time to our knowledge, that the diagnostic
performance of stress MBF with automated MC for predicting sig-
nificant CAD was significantly higher than without MC. The
AUCs of minimal vessel stress MBF with automated MC were
significantly higher than those without. The addition of stress
MBF with automated MC to the model with iTPD alone showed
significantly higher AUC, but the addition of stress MBF without
MC to iTPD did not. There was significant difference between
stress MBF with and without MC alone (AUC, 0.76 vs. 0.73;
P = 0.047; Fig. 4). This seemingly minor difference would have a
substantial impact on significant CAD prediction given the large
number of PET-MPI studies performed. Because MBF measure-
ments with automated MC showed a consistently higher diagnostic
performance for predicting significant CAD than those without,
MC should be considered an essential processing step when per-
forming MBF measurements.

Although there is an inherent uncertainty of MBF measurements of
approximately 20% (24), part of this variability is likely due to myo-
cardial motion. In our population, 52 of 341 patients (15.2%) changed
stress MBF by over 20% before and after the MC. Therefore, MC
can potentially reduce the variability of MBF measurements.

Our study results should be interpreted in the context of some
limitations. Our MC algorithm was developed using 8?Rb PET-
MPI studies only; however, over 90% of cardiac PET studies in
the U.S. use 2Rb for PET-MPI (25). This MC algorithm has been
evaluated with a compartmental modeling approach. The effect of
this approach has not been evaluated for net retention models.
Because we defined significant CAD only by the visual assessment
on ICA, some patients without significant stenosis (<70%) may
have physiologically significant CAD and some with at least 70%
stenosis may not (26,27), and the use of flow fractional reserve
values may be more accurate for assessing physiologically signifi-
cant CAD. In addition, patients without significant stenosis may
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pared with MBF measurements without
MC, those with MC were significantly
decreased and had a consistently higher
diagnostic performance for predicting signif-
icant CAD. Automated MC can be performed rapidly to obtain reli-
able MBF measurements; therefore, it should be incorporated into
routine PET-MPI studies to reduce the complexity of cardiovascular
protocols.
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KEY POINTS

QUESTION: What is the effect of the automatic MC algorithm for
MBF measurements of PET on the diagnostic performance of
MBF for predicting CAD?

PERTINENT FINDINGS: For the first time to our knowledge, we
demonstrated that stress MBF with automated MC had significantly
higher diagnostic performance in predicting significant CAD than
without the MC.

IMPLICATIONS FOR PATIENT CARE: MC for MBF measurements
can be performed fully automatically, and MBF with automated MC
has better diagnostic performance than without. Therefore, this
approach should be incorporated into routine PET-MPI studies.
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Deviations of brain age from chronologic age, known as the brain age
gap (BAG), have been linked to neurodegenerative diseases such as
Alzheimer disease (AD). Here, we compare the associations of MRI-
derived (atrophy) or '®F-FDG PET-derived (brain metabolism) BAG
with cognitive performance, neuropathologic burden, and disease
progression in cognitively normal individuals (CNs) and individuals
with subjective cognitive decline (SCD) or mild cognitive impairment
(MCI). Methods: Machine learning pipelines were trained to estimate
brain age from 185 matched T1-weighted MRI or '8F-FDG PET scans
of CN from the Alzheimer’s Disease Neuroimaging Initiative and vali-
dated in external test sets from the Open Access of Imaging and Ger-
man Center for Neurodegenerative Diseases-Longitudinal Cognitive
Impairment and Dementia studies. BAG was correlated with measures
of cognitive performance and AD neuropathology in CNs, SCD sub-
jects, and MCI subjects. Finally, BAG was compared between cogni-
tively stable and declining individuals and subsequently used to
predict disease progression. Results: MRI (mean absolute error,
2.49y) and "®F-FDG PET (mean absolute error, 2.60y) both estimated
chronologic age well. At the SCD stage, MRI-based BAG correlated
significantly with beta-amyloidy 4> (AB1-42) in cerebrospinal fluid,
whereas '8F-FDG PET BAG correlated with memory performance. At
the MCI stage, both BAGs were associated with memory and execu-
tive function performance and cerebrospinal fluid ABq42, but only
MRI-derived BAG correlated with phosphorylated-tau gi/AB1-42-
Lastly, MRI-estimated BAG predicted MCI-to-AD progression better
than '®F-FDG PET-estimated BAG (areas under the curve, 0.73 and
0.60, respectively). Conclusion: Age was reliably estimated from MRI
or "®F-FDG PET. MRI BAG reflected cognitive and pathologic markers
of AD in SCD and MCI, whereas '®F-FDG PET BAG was sensitive
mainly to early cognitive impairment, possibly constituting an inde-
pendent biomarker of brain age-related changes.

Key Words: machine learning; cognitive impairment; neuroimaging
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Brain aging entails changes in cognitive performance, brain
function, and structural parameters of brain integrity. Brain age
can be modeled using machine learning algorithms by estimating a
person’s chronologic age from their neuroimaging data. Higher
brain age than chronologic age, that is, a positive brain age gap
(BAQ), is associated with neurodegenerative diseases such as Alz-
heimer disease (AD). A recent study (/) linked BAG with PET
AD biomarkers in patients with mild cognitive impairment (MCI)
and with progression from cognitively normal (CN) to MCI, or
MCI to dementia. This warrants further research on BAG as a
marker of individual cognitive performance and neuropathologic
burden in at-risk populations for AD dementia (subjective cogni-
tive decline [SCD] and MCI).

Age-related changes are evident in the brain’s anatomy, such as
loss of brain volume (atrophy), as well as in metabolism (neuronal
dysfunction), which can be quantified by T1-weighted MRI and
BE_FDG PET, respectively. '*F-FDG PET is generally acknowl-
edged as an earlier indicator of neurodegeneration than is structural
MRI, as neuronal dysfunction precedes atrophy (i.e., neuronal loss).
Moreover, regional proneness to age-related decline is different
when assessed with '8F-FDG PET or MRI (2). Consequently, it is
plausible to assume that an '®F-FDG PET—derived BAG is more sen-
sitive to neuronal changes preceding neurodegeneration, such as neu-
ropathologic burden or cognitive deficits below the threshold of AD.
To date, however, brain age estimation (BAE) frameworks are
almost exclusively modeled from MRI data. One recent study com-
pared the 2 modalities and showed highly accurate BAE when using
either MRI or ®F-FDG PET (/). This argues for further exploration
of 8F-FDG PET-derived BAG and its performance in delineating
the earliest deviations from normal aging in the absence of dementia.

Here, we investigated '8F-FDG PET- and MRI-derived BAE,
with a particular focus on how BAG is associated with cognitive
performance, neuropathologic burden, and disease progression in
cognitively unimpaired individuals and MCI patients. First, we esti-
mated brain age in cohorts of individuals who were CN, had sub-
jective but not objective cognitive impairment (SCD), or showed
MCI. Second, we calculated BAG and compared associations of
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BE_-FDG PET- or MRI-derived BAG with cognitive performance
and AD neuropathology in these cohorts. Finally, we evaluated the
prognostic value of BAG in predicting disease progression as com-
pared with other established risk factors of cognitive decline.

MATERIALS AND METHODS

The code used for this project is available on GitHub.

