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FEATURED | Molecular Imaging of Myocardial Fibroblast Activation in Patients with Advanced Aortic Stenosis
ARTICLE Before Transcatheter Aortic Valve Replacement: A Pilot Study. Johanna Diekmann et al. See page 1279.
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Metformin and HER PET: Preclinical implications for antibody
targeting in novel cancer treatment and molecular imaging.
Sandeep Panikar et al. See page 1195.
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DISCUSSIONS WITH LEADERS

A Life Study in Academic Leadership

A Conversation Between Carolyn C. Meltzer and Hossein Jadvar

Carolyn C. Meltzer and Hossein Jadvar

Department of Radiology, Keck School of Medicine, University of Southern California, Los Angeles, California

Hossein Jadvar, MD, PhD, MPH, MBA, a tenured professor
in the Department of Radiology at the Keck School of Medicine
of the University of Southern California (USC) in Los Angeles,
talked with Carolyn C. Meltzer, MD, about her career in science
and academic leadership. Dr. Meltzer became the Dean of the
USC Keck School of Medicine and the John and May Hooval
Dean’s Chair in Medicine on March 1, 2022. In this position, she
oversees the operation and academic affairs of 26 basic and clini-
cal academic departments and 16 major research institutes that
sponsor training of more than 1,200 medical students, resident
physicians, and graduate students in more than 70 specialty or sub-
specialty programs each year. She was recruited from Emory Uni-
versity School of Medicine (Atlanta, GA), where she served as the
William P. Timmie Professor and Chair of Radiology and Imaging
Sciences for 15 years. At Emory she also served as the Executive
Associate Dean of Faculty Academic Advancement, Leadership,
and Inclusion and as the Chief Diversity and Inclusion Officer.
Dr. Meltzer has conducted research in multimodality imaging
evaluation of neuropsychiatric disorders, Alzheimer disease, brain
structure and function in normal aging, and cancer.

Dr. Jadvar: Could tell me about your career journey? What
made you interested in a life of medicine and science, and what
propelled you toward leadership in academic radiology?

Dr. Meltzer: [ was always interested in science and math and was
also a very visual person. Even early on, I played competitive chess,
seeing the moves on the chessboard and always thinking about how
to solve problems. As a teenager, I would often read about the brain.
I was fascinated by behavior, mood, and the workings of the brain—
and how little we knew. At college, I decided that I was interested in
medical school. I couldn’t decide whether I wanted to be a neurosci-
entist or a physician. I spent a summer doing student research in
Chicago, helping in a translational lab at Michael Reese Hospital
(which closed in 2009). There, a distant relative invited me to her
home for dinner. She and her husband were lovely people. It turned out
that he was Robert N. Beck, who developed one of the first PET scan-
ners at the University of Chicago. I had been reading about PET imag-
ing and spent much of the evening asking about his work. He showed
me scans that helped in understanding the inner workings of the
brain. This was in the early days of functional imaging, and this
moment was very influential in my life. When I went on to study at
the Johns Hopkins Medical School, I volunteered as a control subject
for a PET imaging study to make some money. This was one of the
earliest such studies using a neuroreceptor tracer. I ended up work-
ing for these scientists and then spending another year on a PET
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research fellowship. These experiences
fueled my excitement about brain imag-
ing, particularly nuclear medicine and
neuroradiology, which led me eventu-
ally to board certifications in both fields.

Dr. Jadvar: Did you know Henry N.
Wagner, Jr., MD, and the group in nu-
clear medicine at Hopkins?

Dr. Meltzer: Absolutely. Henry
Wagner was leading nuclear medicine
when [ was a medical student and resi-
dent physician, and I worked with him.
Just an extraordinary person.

Dr. Jadvar: Please tell me what propelled you to leadership in
academic radiology, becoming a department chair and now our
dean at USC?