Participants
Baseline T1-weighted MRI and '®F-FDG PET scans of 185 CNs
(interscan interval, 28 * 23 d) were acquired from the Alzheimer’s

148

Disease Neuroimaging Initiative (ADNI) database (https://adni.loni.usc.
edu/). For external validation, 49 MRI and '®F-FDG PET scans of CNs
were acquired from the Open Access of Imaging Studies database,
release 3 (3) (OASIS, https://www.oasis-brains.org/). We also assessed
brain age in clinical samples of SCD (n = 102) and MCI (n = 595)
patient groups from ADNI. The significant findings from these analyses
were subsequently validated in SCD (**F-FDG PET, n = 88) and MCI
(MRIL n = 80) samples from the German Center for Neurodegenerative
Diseases—Longitudinal Cognitive Impairment and Dementia study
(DELCODE) (4). CN, SCD, and MCI diagnoses from ADNI, OASIS,
and DELCODE followed current recommendations for the respective
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TABLE 1
Overview of Samples

Parameter ADNI CN OASIS CN ADNI SCD ADNI MCI DELCODE SCD  DELCODE MCI
n total 186 49 102 595 88 80

Age at PET scan (y) 73.8 (6.46) 70.6 (5.07)* 72.3(5.60)* 73.2 (6.93) 70.9 (6.57)* NA

Age at MRI scan (y) 73.8 (6.44) 69.2 (4.98) 72.3 (5.60)* 73.2 (6.92) NA 73.4 (5.87)
Sex (female, %) 53% (0) 53% (0) 59% (0) 42% (2)* 36% (0)* 36% (0)*
MMSE score 29 (1.26) 29 (0.78) 29 (1.20) 28 (1.75)* 29 (1.03) 28 (1.67)*
Education (y) 16 (2.54) 16 (2.51) 17 (2.50) 16 (2.67) 16 (3.00) 14 (3.06)"
CSF AB1-4o—positive (%) 41% (27) NA 35% (9) 64% (126)" 22% (28)* 38% (38)
APOQOE-¢4 carrier (%) 29% (1) NA 31% (0) 49% (4)* 38% (3) 49% (0)*
Progression status decliner (%) 10% (32) NA 12% (19) 25% (135) NA 38% (12)

*Significantly different from ADNI CD. P < 0.05.
NA = not applicable.

Categorical data are percentages with number of individuals with missing information in parentheses; continuous data are means with SD
in parentheses. Percentage of CSF AB4_4, status indicates percentage of amyloid-positive individuals according to established thresholds.

groups (details are provided in Supplemental Section la; supplemental
materials are available at http:/jnm.snmjournals.org) (3,6). All partici-
pants gave written consent. Data collection was approved by local insti-
tutional review boards, and ethics proposals for retrospective dataset
analysis were approved by Heinrich Heine University Diisseldorf.

Estimation of Brain Age

Standardized MRI and '®F-FDG PET scans were used to compute
brain age (details on acquisition and preprocessing are in Supplemen-
tal Section 1b). We implemented a pipeline (Fig. 1) in Python 3.8.5
using the Julearn library (https://juaml.github.io/julearn/main/index.
html), which is based on scikit-learn (7). The same pipeline was run
independently for MRI and '8F-FDG PET. First, a modality-specific
signal of 90 cortical and subcortical regions of interest was extracted
(MRI: gray matter volume; '®F-FDG PET: SUV ratio) using the auto-
mated anatomic labeling atlas (8). The atlas dependence of our results
was assessed by repeating our analyses with a second composite atlas
(Schaeffer + Tian atlas). We applied a nested cross-validation
approach, with 5 folds in both the outer and the inner cross-validation.
Outlier exclusion was performed in the outer cross-validation. Subse-
quently, support or relevance vector regression models, recommended
for small sample sizes (9), were trained with hyperparameter optimiza-
tion to compute brain age in the inner cross-validation loop. Selection
of the final model across support and relevance vector regression mod-
els was based on the mean absolute error of the validation folds. Esti-
mation of bias correction parameters was then based on predictions
from the validation folds (/0). The final model was used to estimate
brain age in the test and clinical samples, and bias correction was
applied (Supplemental Sections 1c—1e).

The nested cross-validation approach yielded one brain age per non-
outlier subject in the ADNI CNs, who were evenly spread across 5
test sets. Each cross-validation fold additionally yielded one estimate
per subject in the OASIS and clinical samples; thus, the average of 5
estimates was treated as the final brain age (ensemble averaging).

Statistical Analyses

BAG was calculated for each individual as the difference between
brain age and chronologic age, such that higher BAG reflected more
advanced brain age and vice versa.

Accuracy, Generalizability, and Variation of BAG. The accu-
racy of age estimation from MRI or '®F-FDG PET was assessed by
comparing the mean absolute error of BAE across modalities using a
paired t-test in the ADNI CN sample. To assess the generalizability of
our BAE frameworks, we compared the mean absolute error of MRI-
or '"*F-FDG PET-based BAE between ADNI CNs and OASIS CNs
using t-tests. Whether BAG was higher in the clinical populations was
assessed by t-test comparisons of average BAG between ADNI CNs
and each clinical sample.

Regional Importance. To understand the similarity of brain age
models and to test whether AD-typical regions are relevant in BAE
from MRI or '*F-FDG PET, we assessed Pearson correlations of BAG
and feature importance (8) across modalities in ADNI CNs. Feature
importance was computed using permutation importance, with higher
values corresponding to greater relevance of a feature for the model.
For simplicity, we computed correlations using the average feature
importance over all final models per modality. We further summarized
regional feature importance per modality into median signal for lobes
(frontal, temporal, limbic, subcortical, occipital, parietal; details are in
Supplemental Section 1f), hemispheres (left, right), and lobes by hemi-
sphere to assess whether brain regions of a particular category were
preferred for BAE in a given modality.

Cognitive and AD-Neuropathologic Associations. To assess
whether BAG is associated with cognitive performance, we calculated par-
tial correlations between BAG and composite scores of memory (ADNI
memory) (/) and executive function (ADNI executive function) (/2) for
the ADNI CN, ADNI SCD, and ADNI MCI groups (Supplemental Sec-
tion 1g). In addition, partial correlations of BAG with PET amyloid load
("®F-AV-45 PET) (/3), and cerebrospinal fluid (CSF) markers (/4) of
beta-amyloid; 4> (AB;42), and phosphorylated-tau;g; (p-tau;g;)-to—AR 4>
ratio (p-tau;g;/AB142) (Supplemental Section 1h) (15) were calculated to
assess whether BAG is associated with AD neuropathology. Pearson or
Spearman correlations were assessed, depending on normality (Shapiro—
Wilk test), and all partial correlations were corrected for age, sex, educa-
tion, and APOE-g4 carriership. Individuals with missing data for the
dependent variable were excluded for each respective correlation. A
P value of less than 0.1 was considered trend-significant, and a P value of
less than 0.05 was considered significant. We also assessed the signifi-

cance after Bonferroni correction (cognitive performance: o = 0.05/2,
AD neuropathology: a = 0.05/3).
"®E_FDG PET or MRI For BRAIN AGE GAP + Doering et al. 149
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TABLE 3

Disease Progression. Finally, we assessed
whether BAG is associated with or even pre-
dicts disease progression. Relative to base-
line BAG assessment, we differentiated
between cognitively stable individuals, who
maintained their baseline diagnosis until the
2-y follow-up, and decliners, who received a
diagnosis of more severe cognitive impair-
ment within follow-up (Supplemental Sec-
tion 1i). Using analysis of covariance, the
BAG between stable individuals and decli-
ners was compared, while correcting for sex,
education, and APOE-g4 carriership in
ADNI CNs and ADNI SCD subjects and
additionally for age in ADNI MCI subjects
(where bias correction did not eliminate the
correlation between age and MRI BAG, Sup-
plemental Section 2a). Subsequently, we
trained multiple single-feature logistic
regression classifiers using stratified 10-fold
cross-validation to predict progression to AD
in ADNI MCI from '*F-FDG PET BAG;
MRI BAG; hippocampal volume (16); global
'8F-AV-45 PET SUV ratio; 'SF-FDG PET
SUV ratio in the precuneus (17); '*F-FDG
PET SUV ratio in a meta—region of interest,
previously suggested relevant for the pro-
gression of AD (/8); p-tau;gi/AP;_4p ratio;
ADNI memory score; or age. Notably, the
small number of decliners prevented the
development of reliable predictive machine
learning models in the ADNI CN and ADNI
SCD groups. To correct for the effects of
age, sex, education, and APOE status, stan-
dardized residuals were computed for all