Dr. Meltzer: Serendipity, as for many of us. In my first post-
training attending role at the University of Pittsburgh, I was thrust
into an interim leadership role after a senior faculty member sud-
denly departed the institution. I was only 2 years into being an
assistant professor and really was just flying by the seat of my
pants. I didn’t know much about leadership and management as a
field or as a science, something that could be studied. I don’t think
many people did at that time, outside of the business world. In
medicine, if you were good at your research or clinical care, then
often it happened that you were asked to run something. I was
working in the PET center and ended up being its medical director.
I really enjoyed bringing people together, trying to have an impact,
listening to lots of viewpoints, and having some say in how things
are done to achieve the best possible outcomes for patients, staff,
and students. I later had the opportunity to become a fellow of the
Executive Leadership in Academic Medicine program (Drexel Uni-
versity School of Medicine; Philadelphia, PA), where I really learned
leadership skills that reinforced what I had figured out the hard way
and taught me to evaluate what worked and didn’t. I became a life-
long student of leadership. I take it as an incredible opportunity and
responsibility and have found that my approach is most aligned with
the servant leadership model. I’ve been fortunate that people have
wanted me to work with them. I am truly honored to be here at USC
as the dean.

Dr. Jadvar: Let’s talk about mentors. As you know, good men-
tors have a major impact on one’s career. I can personally attest
to that because I had many good mentors who influenced me. Who
were your mentors that you want to acknowledge in your personal
and professional life?

Dr. Meltzer: There are so many. J. James Frost, MD, PhD, MBA,
was one of my mentors in PET. My first mentor in the PET world
was Dean Wong, MD, PhD. Dean took me on as a student and was
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really my first influential mentor in science and medicine. R. Nick
Bryan, MD, PhD, who was at the time the chief of neuroradiology
at Johns Hopkins, has been like a second father to me through my
whole career. I consider him one of the most influential people in
supporting my career and my personal life. I adore him and his
wife, Jean, and we keep in touch. I can call him anytime and know
that he’ll always give me his honest opinion. Charles F. (Chip)
Reynolds, MD, is another mentor who was in psychiatry at Pittsburgh
when I did neuropsychiatry research. Also, Steven T. DeKosky, MD,
who was chair of neurology and led the Alzheimer Disease Research
Center at the University of Pittsburgh.

Dr. Jadvar: Tell me about your parents. Was anybody in medi-
cine or in math? How did you become interested in math?

Dr. Meltzer: My mom was a secretary and had a high school
education. My dad was an immigrant from Greece. He wanted to
be a physician but moved to the United States with no resources
and ended up going to optometry school and becoming an optome-
trist. I was the kid who, like him, loved math, science, and taking
things apart and putting them back together. He always wanted me
to go into medicine and encouraged a belief that I could do what-
ever | wanted. He passed away about 5 years ago—an incredibly
generous and supportive father.

Dr. Jadvar: Any siblings?

Dr. Meltzer: I have an older sister, who also became an
optometrist.

Dr. Jadvar: I want to focus a bit on your life as a clinician/
scientist. You have received several prestigious awards for your

questions for me were always around brain aging, sex differences in
aging, and susceptibility to neuropsychiatric diseases and disorders
such as late-life depression and eating disorders. A key project was
evaluating serotonin receptor density in depression and implications
for therapeutic effectiveness.

Dr. Jadvar: I gather that at Pittsburgh you came into contact with
David Townsend, PhD, in PET/CT and the work of Chester Mathis,
PhD, and William Klunk, MD, PhD, in developing 1" C-Pittsburgh
compound B amyloid scanning.

Dr. Meltzer: Absolutely. David Townsend was the codeveloper
of the first PET/CT scanner. He asked me to lead that first clinical
evaluation of the first PET/CT scanner, opening a huge door for me.
Same with Chet Mathis, who had codeveloped the !'C-Pittsburgh
compound B tracer.

Dr. Jadvar: You are a neuroradiologist and a nuclear medicine
Pphysician. As you know, there have been incredible strides in molecu-
lar imaging and radiopharmaceutical therapy, especially with the
recent approvals of new theranostic agents for precision imaging and
treatment of patients with cancer. The Lancet Oncology Commission
report on the Cancer Moonshot initiative (by former President
Barack Obama and led by then—Vice President Joe Biden) identified
and discussed nuclear medicine imaging and theranostics as priorities
in fighting cancer. What are your thoughts on the future of transla-
tional theranostics, and how can we support this important priority
that was also identified by the Cancer Moonshot Blue Ribbon panel?