Associations of BAG with Cognitive Performance and AD Neuropathology

Cognitive performance

AD neuropathology

Parameter Modality ADNI executive function ADNI memory CSF AB1.42 p-taug1/AB1-42
ADNICN  MRI r=0.016 r = —0.001 p = —0.003 p = 0.004 p = 0.029
(=0.14 to 0.18) (-0.16t0 0.16)  (—0.17 t0 0.16)  (—0.17 t0 0.18)  (—0.15 to 0.20)
8F_FDG PET r=0.101 r = 0.095 p = 0.011 p = —0.110 p = 0.141
(—0.06 to 0.26) (-0.07t0 0.25) (—0.15t0 0.17) (—0.28 to 0.06) (—0.03 to 0.31)
ADNI SCD MRI r = 0.048 r=—0.132 p =0.014 r = —0.238* p = 0.017
(=0.18 to 0.27) (-0.341t0 0.09) (—0.21 to 0.24) (—0.44 to —0.01) (—0.21 to 0.25)
'8F-FDG PET r= —0.190" r = —0.259* p = 0.1917 r=-0.161 p = 0.087
(—0.39 to 0.03) (—0.45 to —0.04) (—0.03 to 0.40) (—0.38 t0 0.07)  (—0.15 to 0.31)
ADNI MCI  MRI r = —0.225% p = —0.397* p = 0.095" p = —0.230* p = 0.200*
(—0.31 to —0.14) (-0.47 to —0.32) (-0.011t00.02) (—0.32to —0.13) (0.10 to 0.30)
8F_FDG PET r = -0.238* p=—0179* p = 0.056 p = —0.126 p = 0.1017
(-0.32 to —0.15) (-0.27 to —0.09) (—0.05t0 0.16) (—0.22 to —0.02) (—0.00 to 0.20)
*P < 0.05.
P <0.1.
*p < Bonferroni correction.

n is described in Supplemental Tables 1 and 2. Data in parentheses are 95% Cls.
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individuals and for each predictor variable
using a linear model trained on the stable
individuals in each training fold (/9). We
compared the mean area under the curve
(AUC) obtained from the validation folds
across all predictors. If the BAG of one
modality predicted disease progression
(AUC > 0.7), we derived a cutoff given the
a priori probability of disease progression in
each training fold and validated this cutoff
in the DELCODE MCI cohort.

RESULTS

Participants

An overview of participant characteristics
is shown in Table 1. OASIS CN, ADNI
SCD, and DELCODE SCD subjects were
significantly younger than the main ADNI
CN cohort. The SCD and MCI cohorts fur-
ther differed from ADNI CNs in terms of
cognitive performance (ADNI MCI and
DELCODE MCI), years of education
(ADNI SCD and DELCODE MCI), amy-
loid status (DELCODE SCD and ADNI
MCI), and APOE-€4 carriership distribution
(ADNI MCI and DELCODE MCI).

Accuracy, Generalizability, and
Variation of BAG

MRI and '8F-FDG PET estimated age
with comparably high accuracy in ADNI
CNs (mean absolute error, 2.49 for MRI
and 2.60 for '8F-FDG PET; Table 2).
Within-modality comparison of mean abso-
lute error in OASIS CNs and ADNI CNs
yielded no significant differences (2.92 for
MRI OASIS and 2.54 for 'F-FDG PET
OASIS), suggesting that our frameworks
have high generalization performance to
external datasets comprising CN popula-
tions. Average 'F-FDG PET-derived,
but not MRI-derived, BAG was trend-
significantly advanced in ADNI SCD sub-
jects. Comparably, '|F-FDG PET BAG
was significantly advanced in DELCODE
SCD subjects. In all MCI samples, BAG
was significantly higher than in ADNI CNs
across modalities. Bias correction success-
fully eliminated the correlation of BAG
and age with the exception of MRI-derived
BAG in ADNI MCI individuals (Supple-
mental Table 3). Results using the com-
posite atlas were largely comparable
to those obtained here (Supplemental
Table 4).

Regional Importance

BAG was trend-significantly correlated
between MRI- and 'SF-FDG PET-based
models (» = 0.128; P = 0.09; 95% CI,
—0.02 to 0.27). Model selection returned
different model types with mostly linear
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both MRI- and '8F-FDG PET—derived
BAG was significantly negatively correlated
with executive and memory performance
after Bonferroni correction (Table 3; Fig. 3).

3. Category
— Stable
2 Decline

BAG and AD Neuropathology

BAG and AD neuropathology did not sig-
nificantly correlate in ADNI CNs. In the
ADNI SCD group, lower levels of amyloid
in CSF significantly correlated with increased

MRI BAG (y)

P<=0.001

18F-FDG PET BAG (y)

F=0.002

MRI BAG, and a higher amyloid load in
PET was trend-significantly associated with
elevated '8F-FDG PET BAG (Table 3). In
the ADNI MCI group, MRI BAG was trend-
significantly correlated with all 3 markers of
AD neuropathology, whereas '*F-FDG PET
BAG was associated only with the CSF
pathology markers (Table 3; Fig. 4).

BAG and Disease Progression
Baseline BAG did not differ between sta-
ble individuals and decliners in the ADNI

Sensitivity

Age

0 0.2 0.4 0E 0.8 1.0
1 - specificity

18F-FDG PET BAG (y)

8F-FDG PET BAG

MRI BAG

Hippocampus GMY

BF-AV45 PET

Precuneus SUVR

8F-FDG PET meta-ROI SUVR

p-tausz:/AB 42
ADNI-MEM

CN group (MRI BAG: F) 149 = 0.617, P =
0.43; "F-FDG PET BAG: F) 4 = 0.023,
P = 0.88; Supplemental Fig. 1) or the ADNI
SCD group (MRI BAG: F,7;5 = 0.247,
P = 0.62; "F-FDG PET BAG: F, 7 =
1.66, P = 0.20; Fig. 5A). In the ADNI MCI
group, we found a significant main effect
of group for both MRI and '8F-FDG PET
BAG (MRI BAG: Fjgss = 59.64,
P < 0.001; "F-FDG PET BAG: Fj4s4 =
10.18, P = 0.002), with decliners showing
advanced baseline BAG (MRI: mean of
451 y and SD of 2.79 y; '8F-FDG PET:
mean of 1.35 y and SD of 3.38 y) compared

FIGURE 5. BAG for prediction of disease progression. Density plots show MRI and '®F-FDG PET
BAG distribution by disease progression status in ADNI SCD (A) and ADNI MCI (B) and AUCs of pre-
diction of disease progression (C). GMV = gray matter volume; MEM = memory; n.s. = not statisti-

cally significant; SUVR = SUV ratio.

kernels (Supplemental Table 5). The left and right hippocampi were
most relevant for MRI-based BAE (8 = 0.098 on left and 0.103 on
right), whereas median permutation importance in the lobes, hemi-
spheres, or lobes by hemisphere showed no obvious trends (Fig. 2).
The subcortical regions (8 = 0.058: 0.058 on left and 0.067 on right)
and, to a lesser extent, the left-hemispheric frontal (6 = 0.013) and
temporal (3 = 0.012) regions were most relevant for '*F-FDG PET—
based BAE. No overall hemispheric preference was observed for
8F-FDG PET models. Average regional importance did not correlate
between MRI- and '8F-FDG PET-based models (r = —0.069;
P = 0.52;95% CI, —0.27 to 0.14).

BAG and Cognitive Performance

In ADNI CNs, neither MRI nor '8F-FDG PET BAG was associ-
ated with cognitive performance (Table 3). In the ADNI SCD group,
BE.FDG PET BAG was significantly negatively associated with
memory performance after Bonferroni correction and was trend-
significantly associated with executive function. MRI BAG did not
correlate with these measures (Table 3). In the ADNI MCI group,

8F_FDG PET or MRI ForR BRAIN AGE GaP

with stable individuals (MRI: mean of 1.58 y
and SD of 3.40 y; '®F-FDG PET: mean of
0.31 y and SD of 3.14 y; Fig. 5B). Men had
a higher BAG than women across groups.
Covariate effects are reported in detail in
Supplemental Section 2d.

Next, we trained a logistic regression classifier to predict MCI-to-
AD progression using corrected predictors. Progression to AD was
predicted by MRI BAG (AUC, 0.73), ADNI memory (AUC, 0.78),
18E_AV-45 PET (AUC, 0.77), hippocampal volume (AUC, 0.75),
SUV ratio in the '8F-FDG meta-region of interest (AUC, 0.72), and
CSF p-tau;g1/AB .4, ratio (AUC, 0.70). '8F-FDG PET BAG (AUC,
0.60) did not predict progression. Receiver operating characteristics
are shown in Figure 5C. In the external DELCODE MCI cohort,
MRI BAG predicted progression to AD with a similar AUC of
0.75. From a priori probabilities of cognitive decline in each training
fold, we derived a mean probability cutoff of 0.25 in the MRI
BAG-based model (range, 0.24-0.25), yielding sensitivities and
specificities of 0.69 and 0.69, respectively, in the ADNI MCI group
and 0.69 and 0.62, respectively, in the DELCODE MCI group.

DISCUSSION

Previous studies mainly used MRI to estimate brain age. Here,
we compared the accuracy of '®F-FDG PET- and MRI-estimated
age and provided a comprehensive overview of the associations of

Doering et al. 153



BAG from either modality with cognitive performance, AD neuropa-
thology, and disease progression in at-risk populations for AD demen-
tia. Similar to Lee et al. (/), we found that BAE from the 2 modalities
was comparably accurate. No associations were found for BAG
and cognitive performance or neuropathologic burden in CNs. At
the SCD stage, MRI-based BAG correlated significantly with CSF
AR, whereas *F-FDG PET BAG, which was trend-significantly
elevated in SCD, was linked to memory performance. In MCI, both
BAGs were significantly elevated and associated with cognitive per-
formance and CSF AB;4. Only MRI-derived BAG correlated with
p-tau;g1/AB 142 and predicted MCI-to-AD progression.

MRI BAG was elevated in MCI patients compared with CNs
and reflected AD neuropathologic burden both in SCD subjects and
in MCI subjects. Moreover, MRI BAE was based mostly on hippo-
campal volume, a measure known to be associated with risk for
dementia, and MRI BAG showed a moderate potential to predict
MCI-to-AD progression. The increased association with CSF, com-
pared with PET amyloid information, is likely due to the compara-
bly early abnormality of CSF amyloid versus PET amyloid (20), as
fluid amyloid biomarker signal disrupted amyloid metabolism
whereas amyloid PET reveals resultant plaque aggregation. There-
fore, MRI BAG closely reflects cognitive performance and rela-
tively early pathologic markers of AD in SCD and MCI. The
moderate predictive performance of not only MRI BAG but also
the established biomarkers of MCI-to-AD progression suggests that
a multimodal framework is required for an accurate prognosis in
AD. To test the combined potential of established biomarkers and
MRI BAG for risk assessment of AD, and possibly neurodegenera-
tion in general, presents an interesting question for future research.

8F.FDG PET BAG was related to memory performance in
SCD and MCI subjects but not in CNs. In SCD subjects, although
memory performance is not yet objectively impaired, elevated '*F-
FDG PET BAG may reflect its incipient decline. The regions we
reported as relevant for 'F-FDG PET BAE are consistent with
previous findings (/). Yet, we found no significant indications that
8F_FDG PET BAG is a prognostic biomarker. MRI and '8F-FDG
PET BAG associations may differ because of regional differences
in the BAE or the relative timing of MRI (atrophy) and '8F-FDG
PET (neuronal dysfunction) changes in the course of AD. Future
research is warranted to explore whether longitudinal '|F-FDG
PET BAG may be valuable in tracking disease progression given
its sensitivity to early cognitive impairment, its association with
CSF amyloid burden in MCI, and the observed elevation of '8F-
FDG PET BAG in SCD and MCI individuals.

Some limitations should be acknowledged. First, '®F-FDG PET
BAG did not predict MCI-to-AD progression, although '8F-FDG
PET itself is an established marker of AD progression (27). How-
ever, our algorithms were trained to estimate age, and the fact that
relevant regions for '8F-FDG PET BAG did not include typical AD
signature areas might explain this paradox. Second, although gener-
alizability to OASIS data proved to be accurate, and despite train-
ing on multicentric data, we observed strong cohort effects for
BAE in the external clinical samples. These results suggest that
clinical and methodologic differences, such as variation in the
extent of pathology, or in the diagnostic or scan procedure (e.g., the
different acquisition times in DELCODE vs. ADNI or OASIS),
can significantly influence the applicability of BAE frameworks.
Finally, because of data availability and increased risk of cognitive
deficits due to neurodegenerative processes, we included partici-
pants only over the age of 60y. Thus, we did not investigate BAE
before this age.
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CONCLUSION

BAE from MRI or '8F-FDG PET was highly accurate. MRI
BAG reflected cognitive and pathologic markers of AD in SCD
and MCI subjects, whereas '8F-FDG PET BAG related mainly to
early cognitive impairment. Our study suggests that MRI BAG
may especially complement the identification of patients who are
likely to develop AD, whereas '*F-FDG PET BAG may represent
a more independent biomarker of brain age-related changes, possi-
bly occurring ahead of the clinical onset of neurodegeneration.
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KEY POINTS

QUESTION: How are BAGs that are derived from structural MRI or
"8F-FDG PET linked to cognitive performance, AD neuropathology,
and AD progression?

PERTINENT FINDINGS: BAG was computed from structural
MRI or "8F-FDG PET and subsequently associated with cognitive
performance, neuropathologic markers of AD, and disease
progression. '®F-FDG PET and MRI BAG were sensitive mainly to
cognitive performance and amyloid burden in SCD, respectively.
In MCI, both MRI and "®F-FDG PET BAG reflected cognitive
performance and neuropathology. Finally, MRI BAG predicted
MCI-to-AD conversion comparably well to established biomarkers.

IMPLICATIONS FOR PATIENT CARE: Brain age is a thoroughly
discussed concept, and its applicability must be evaluated in a
modality- and group-specific manner. MRI-derived BAG may be
particularly useful to complement the identification of patients
who are likely to develop AD. MRI BAG may therefore benefit
diagnostic procedures or clinical trials.
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The results of the GA in Newly Diagnosed Diffuse Large B-Cell Lym-
phoma (GAINED) study demonstrated the success of an '®F-FDG
PET—driven approach to allow early identification—for intensification
therapy—of diffuse large B-cell ymphoma patients with a high risk of
relapse. Besides, some works have reported the prognostic value of
baseline PET radiomics features (RFs). This work investigated the
added value of such biomarkers on survival of patients involved in the
GAINED protocol. Methods: Conventional PET features and RFs
were computed from '8F-FDG PET at baseline and extracted using
different volume definitions (patient level, largest lesion, and hottest
lesion). Clinical features and the consolidation treatment information
were also considered in the model. Two machine-learning pipelines
were trained with 80% of patients and tested on the remaining 20%.
The training was repeated 100 times to highlight the test set variability.
For the 2-y progression-free survival (PFS) outcome, the pipeline
included a data augmentation and an elastic net logistic regression
model. Results for different feature groups were compared using the
mean area under the curve (AUC). For the survival outcome, the pipe-
line included a Cox univariate model to select the features. Then, the
model included a split between high- and low-risk patients using the
median of a regression score based on the coefficients of a penalized
Cox multivariate approach. The log-rank test P values over the 100
loops were compared with a Wilcoxon signed-ranked test. Results: In
total, 545 patients were included for the 2-y PFS classification and
561 for survival analysis. Clinical features alone, consolidation features
alone, conventional PET features, and RFs extracted at patient level
achieved an AUC of, respectively, 0.65 + 0.07, 0.64 + 0.06, 0.60 +
0.07, and 0.62 = 0.07 (0.62 = 0.07 for the largest lesion and 0.54 =+
0.07 for the hottest). Combining clinical features with the consolidation
features led to the best AUC (0.72 = 0.06). Adding conventional PET
features or RFs did not improve the results. For survival, the log-rank
P values of the model involving clinical and consolidation features
together were significantly smaller than all combined-feature groups
(P < 0.007). Conclusion: The results showed that a concatenation of
multimodal features coupled with a simple machine-learning model
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does not seem to improve the results in terms of 2-y PFS classification
and PFS prediction for patient treated according to the GAINED
protocol.
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The use of PET with '8F-FDG is now considered the standard
imaging procedure not only for staging but also for therapeutic
response assessment of patients with diffuse large B-cell lym-
phoma (DLBCL) (/). Yet, the number of patients who do not
respond after standard front-line therapy—that is, a combination
of anti-CD20 monoclonal antibody with cyclophosphamide, doxo-
rubicin, vincristine, and prednisone chemotherapy—is still signifi-
cant (30%—40%) (2) and advocates for the use of new biomarkers
to determine patients with a high risk of relapse. In that respect,
approaches based on interim PET to identify these patients and to
adapt consolidation strategies accordingly have been explored for
over 10y (3). Several studies also evaluated the potential benefit of
using imaging biomarkers extracted from PET volumes (4) in com-
bination (or not) with other clinical or demographic features at
baseline. Most of the studies focused primarily on assessment of
the SUV extracted from the most intense lesion (SUV ,,y), the total
metabolic tumor volume (TMTYV), and dissemination. Although the
role of SUV . at baseline to predict 2-y progression-free survival
(PFS) or overall survival was shown to be limited (4), TMTV (5)
and dissemination (6) appeared to be promising at baseline (7).
Another area related to the high-throughput extraction of quantita-
tive data from medical images has gained importance by considering
the measurement of the spatial heterogeneity within a tumor (hereaf-
ter called radiomics) (8). Evaluation of the predictive values of
these other potential image-based biomarkers in DLBCL patients
has recently been considered (9-17). However, the usefulness of
complex radiomics in this context remains controversial, as some
studies reported a potential added value (9-11,14-17) whereas
others concluded that there is a lack of, or only a moderate,
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predictive value for 2-y PFS when these biomarkers are considered
alone or combined (/2,/3). These contradictory results may be
explained partly by the prospective or retrospective nature of each
study, the population size and type, the presence (or not) of a test
dataset, the monocentric or multicentric characteristic of the study,
the heterogeneity in immunochemotherapy regimen and patient
management, and the features considered in the model.