Dr. Meltzer: Theranostics is an incredible tool for being able to
target specific molecular markers, not only for diagnosis but also

... our most creative ideas come from ... having people with different perspectives, different educational backgrounds,
different life experiences, and from different fields working together. All the easy things that an individual contributor
could do alone have been done.”

research, including the Gold Medal and Distinguished Investiga-
tor Award from the Academy for Radiology & Biomedical Imaging
Research and the Outstanding Researcher Award from the Radio-
logical Society of North America. Can you tell me a little bit more
about your research in brain imaging? What were your findings?
Dr. Meltzer: I’ve had a couple of paths in my scholarly work,
and one was in technology development. When I was engaged
with PET imaging at Johns Hopkins and had done a year of
research fellowship and worked throughout my residency in radi-
ology and fellowship in neuroradiology and nuclear medicine,
I kept up with research in Jim Frost’s lab. One of the technologic
barriers to making quantitative assessments in PET imaging was
the challenge of partial-volume averaging of the signal. I was
interested in normal aging and Alzheimer disease. Comparing
quantitation of receptors or any other measurements in a brain that
had significant atrophy with those from a more age-appropriate
brain was very difficult, because of partial-volume averaging of
cerebrospinal fluid and brain tissue due to the low spatial resolu-
tion of early PET images. I became very interested in how to do
those corrections and published my work developing a new method
(J Comput Assist Tomogr. 1990;14:561-570). This initially received
little attention, although eventually it became something of a land-
mark paper in the field. I also worked on coregistration of MRI and
CT with PET. My early work focused on technology development,
including evaluation of the first human combined PET/CT scanner at
the University of Pittsburgh. I also worked to acquire an early proto-
type human PET/MRI scanner at Emory for validation. The scientific
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for treatment. Under the bigger umbrella of synthetic biology, pre-
cision health, and cell-based therapies for cancer, such as CAR T
cells and beyond, we’re entering an age of precision in being able
to diagnose and treat disease, particularly cancer. We know that
individual molecular markers and rapid mutations can really affect
how a cancer behaves. Being able to look at the molecular profile
of individual tumors, the patient’s genetic biologic makeup, and
many other relevant parameters, coupled with increasing comput-
ing power, creates the opportunity to turn big data into actionable
knowledge about how we can be more precise in treating patients.

Dr. Jadvar: Exactly. I want to switch gears now toward your
distinguished service record in academic radiology. You have
received notable awards, including those from the American Medi-
cal Association, Association of University Radiologists, American
Society of Neuroradiology, and American Association of Women
in Radiology, from the last of which you received the Marie Curie
Award. I want to focus especially on this award, which is given to
an individual with outstanding contributions to the advancement
of women in radiology and radiation oncology. What are your
thoughts on receiving this award? Where do you think we are now
in academic medicine with regard to sex equity, and what are the
remaining barriers in empowering women, especially in leader-
ship positions? How many women are deans of medical schools in
the United States?

Dr. Meltzer: About 20% of department chairs are women, a
percentage that varies a little by discipline but remains low, even
in fields where most of the physician workforce may be women,
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such as pediatrics and obstetrics/gynecology. The percentage of
medical school deans who are women is slowly moving up and is
now at about 25%. But this is not where we need it to be. It was
initially thought that these percentages would catch up to parity as
a result of a more robust pipeline of women coming into the field.
But with medical schools at 40%—-50% women now for 20 years
or more, we’re still not seeing the proportional dramatic increases
that we should see with more sex parity in tenured and leadership
positions. This is something I’ve been passionate about my whole
career. When I went to medical school I was very much in the
minority, and I’ve been the first woman in many of the leadership
positions to which I've been fortunate to be appointed. That
shouldn’t keep happening. I was very much honored by the Amer-
ican Association of Women in Radiology when I received the
Marie Curie Award. There are so many other deserving indivi-
duals who are trying to make sure people from groups historically
underrepresented in medicine and science benefit from having our
voices at the table. That has been a thread through my whole
career: a strong focus on equity and on creating inclusive environ-
ments where we can come together and have better ideas. The
American Medical Association award was specifically for the
work I did on unconscious bias training and mitigation for physi-
cians in the health-care environment. This is important work that
still very much needs to be done. We’ve come a long way but not
as far as we should have. The current challenges to women’s
reproductive health further indicate that there’s still a lot of sex
bias in every walk of life.