The GA in Newly Diagnosed Diffuse Large B-Cell Lymphoma
(GAINED) randomized phase III trial was the first study demon-
strating the success of a PET-driven strategy. Interim PET inter-
pretation criteria were simple and based on SUV,,, reduction
(ASUV ) (18). The purpose of our work was to explore the
prognostic added value on 2-y PFS and survival (using PFS as the
endpoint) of a combination of clinical, PET-based, and radiomics
features (RFs) extracted at baseline in DLBCL patients included in
this latter prospective multicenter cohort in which patient manage-
ment is driven by PET follow-up. A secondary objective was to
identify whether baseline PET characteristics could predict patients’
response after 4 cycles of chemotherapy and consequently the treat-
ment arm to which they would be assigned. Finally, a third was to
assess whether a specific volume of interest (VOI) was more rele-
vant for radiomics computation when the 2-y PFS classification and
treatment prediction are considered.

MATERIALS AND METHODS

Patients and PET/CT Imaging

The GAINED phase 3 trial (NCT 01659099) was conducted in 99
centers and enrolled newly diagnosed untreated DLBCL patients
between 18 and 60y old. The main exclusion and inclusion criteria
have already been reported (/8). The patients received cyclophospha-
mide, doxorubicin, vincristine, and prednisone or ACVBP (doxorubi-
cin, cyclophosphamide, vindesine, bleomycin, and prednisone) on a
14-d schedule plus obinutuzumab (GA-101) or rituximab. Interim PET
was performed at diagnosis and after 2 and 4 cycles of chemotherapy
(respectively, PET2 and PET4) and analyzed according to ASUV .

Patients with an early good response (defined as negative PET2 and
PET4) continued the planned immunochemotherapy; slow responders
(positive PET2 and negative PET4) received intensification therapy
with 2 courses of high-dose methotrexate followed by autologous
stem cell transplantation. Patients with positive PET after 4 induction
cycles received salvage therapy. No difference in terms of 2-y PFS
was reported between the 2 induction arms (GA-101 vs. rituximab).
Early good responders and slow responders had similar 2-y PFS and
overall survival. '®F-FDG PET scans were performed according to the
local procedure of each center. All images were reconstructed in SUV
normalized for body weight.

Segmentation, Features Processing, and Selection

A gross VOI was manually delineated for each tumor, removing
nontumor adjacent regions when needed. The final segmentation for
each tumor was extracted using a fixed SUV threshold of 4.0 (19).
Several PET-based imaging biomarkers were extracted from each
reconstructed volume using PyRadiomics version 3.0 (20). Four con-
ventional PET features were extracted: TMTV, whole-body total
lesion glycolysis, SUV ., and dissemination (maximum distance
between 2 lesions normalized by body surface area). Among the RFs
available for computation, a subset of 39 features was preselected
(Supplemental Fig. 1; supplemental materials are available at http:/
jnm.snmjournals.org), choosing those that presented the best proper-
ties of repeatability (2/-23). Before RF computation, PET images
were resampled to the same voxel size (2 X 2 X 2 mm) using a bicubic
spline interpolation. Data were subsequently normalized using 2
approaches: a linear equalization using 64 bins and a fixed bin width
of SUV 0.3. A subsequent preprocessing step was used to enhance
imaging characteristics: a wavelet transform using coiflet-1 filters to
decompose the original image into 8 decomposition frequencies and an
edge-enhancement Laplacian of gaussian filter (with 2- and 6-mm o).
This led a total of 647 RFs, which were computed from 3 different
VOIs: the VOI with the most intense SUV,,,, (named hottest), the VOI
that corresponded to the largest volume (named largest), and TMTV.

The RF selection step was divided into 3 parts. First, the reliability
of textural RFs (excluding first-order and shape features) was derived

TABLE 1
Description of Different Models

Model no. Model name Associated features
aalPI aalPI
2 Consolidation Chemotherapy regimen, autologous cell
transplantation, salvage therapy
3 Clinical Age, Ann Arbor stage, ECOG status, number of

Conventional PET
Radiomics PET

Consolidation + clinical (models 2 + 3)

Consolidation + clinical + conventional PET
(models 2 + 3 + 4)

8 Consolidation + clinical + radiomics PET
(models 2+ 3 + 5)

9 Consolidation + clinical + conventional PET +

radiomics PET (models 2 + 3 + 4 +5)

extranodal sites, LDH
TMTYV, total lesion glycolysis, SUV ax, SDmax

Selected RFs after selection step using largest
lesion

All features from clinical and consolidation

All features from clinical, conventional (PET), and
consolidation

All features from clinical, radiomics (PET), and
consolidation

All features from clinical and conventional (PET),
radiomics (PET). and consolidation

aalPl = age-adjusted international prognostic index; ECOG = Eastern Cooperative Oncology Group; LDH = lactate dehydrogenase;
sDmax = maximum distance between 2 lesions normalized by body surface area.
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TABLE 2
Patient Characteristics

2-y PFS classification ~ Survival
Characteristic (n = 545) (n = 561)
Events 86 (100%) 107 (100%)
Age (y) 48 (18-60) 48 (18-60)
Sex, male 305 (56%) 314 (56%)
aalPI
0-1 230 (42%) 242 (43%)
2-3 315 (58%) 319 (57%)

Ann Arbor stage

Il 102 (19%) 106 (19%)

-1V 443 (81%) 455 (81%)
Extranodal involvement

<2 259 (48%) 269 (48%)

=2 286 (52%) 292 (52%)
Performance status

0-1 470 (86%) 485 (86%)

>1 75 (14%) 76 (14%)
LDH

=Normal 147 (27%) 155 (28%)

>Normal 398 (73%) 406 (72%)

Treatment arm
GA-101
Rituximab

278 (51%)
267 (49%)

286 (51%)
275 (49%)
Induction treatment

GA-101-CHOP 142 (26%) 145 (26%)
Rituximab-CHOP 144 (26%) 148 (26%)
GA-101-ACVBP 136 (25%) 141 (25%)
Rituximab-ACVBP 123 (23%) 127 (23%)

aalPl = age-adjusted international prognostic index; CHOP =
cyclophosphamide, doxorubicin, vincristine, and prednisone.

Qualitative data are number and percentage; continuous data
are mean and range.

following the methodology proposed by Pfaehler et al. (24). Briefly,
for each patient and each RF, the signal within the ROI was randomly
shuffled 50 times and RF subsequently computed. The RF was consid-
ered unreliable if its original value lay within the 95% CI computed

using the random shuffling. Finally, the RF was kept if its original
value was outside the proposed CI for 90% of the patients. Second, all
RFs that correlated strongly (Spearman correlation higher than 0.9)
with 1 of the 4 conventional PET features were removed. Lastly, a
hierarchic agglomerative clustering was applied to manage multicol-
linearity between features (supplemental methods).