Dr. Jadvar: Am I correct that one of the things you did at
Emory was look at compensation for women faculty, where you
made changes?

Dr. Meltzer: When I first became a department chair, I asked
to see the compensation plan, because I couldn’t really figure out
why some faculty were paid X and others Y—salaries seemed
highly variable. When I analyzed the data on assistant professors
(the largest group and, one would think, the most uniform), there
was a nearly statistically significant difference between men and
women assistant professor salaries. 1 had to be transparent about
it. I let the department faculty know we had a problem and that we
were going to go to a compensation plan that was equitable and
metrics-driven. In the absence of intentionality around equity,
these patterns form as a result of our inherent and systemic biases.

Dr. Jadvar: Speaking about equity, you 've been the chair of the
Radiological Society of North America Committee on Diversity
and Inclusion and also Chief Diversity and Inclusion Officer at
Emory. Can you tell us about some of your activities in diversity,
equity, and inclusion and why attention to this is important?

Dr. Meltzer: It is now well known that our most creative ideas
come from (the literature is quite clear in this) having people with
different perspectives, different educational backgrounds, different
life experiences, and from different fields working together. All
the easy things that an individual contributor could do alone have
been done. We now strive to tackle the most complex problems
in human disease, which require a diverse and inclusive team
approach. An environment that makes us all feel like we belong
and can freely express ourselves is particularly critical. In my own
leadership roles, I’ve always worked to flatten organizational hier-
archy to make sure that we bring voices—all voices—to the table
and that we check ourselves and hold each other accountable. We
must also embrace grace and cultural humility, because although
bias is a part of our human experience, we can learn from each
other. That’s been integral to my leadership throughout my career.

It also requires intentionally striving to be reflective of the communi-
ties we serve, at both junior and senior levels. ’'m in a new commu-
nity now for the last year that looks different from the community
I was in in Georgia. I am thankful that many leaders here feel
strongly that we need to keep working to make sure that those we
train and those we put in leadership positions reflect the rich diversity
of the communities we serve and in whom we want to build trust.

Dr. Jadvar: You've been the dean of a major medical school
within a large private research university for slightly more than
1 year. Can you describe the similarities, differences, and chal-
lenges you have encountered as a dean compared with your long
experience as a chair of a major academic radiology department?

Dr. Meltzer: If | had come directly from being a chair, I would
have encountered more things that were new. In the 15 years that
I was at Emory, I always had at least one other leadership role.
These were mostly in the dean’s office, including as Associate
Dean for Research for 12 years. During the last 3 years I was
there, in addition to being the chair of radiology, I served as Exec-
utive Associate Dean for Faculty and Chief Diversity and Inclu-
sion Officer. I believe that these experiences of working not only
in a scholarly domain but also in the clinical practice arena (and,
of course, in radiology we interact with everybody) made it easier
for me to work in the dean’s office, bringing people together
around research, faculty matters, professional advancement, lead-
ership development, diversity, equity, and inclusion. That combi-
nation of experiences has prepared me well to step into the role of
dean. There are new challenges every day, but at this point in my
career | don’t get easily flustered. I've seen a lot of challenges and
try to take an inclusive approach in dealing with them, involving
my executive team and stakeholders from all aspects of the institu-
tion and beyond, depending on the issue.

Dr. Jadvar: What advice do you have for young doctors consid-
ering a fulfilling career in academic medicine in general and in
nuclear medicine in particular, especially our young women doctors?

Dr. Meltzer: It’s funny that you ask that today, because it’s
Match Day. I just had the opportunity this morning to offer advice
to our senior medical students about their journey ahead. I talked
about the importance of lifelong learning. We’ve prepared them
well for the next step, but information and knowledge in medicine
and science are now increasing exponentially. I suggested that they
embrace an ever-curious mindset. When doors open, they should
step through with courage and creativity. One is never sure where
something’s going to lead, so we need to explore and innovate. No
career path is straight. I hope today’s students will challenge the
way we’ve done things and bring their own passions to the table.
In radiology and nuclear medicine, where technology is constantly
evolving, we have to continue innovating. That’s certainly one of
the aspects of imaging science that attracted me. I think it’s very
exciting for those who are particularly curious, creative, and want
to just keep learning and growing.

Dr. Jadvar: I want to ask about your love of photography.
[ didn’t know previously about your remarkable talent. As a seri-
ous amateur photographer myself, I can say that your work is truly
exceptional. I believe that if you had not achieved an illustrious
career in medicine and science, you would have had an eminent
professional career in photography. How did you become inter-
ested in photography, and do you still have time to pursue this
interest? Please tell me and our INM readers about your story of
creative imaging through photography.

Dr. Meltzer: Very kind of you. It goes back to my dad. He and
I would always build things, take things apart, and look at the
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world together. I took after him in terms of being very visually ori-
ented and excited about technology and science. He loved cam-
eras, taking them apart, putting them back together, and trying
different ones. He wasn’t a very good photographer, but he would
say, “Well, I don’t think that I like this camera anymore. You take
it.” So, I would go off and try it. Although I loved the technology,
I especially loved looking through the lens. When I ended up in
imaging, I already had this creative side where I loved looking at
the world from different perspectives. Early on, I kept those 2
worlds very separate; nobody I worked with knew that I had this
love of photography. Later in life I felt comfortable openly shar-
ing this other side of me, and artistic photography remains very
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much part of my life. It doesn’t detract from my focus as a phy-
sician, scientist, and leader. In fact, I think the more I photo-
graph the more I’m able to feel centered and bring my best self
to my work. So, yes, I do continue to photograph. I do it in spurts
when I travel. Or when there’s a crazy storm in the sky I’ll run out.
But I do love it. It really is a natural proclivity for imaging scien-
tists such as yourself who understand the magic of imaging in
every aspect.

Dr. Jadvar: And you have a website?

Dr. Meltzer: It’s at carolynmeltzer.com.

Dr. Jadvar: [ want to thank you again so much for taking time
to speak with me and our JNM readers. Fight on and heal on!
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to the Braak Staging Framework
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Amyloid-B plaques and neurofibrillary tangles (NFTs) are the 2 histo-
pathologic hallmarks of Alzheimer disease (AD). On the basis of the
pattern of NFT distribution in the brain, Braak and Braak proposed a
histopathologic staging system for AD. Braak staging provides a com-
pelling framework for staging and monitoring of NFT progression
in vivo using PET imaging. Because AD staging remains based on clin-
ical features, there is an unmet need to translate neuropathologic stag-
ing to a biologic clinical staging system. Such a biomarker staging
system might play a role in staging preclinical AD or in improving
recruitment strategies for clinical trials. Here, we review the literature
regarding AD staging with the Braak framework using tau PET imag-
ing, here called PET-based Braak staging. Our aim is to summarize
the efforts of implementing Braak staging using PET and assess corre-
spondence with the Braak histopathologic descriptions and with AD
biomarkers. Methods: We conducted a systematic literature search in
May 2022 on PubMed and Scopus combining the terms “Alzheimer”
AND “Braak” AND (“positron emission tomography” OR “PET").
Results: The database search returned 262 results, and after assess-
ment for eligibility, 21 studies were selected. Overall, most studies
indicate that PET-based Braak staging may be an efficient method to
stage AD since it presents an adequate ability to discriminate between
phases of the AD continuum and correlates with clinical, fluid, and
imaging biomarkers of AD. However, the translation of the original
Braak descriptions to tau PET was done taking into account the limita-
tions of this imaging technique. This led to important interstudy vari-
ability in the anatomic definitions of Braak stage regions of interest.
Conclusion: Refinements in this staging system are necessary to
incorporate atypical variants and Braak-nonconformant cases. Further
studies are needed to understand the possible applications of PET-
based Braak staging to clinical practice and research. Furthermore,
there is a need for standardization in the topographic definitions of
Braak stage regions of interest to guarantee reproducibility and meth-
odologic homogeneity across studies.