All features were then standardized, setting the mean to zero and
the SD to 1 to make the feature space homogeneous.

Machine-Learning Models

The population was split into training and testing datasets with a
ratio of 80% to 20%, stratified according to the 2-y PFS outcome for
the 2-y PFS classification objective and according to the censorship
and number of events per quartile for the survival analysis. Data aug-
mentation was used on the training dataset to increase the minority
class cardinal to the cardinal of the majority class. Both the synthetic
minority oversampling technique (25) and the adaptive synthetic sam-
pling approach for imbalanced learning (26) were considered one of
the hyperparameters of the model.

For the 2-y PFS classification objective and the PET4 prediction, a
logistic regression (LR) including elastic net regularization was con-
sidered. A 4-fold cross validation for the grid search was used on the
training dataset (parameters detailed in Supplemental Table 1), with
an objective of maximizing the area under the receiver operator char-
acteristic (ROC) curve (AUC). The whole process was repeated 100
times to assess the variance of the model linked to the choice of the
test dataset (Supplemental Fig. 2).

For the survival analysis, the model building was done in 2 main
steps. A univariate analysis for each considered feature was conducted
by fitting the Cox proportional-hazards model on the training dataset
to select only those features significantly associated with the patient
outcome using the training dataset. A penalized multivariate Cox analysis
was then conducted using a 4-fold cross validation on the training dataset
to select the best hyperparameters among the penalization strengths (Sup-
plemental Table 2). A regression score (RS) was then derived for each
patient by summing each term of the Cox proportional-hazards model
(weight multiplied by the corresponding feature) (/5). The population
was then split according to the median of the RS to derive 2 survival
groups. This RS cutoff was subsequently applied to the testing dataset.
This process was repeated 100 times as for the previous 2-y PFS classifi-
cation objective (Supplemental Fig. 3).

The 2 models (one for classification and one for survival) were
implemented for 9 groups of different feature subsets, summarized in
Table 1. Model 3, termed clinical, includes the same features as
model 1, termed age-adjusted international prognostic index, with the
difference being that the features are considered continuous in model
3 whereas a categorical score is used in model 1.

Since the consolidation arm was included in the features groups,
none of the patients who died before the con-
solidation phase were considered in the study.

A B Moreover, patients censored before 24 mo
12 1 were not included for the 2-y PFS classifica-
tion task.
(-3 o8
o s Patient Follow-up and Statistical
2 i Analysis
& 04 & g The 2-y PFS was defined as the time from
randomization to disease progression, relapse,
— Model 1 (AUC = 0,56 £ 0.06)
02 Modal 2 (AUC = 0.64 £ 0.06) 02 — Madsl 6 (ALIC = 0,72 £ 0,08) or death of any cause. A mean ROC curve for
— Model 3 (AUC = 0,65 2 0.07) Model 7 (ALIC = 0.71 + 0.08) i,
— Modl 4 (AUG = 0.60 £ 0.07) — Madsl 8 {largest) (AUC = 0.60 £ 0.06) 2-y PFS and PET4 classification was generated
0 - Model 5 (AUC = 0,62 £ 0.07) | od” — Maodel 8 {largest) (AUC = 0.6% 1 0,06) . .
e taking into account the 100 loops. Accuracy,
0 02 04 08 08 10 0 02 0.4 06 08 10 e o
1 - spesifcity 1 - specifcity balanced accuracy, sensitivity, specificity, and
AUC were computed. AUC among the 100
FIGURE 1. Mean ROC curves for models 1-5 (A) and 6-9 (B) for 2-y PFS classification. loops was compared using a 1-sided Wilcoxon
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A Feature importance B

Feature importance

P values related to each model (over the 100

0.0 % % 0.10 %

loops) were plotted and then were compared
‘% using a l-sided Wilcoxon signed-rank test.
The probability of selecting a feature after
the univariate Cox analysis was also com-
% puted to highlight feature importance. All

statistical analyses were done using Python
T version 3.7.9. A P value of less than 0.05
was considered statistically significant.
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Patient Characteristics

Among the 670 patients enrolled in the
GAINED study, 561 were considered for
this analysis. For the 2-y PFS classification

FIGURE 2. Feature importance according to relative weight attached to each feature in LR model
for models 6 (A) and 7 (B) for 2-y PFS classification. ECOG = Eastern Cooperative Oncology Group;
LDH = lactate dehydrogenase; SDmax = maximum distance between 2 lesions normalized by body

surface area; TLG = total lesion glycolysis.

signed-rank test among the 9 models embedding different feature subsets.
A similar approach was used to derive the most valuable ROI (among
the 3 studied) to compute RFs. We reported the results of the 9 models
using only the ROI leading to the best performance when radiomics is
involved in the considered models. Feature importance was subsequently
derived from the LR weights to highlight which features were the most
informative. To this end, the best parameters of LR were chosen by
4-fold cross-validation on the training dataset, and then LR was retrained
100 times (Supplemental Fig. 2). Finally, box plots and sorted bar charts
of absolute values were derived from LR weights.

Patient survival was estimated by Kaplan—Meier analysis, and sur-
vival curves were compared using the log-rank test. Box plots of

approach, the study included 545 patients,
of whom 86 underwent an event before
24mo. For the survival approach, the
study included 561 patients, of whom 107
underwent an event before the last follow-
up. These patients have demographic and
clinical characteristics similar to those of the entire GAINED pop-
ulation. Patient characteristics are summarized in Table 2. Among
the 561 patients in our cohort, there were 386 early responders, 84
slow responders, and 91 who did not respond.

2-Year PFS Classification

Comparisons of the predictive values of radiomics extracted
from different VOIs are presented in Supplemental Figure 4. The
mean AUC was 0.62 = 0.07 for radiomics extracted from both the
largest lesion and the TMTV but was 0.54 = 0.07 for radiomics
extracted from the hottest lesion. Since the Wilcoxon test reported
a significant difference (P < 0.0001) between results extracted
from either the largest lesion or TMTV and
the hottest lesion, only radiomics computed

A Histogram regression score - Train B

Kaplan-Meser: median regression score - Train

from the largest lesion were considered.

=)
@
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ROC curves for models involving 1 group
of features (from models 1 to 5) are shown
in Figure 1A. The model with the highest
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Zom \_\ features (model 3), with a mean AUC of
£ors e 0.65 * 0.07. Models involving consolidation
070 g — features (model 2) and conventional PET
o6s] P=o0000t (model 4) achieved a mean AUC of 0.64 =
0.06 and 0.60 = 0.07, respectively, which
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FIGURE 3. Example of RS for training set (A) and corresponding test set (C), along with associated
Kaplan-Meier plots for PFS for training set (B) and test set (D). Low- and high-risk groups were

dichotomized using median RS determined on training set and applied on test set.
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are better than for model 1 (age-adjusted
international prognostic index), which
achieved a mean AUC of 0.56 = 0.06. Only
model 1 was significantly different from all
others (P < 0.001). Models combining sev-
eral groups of features (from models 6 to 9)
reached a mean AUC from 0.72 + 0.06 to
0.69 = 0.06 without significant differences
in between.

The importance of each feature was
derived from the weights resulting from the
LR attached to each feature. A positive
weight sign tends to classify patients in the
positive class (progression occurred) when
the feature value increases. Inversely, a nega-
tive weight sign tends to classify patients in
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from models involving age-adjusted in-

ternational prognostic index (model 1,
P < 0.0001), clinical parameters (model 3,
P < 0.05) conventional PET features
(model 4, P < 0.0001), or RFs (model 5,
P < 0.0001). Among models that com-
bined the consolidation treatment plus one
or more feature groups (from models 6
to 9), the median P value was the lowest
for model 6 but without being significantly
lower than for all other models (from
models 7 to 9).