Key Words: Alzheimer disease; Braak staging; PET; neurofibrillary
tangles; cognitive impairment
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Alzheimer disease (AD) is a progressive neurodegenerative
disease whose neuropathologic hallmarks are amyloid-f3 (AB) pla-
ques and neurofibrillary changes (/). Three types of neurofibrillary
changes underlie AD pathogenesis: neuritic plaques, neurofibrillary
tangles (NFTs), and neuropil threads. NFT and neuropil thread ac-
cumulation in the cerebral cortex present a well-defined distribution
and progression pattern, allowing the differentiation of AD into
stages (2—5). On this basis, Braak and Braak proposed a neuropa-
thologic staging system comprising 6 successive stages (6). In 2006,
this framework was revised, incorporating modern immunohisto-
chemical techniques to improve its applicability and accuracy (7).

Braak stages are hierarchic, meaning that a given stage encom-
passes the abnormalities observed in the earlier ones (6, 7). Stages |
and II are marked by the involvement of the transentorhinal and
entorhinal cortices, respectively (7). At stage III, modest damage is
seen in the hippocampus, amygdala, and adjacent neocortical areas
(7). Stage IV defines the initial extension of the pathologic process
to neocortical association areas, encompassing the insular cortex
and basal frontal areas (7). Stage V shows an impairment of neocor-
tical association areas, especially in temporal, parietal, and associa-
tive occipital regions (7). In stage VI, degeneration spreads to
primary motor and sensory fields. For practical purposes, these
stages may be simplified into 3 categories: transentorhinal (I-II),
limbic (III-1V), and isocortical (V-VI) (8). In 2012, this staging
system was integrated into the AD neuropathologic diagnostic crite-
ria (9,10). Figure 1 displays the topography of Braak stages accord-
ing to the original histopathologic descriptions.

Because AD staging remains based on clinical features, there is
an unmet need to translate neuropathologic staging to a biologic
clinical staging system. Such a biomarker staging system might
play a role in diagnosing preclinical AD and in improving recruit-
ment strategies for clinical trials. The development of tau PET
ligands created a way to map tau accumulation in the brain of living
humans over time and stratify individuals on the AD continuum on
the basis of in vivo Braak staging (/7). By contrast, pathology
remains limited in detecting longitudinal changes in tau accumula-
tion, in establishing correlations to other biomarkers, and in its
applicability in clinical practice and research. Compared with
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language, year of publication, or type of report
were applied. Two authors independently
screened titles, abstracts, and full texts on the
basis of the following inclusion criteria: cross-
sectional, cohort, or case-control studies testing
the applicability of PET-based Braak staging in
the AD continuum. The exclusion criteria were
unpublished manuscripts, animal or in vitro stud-
ies, reviews, clinical trials, case reports or series,
conference papers, editorials, letters, responses,
comments, book chapters, and guidelines.

The following data were extracted by 2

FIGURE 1.

histopathologic Braak assessment, which is conducted in a limited
number of regions, PET provides an overview of tau pathology across
the entire brain. PET limitations, in turn, include poorer resolution
and sensitivity than neuropathology, as well as contamination of the
early stages of NFT accumulation with off-target binding, especially
in first-generation tau PET agents (/2). Together, these limitations
impose significant variability to parallel the in vivo classification sys-
tem with the Braak histopathological scheme.

The recently developed second-generation tau PET ligands
(*F-MK 6240, 8F-P12620, and '8F-R0948) presenting higher sen-
sitivity to tau and less off-target binding mitigated some of the lim-
itations of first-generation agents (‘*F-AV1451 and '®F-THK5351)
and raised expectations about the implementation of Braaklike sys-
tems using in vivo techniques (/3—17). Here, we review the literature
regarding AD staging with the Braak histopathologic framework
using tau PET imaging, hereafter called PET-based Braak staging.
Our aim is to summarize the efforts to implement Braak staging
using PET and assess their correspondence with the Braak histopath-
ologic descriptions and with AD biomarkers.

MATERIALS AND METHODS

A literature search was conducted on May 9, 2022, on PubMed and
Scopus, using the following terms: “Alzheimer” AND “Braak” AND
(“positron emission tomography” OR “PET”). No restrictions regarding

NOTEWORTHY

B Because AD staging remains based on clinical features, there
is an unmet need to translate neuropathologic staging to a
biologic clinical staging system.

B The development of tau PET ligands created a way to map
tau accumulation in the brain of living humans over time and
stratify individuals on the AD continuum based on in vivo
Braak staging.

B Most studies indicate that tau PET performs well in staging
AD when using Braak ROls, even when compared with other
biomarkers and clinical predictors.

B Refinements in the PET-based Braak staging system are
necessary to incorporate atypical and Braak-nonconformant
cases.

B The harmonization of Braak ROIs might represent a further
step for ascertaining reproducibility.

Topographic representation of Braak stages 0 (absence of tau accumulation) (A), | (B),
11 (C), 1 (D), IV (E), V (F), and VI (G) according to original histopathologic descriptions, displaying sag-
ittal section of brain in midline. Affected brain regions are colored in different shades of purple.
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independent assessors: authors, year of publi-
cation, study design, population size and diag-
noses, type of tau PET ligand used, statistical
or practical approach to assessing PET-based
Braak stages, main results, topographic defini-
tion of Braak stage regions of interest (ROIs), and meta-ROls. Disagree-
ments were resolved by consensus or by consulting a third investigator.

RESULTS

Study Selection

The database search returned 132 and 130 results from PubMed
and Scopus, respectively. After extraction of 117 duplicates, 145
records had their titles and abstracts screened for inclusion, leading
to 31 reports selected for full-text evaluation. Ten reports were
excluded for not assessing the use of PET-based Braak staging in
the AD continuum, leaving 21 studies to be included in our review.
Figure 2 displays the flowchart of study selection, and Table 1
shows the characteristics and main results of the studies included.

Database search:
132 results from PubMed
130 results from Scopus

117 duplicates removed

145 titles/abstracts
screened

116 titles/abstracts
excluded

31 full-texts assessed for
eligibility

10 full-texts excluded

21 studies included

FIGURE 2. Flowchart of study selection.
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Variability in Definitions of PET-Based Braak Stages
Across Studies

The ROIs used to define PET-based Braak stages showed some
variability across studies (Supplemental Table 1; supplemental
materials are available at http:/jnm.snmjournals.org). Stage I was
characterized as the entorhinal cortex in 7 studies (/1,/8-23) and as
the transentorhinal cortex in 6 studies (/7,24-27). All definitions
for stage II included the hippocampus, with 3 also comprising the
entorhinal cortex (17,25,26).

Ten of 16 studies identified stage III as a composite of amyg-
dala, parahippocampal gyrus, fusiform gyrus, and lingual gyrus
(11,17,18,20-23,25,26,28). The ROIs characterizing stage IV dif-
fered widely among studies, but the most cited ones were the infe-
rior and middle temporal cortices, the insula, and the posterior
cingulate. One study using '8F-AV1451 (21) included, in stage IV,
the caudal and rostral anterior cingulate, a structure indicated to be
in stage V by 4 studies using '®F-MK6240 (17,22,25,26).

The neocortical areas selected to define stage V varied consider-
ably. Still, the definitions captured the notion that tau accumulation
is extensive across the neocortex, with the exception of the primary
motor and sensory areas. For stage VI, the topographic definition
was relatively similar among studies, with the presence of the para-
central, postcentral, and precentral gyri highlighted in most descrip-
tions (11,17,18,20,22,28). Divergence was found in the allocation
of the cuneus: studies using second-generation ligands associated
this structure with stage V (17,22,25,26), and those using first-
generation ligands associated it with stage VI (11,18,20,21,23,28).