Logrank test P-values
101
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PET4 Prediction

Comparisons of predictive values of
radiomics extracted from different VOIs
are presented in Supplemental Figure 7.
No significant difference was highlighted

FIGURE 4. Log-rank P values over 100 loops for 9 models considered for survival analysis study.

the negative class when the feature value increases. The feature impor-
tance for models 6 and 7 is plotted in Figure 2. The number of extra-
nodal sites, Eastern Cooperative Oncology Group scale, and Ann
Arbor stage were among the most important features when considering
clinical features. The consolidation treatment regimen received was
also highly predictive of 2-y PFS. Adding conventional PET features
(Fig. 2B) or radiomics did not notably change the ordering of the most
important features (Supplemental Fig. 5).

Survival Analysis for PFS

The probability of selecting each feature for its superior signifi-
cance compared with others (computed over the 100 loops) using
the models combining several groups of features (from models 6 to 9)
is presented in Supplemental Figure 6. The most important features
selected in the previous classification task were also always selected for
this current survival analysis study. An example relative to 1 loop of an
RS histogram and associated Kaplan—Meier curves built using the
median cutoff RS is shown in Figure 3 for model 6. The correspond-
ing log-rank P values for the test dataset are presented in Figure 4.
The median P value for models involving 1 group of features (from
models 1 to 5) was lowest for the model involving only the con-
solidation treatment (model 2) and was significantly different

between the different VOIs. Then, for con-
sistency reasons with the 2-y PFS classifi-
cation, the largest one was retained.

ROC curves for models involving 1 group of features (models 1,
3,4, and 5) are shown in Figure SA. The model involving radiomics
(model 5) was significantly better than all others (P < 0.0001), with
a mean AUC of 0.61 = 0.07. When combined, only the models
involving radiomics exhibited the best performance (Fig. 5B), with a
mean AUC of 0.62 = 0.07 (P < 0.0001).

DISCUSSION

The last 2 decades witnessed multiple trials exploring a PET-
driven strategy to identify poorly responding DLBCL patients
requiring more intensive salvage therapy. These works have yielded
heterogeneous results, as many relied on qualitative visual evalua-
tion (3). Assessing ASUV,,,, after 2 and 4 cycles of induction regi-
mens showed improved reproducibility and significantly reduced
false-positive rates. This semiquantitative criterion was applied in
2 large multicentric prospective PET-guided trials (PETAL and
GAINED). The first one, although disappointingly reporting no effi-
cacy in escalation of PET2-positive patients to an intensified Burkitt
chemotherapy, clearly defined ASUV ., as a valid measure to dif-
ferentiate patients with chemotherapy-sensitive tumors from those
with chemotherapy-resistant tumors. In the GAINED study, as
opposed to PETAL, positive interim PET’s unfavorable prognostic

value could be overcome with escalation of
therapy and autologous stem cell trans-
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plantation. These data represented an im-
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portant cornerstone in the management of
DLBCL patients, suggesting that quantita-
tive ASUV,,. criteria can be applied in
routine practice to evaluate metabolic
response and drive the therapeutic strategy.
The question now arises as to what addi-
tional data would refine the prediction of
early response to therapy. In a multipara-
metric approach, some teams are exploring

0 0.2 04 0.6 0.8 1.0 o 0.2 0.4
1 - specificity

1 - specificly

circulating tumor DNA analysis, whereas
some are investigating the value of PET bio-

06 08 10

FIGURE 5. Mean ROC curves for models 1, 3, 4, and 5 (A) and for models that combined several
features (B) for PET4 prediction. Model 7b = combination of clinical and conventional PET features;
model 8b = combination of clinical and radiomics; model 9b = combination of clinical and conven-

tional PET features and radiomics.
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markers at baseline. Although the role of
SUVax at baseline to predict the 2-y PFES or
overall survival was shown to be limited (4),
evaluation of predictive value in DLBCL
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patients using TMTV (5), dissemination (6), and RFs (9-17) has
recently been considered.

In this study, our findings supported the fact that conventional
PET metrics, dissemination, or RFs are predictive of outcome.
Nevertheless, we extend these results by showing that these fea-
tures seem to have no additional predictive capabilities compared
with treatment arm or clinical features in the frame of the
GAINED protocol. Interim PET assessment through the use of
ASUV ..« allowed an accurate stratification of DLBCL patients
into 3 risk groups, of which PET4-positive patients are those with
the worst outcome, despite salvage therapy. The impact of the
GAINED strategy in modifying conventional immunochemotherapy
on the basis of these findings significantly and sufficiently improved
patient outcome to override the value of the other PET parameters.
The results were also suggested by the HOVON-84 trial, in which
baseline TMTV did not add prognostic value to ASUV ., (27).

This work also allowed exploration of the influence of VOI choice
on the prognostic performance of radiomics. We were able to con-
firm the results of Eertink et al. (/3) on interest in computing RFs
from the TMTV or the largest lesion rather than the hottest lesion.
Although this observation may seem surprising, it provides a better
understanding of intrapatient interlesional tumor heterogeneity. This
is an important factor that is actually also explored by the ASUV .«
method. It compares the lesion with the highest SUV ., at baseline
and at interim PET, which is not necessarily the same hottest lesion
as before the start of treatment, to measure the metabolic activity of
the most active or aggressive tumor contingent.

Baseline PET characteristics showed limited performance in
predicting results at PET4 and subsequently each patient’s risk
group and treatment arm. Nevertheless, unlike the 2-y PES classifi-
cation, radiomics seems to be of importance in that context since it
outperformed the models that involved only the clinical informa-
tion or the PET conventional features. This paves the way to the
development of more advanced machine-learning models taking
into account (or not) hand-crafted radiomics. Moreover, early
identification of patients at highest risk could be of relevance in a
context where innovative treatments, such as cell-based therapies,
require a significant preparation and set-up phase.

CONCLUSION

This study suggests that metrics extracted from '*F-FDG PET
at baseline for this cohort of DLBCL patients and treated ac-
cording to the PET-driven design of the GAINED protocol do not
improve the 2-y PFS classification and PFS prediction. The model
including the consolidation strategy, which was in turn directed by
ASUV,.x, combined with clinical features achieved the best
performances.
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KEY POINTS

QUESTION: Do baseline '®F-FDG PET biomarkers add prognostic
value to the PET-driven strategy of the GAINED study in DLBCL
patients?

PERTINENT FINDINGS: Regardless of the VOI or features
selection, conventional or radiomics 8F_FDG PET biomarkers
extracted at baseline do not seem to improve the results in terms
of 2-y PFS and survival prediction for patients treated according
to the GAINED protocol.

IMPLICATIONS FOR PATIENT CARE: Interim PET assessment
using ASUV o« variation allows for accurate and simple monitoring
and should be considered for use in routine practice in patients
with advanced DLBCL.
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C-X-C Motif Chemokine Receptor 4-Directed Scintigraphy of
Multiple Myeloma Using [*°™Tc]Tc-PentixaTec

Johanna S. Enke', Nic G. Reitsam?, Bianca Grosser?, Malte Kircher', Alexander Dierks', Ralph A. Bundschuh',
Georgine Wienandl, Luise Uhrmacher4, Martin Trepel4, Margret Schottelius’, Constantin Lapa1’3, and Christian H. Pfob'

"Nuclear Medicine, Faculty of Medicine, University of Augsburg, Augsburg, Germany; *Pathology, Faculty of Medicine, University of
Augsburg, Augsburg, Germany; >Bavarian Center for Cancer Research (BKFZ), Erlangen, Germany; *Hematology and Oncology,
Faculty of Medicine, University of Augsburg, Augsburg, Germany; and ° Translational Radiopharmaceutical Sciences, Departments of
Nuclear Medicine and Oncology, Centre Hospitalier Universitaire Vaudois and University of Lausanne, Lausanne, Switzerland

In multiple myeloma, C-X-C motif che-
mokine receptor 4 (CXCR4) plays a piv-
otal role in cell migration, bone marrow
infiltration, and resistance to therapy (/).
Recently, CXCR4-directed theranostics
has increasingly aroused clinical interest in
the management of multiple myeloma, as
CXCR4-directed PET/CT has proven a
versatile tool both for detecting intra- and
extramedullary manifestations (2,3) and for
selecting patients who might benefit from
chemokine receptor—directed therapy (4, 5).

A 63-y-old woman with relapsed multiple
myeloma was referred for further diagnostic
work-up. After tandem autologous stem cell
transplantation and maintenance therapy with
lenalidomide, the patient experienced full-
blown recurrence with disseminated intrame-
dullary (90% infiltration of the bone marrow)
and hepatic, renal, and cutaneous manifesta-
tions (as documented by ['SFJFDG PET/CT
and CD138 immunohistochemistry of a bone
marrow biopsy [Fig. 1A]). Subsequently,
treatment with daratumumab, bortezomib, and
dexamethasone was initiated. However, 3 wk
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later, rapid further disease progression with  FIGURE 1. (A) Maximum-intensity projection of ['®FJFDG PET/CT (218 MBg, 60 min after injection),
multiple new intramuscular and cutaneous  showing extensive CD138-positive intramedullary as well as hepatic, renal, and cutaneous (arrows)
lesions was noticed. Therapy was changed to  extramedullary lesions. Treatment with daratumumab, bortezomib, and dexamethasone was initiated.
carfilzomib, cyclophosphamide, and dexa- However, clinical progression with emergence of multiple new cutaneous lesions was noticed 3 wk

methasone, but only exerted a good response
of intramedullary multiple myeloma (with a

later. (B) Subsequent planar whole-body scintigraphy with [**™Tc]Tc-PentixaTec (470 MBg, 60 min
after injection) depicts extensive CXCR4-positive cutaneous, subcutaneous, and intramuscular lesions
(in contrast to good response of intramedullary multiple myeloma as proven by CD138 immunohisto-

reduction of malignant. plasma cells t0  chemistry). (C) Immunohistochemistry staining of CD138 and CXCR4 of a subcutaneous lesion of thigh
10%) and the renal manifestation. (black arrow, B) confirms marked chemokine receptor expression of nearly all malignant plasma cells.

Consequently, the possibility of CXCR4-
directed endoradiotherapy was assessed.
Whole-body imaging with the novel tracer

Received Jul. 7, 2023; revision accepted Aug. 22, 2023.

[*™Tc]Te-N4-L6-CPCR4 ([ Tc]Te-PentixaTec) was performed,
demonstrating marked receptor expression of the cutaneous and intra-
muscular lesions (Fig. 1B). Histopathology of a cutaneous nodule on

For correspondence or reprints, contact Constantin Lapa (constantin.lapa@  the right upper thigh confirmed infiltration by CXCR4-positive malig-

uk-augsburg.de)
Published online Sep. 14, 2023.

nant clonal plasma cells (Fig. 1C).

COPYRIGHT © 2024 by the Society of Nuclear Medicine and Molecular Imaging. Given the increasing clinical interest in noninvasive, in vivo
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CXCR4 visualization, [*™Tc]Tc-PentixaTec as a receptor ligand
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for use in conventional imaging with its lower costs and general
availability might prove an interesting alternative to CXCR4-
targeting PET vectors.
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LETTERTO THE EDITOR

Debating the Future of Nuclear Medicine:
The Greek Experience

TO THE EDITOR: We read with great interest the recent edito-
rial by Graham regarding the progressive staffing shortage experi-
enced by nuclear medicine in the United States (/). As the authors
noted, the shortage is associated with inadequate production of
well-trained nuclear medicine physicians during the last 2 decades.
Interestingly, this workforce problem can be closely linked to a
trend in hiring—in both academic programs and the private sec-
tor—diagnostic radiologists with minimal nuclear medicine train-
ing (1y) instead of nuclear medicine physicians (/). Consequently,
nuclear medicine has been considered a less attractive specialty by
medical students, in parallel with a drop in the quality of appli-
cants for nuclear medicine residency.

Notably, in some countries, such as Greece, nuclear medicine is
a separate discipline, whereas in other parts of the world, such as
the United States, nuclear medicine studies can also be performed
by diagnostic radiologists. This heterogeneity has been reinforced
by the introduction of hybrid systems (SPECT or PET combined
with CT, and PET combined with MRI). Because both nuclear
medicine physicians and diagnostic radiologists are involved in
the performance of these techniques, a proposed solution was the
establishment of joint training programs for hybrid imaging, cur-
rently available in only some countries (2).

From our point of view, nuclear medicine should continue as a
separate discipline as we enter the era of personalized practice.
Undoubtedly, the molecular imaging findings of SPECT or PET
represent the most clinically valuable information obtained using
hybrid systems. In particular, the functional-pathophysiologic
findings of SPECT and PET are based on the principles of molec-
ular imaging, and implementation of these techniques requires
training in clinical medicine, as well as a thorough knowledge of
radiochemistry (radiopharmacology, medical physics, and radia-
tion protection). In addition, the development of radioactive
agents able to diagnose and treat certain types of cancer (thera-
nostics) may lead to crucial advancements in the management of
oncology patients. Therefore, the growing field of theranostics
applications for nuclear medicine should be prioritized and
further supported, given the potential clinical impact on our
patients.

At this point, we would like to add some information concern-
ing the training and practice of nuclear medicine in Greece. The
Hellenic Society of Nuclear Medicine and Molecular Imaging was
founded in 1968, one of the oldest societies of nuclear medicine in
Europe. The 5-y curriculum of residency includes training not

COPYRIGHT © 2024 by the Society of Nuclear Medicine and Molecular Imaging.

only in nuclear medicine (33 mo) but also in radiology (9 mo, with
a 6-mo internship in a CT unit and 3 mo in ultrasound or MRI
studies), internal medicine (12 mo), cardiology (6 mo), or, alterna-
tively, cardiology (4 mo) and oncology, hematology, pediatrics, or
endocrinology (2mo). There are more than 20 centers for resi-
dency across the country, including laboratories in university hos-
pitals and departments in public and military hospitals. As far as
the practice of nuclear medicine is concerned, the corresponding
diagnostic and therapeutic applications can be performed only by
nuclear medicine physicians. Particularly for hybrid imaging tech-
niques, an experienced nuclear medicine physician can interpret a
PET or SPECT scan combined with low-dose CT (used for locali-
zation, attenuation correction, and scatter correction), based on
recent changes in state regulations. On the other hand, full diag-
nostic CT (or MRI) hybrid examinations are interpreted by an
experienced nuclear medicine physician in cooperation with an
experienced radiologist.

Under the current status of nuclear medicine practice in Greece,
the departments of nuclear medicine provide services indepen-
dently in public hospitals and the private sector. Recently, 4
modern PET/CT scanners were installed in nuclear medicine
departments of university hospitals in the peripheral cities of
Larissa (Thessaly), Heraklion (Crete), loannina (Epirus), and
Alexandroupolis (Thrace), and 1 more PET/CT scanner was also
installed in the nuclear medicine department of a military hospital,
through a grant from the Stavros Niarchos Foundation. In parallel,
despite a significant decrease in applications for nuclear medicine
residency during the last decade, an increase in the number of resi-
dents has been observed recently, reflecting a positive message for
the future of our discipline in Greece.
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MIRD Primer 2022
A Complete Guide to Radiopharmaceutical Dosimetry

Richly illustrated and thoroughly referenced, the MIRD Primer 2022 is a comprehensive, state-of-the-art
guide to radiopharmaceutical dosimetry that reflects the dramatic evolution of the field of nuclear
medicine, including molecular imaging and, increasingly, radiopharmaceutical therapy:.

The MIRD Primer 2022 serves as

- a foundation for nuclear medicine and other medical professionals who require a working
knowledge of internal radionuclide dosimetry and its radiobiological implications—without
having to delve too deeply into the underlying mathematics.

« an authoritative reference on the latest, complete mathematical formulation of the MIRD
schema for those seeking a more rigorous understanding of internal dosimetry.

- aninvaluable teaching tool, with a large number and wide variety of clinically relevant
calculational examples.

Order your copy today! S socET oF
WWW.SNMMI.ORG/MIRD2022 M T [
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critical advances in cancer treatments and care.
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efforts a reality for patients of all ages.
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innovations and techniques in the field, including
a dedicated track on therapeutics.




The Journal of Nuclear Medicine

January 2024 = Vol. 65

Pages 1-165