Some variability was also observed in the definitions of meta-
ROIs based on the Braak simplified scheme (Supplemental Table
2). Two studies (28,29) defined Braak I/II as the entorhinal cortex,
whereas 2 others (30,37) included the hippocampus along with the
entorhinal cortex. The choice of regions for Braak III/IV and V/VI
meta-ROIls is aligned with the fact that they represent, respec-
tively, the limbic and neocortical stages of NFT accumulation.
However, the insula, the posterior cingulate, and the lingual gyrus
were linked to stage V/VI in one study (29) and to stage III/IV in
others (30-32). A discrepancy was again observed regarding the
anterior cingulate, which belonged to stage III/IV in one study
(30) and to V/VI in another (29).

Figure 3 provides examples of imaging representation of PET-
based Braak stages used in studies included in this review.

Variability in Methodologic Approaches to PET-Based
Braak Staging

Different methods to evaluate PET-based Braak stages were
observed (Supplemental Table 3). Most studies used more than one
statistical or practical approach, the most common being to treat the
measures of ligand uptake as continuous variables (11,17-19,
21-33). Thresholds to define abnormal tau accumulation in Braak
ROIs were also largely used (11,17,18,22,24-27,29,32,34). Seven
studies assigned an individual-level PET-based Braak stage to parti-
cipants, which usually followed a hierarchic pattern (i.e., indivi-
duals with abnormality in later stages also presented abnormalities
in earlier stages) (11,17,18,24,25,26,27). However, this condition
was not reported in 2 studies (/7,/8) and was not achieved in a
small percentage of participants in other studies, whose Braak non-
conformant status was disclaimed (17,24,26,27). Other approaches
included identifying peaks of tau signal (28) or applying gaussian
mixture modeling to assess the tau positivity probability (20) in
Braak ROls.
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Correspondence of Postmortem Tau Autoradiography Binding
to Braak Histopathologic Staging

In an autoradiographic study including 22 brains, '3F-AV1451
binding correlated with the NFT accumulation pattern, demonstrat-
ing a promising ability for in vivo estimation of Braak staging
(35). Another study found that '3F-AV1451 binding in subjects
with atypical AD did not entirely follow the early-stage progres-
sion as in the Braak scheme, showing moderate correspondence to
tau accumulation in cases at stages 0—VI (36).

Recapitulation of Histopathologic Staging by PET-Based
Braak Staging

Most studies indicated that the PET-based Braak staging frame-
work corresponds well with the Braak histopathologic descrip-
tions. Both cross-sectional and longitudinal studies showed that
the binding patterns strongly resemble the Braak histopathologic
staging (11,17-22,24-28,32-35), even though atypical patterns of
NFT accumulation were also observed (17,19,20,24,26-28,34,36).
Notably, similarities in NFT accumulation patterns were found in
postmortem neuropathology and antemortem 'SF-MK6240 PET
data from 2 AD patients who died 12 and 22 mo after the imaging
acquisition (25).

Nonetheless, Franzmeier et al. suggested that tau accumulation and
epicenters can vary spatially and that tau deposition begins locally
and disseminates subsequently throughout functionally connected
brain regions (20). Therefore, tau spreading may not always follow
the Braak scheme and may be tracked at an individual level according
to the normative connectivity patterns of tau epicenters (20). See-
miller et al. used '®F-AV 1451 PET and resting-state functional MRI
to research the relationship between Braak staging and the network
degeneration hypothesis, according to which AD degenerative
changes affect large brain networks and display functional connec-
tivity patterns (28,37-39). Their results indicate that the connectivity
of individual regions displaying tau pathology could predict its pro-
gression into higher Braak stages and an increase of tau deposition
in earlier Braak stages (28). Thus, these findings agree with the
Braak histopathologic staging proposal and corroborate the network
degeneration hypothesis (28).

In a cross-sectional study, tau deposition in cognitively unim-
paired (CU) individuals observed on '®F-AV1451 PET resembled
but was not identical to Braak and Braak’s descriptions of early
NFT distribution (34). Both elevated tau PET signal in Braak
III-VI ROIs and widespread early tau pathology were observed in
CU individuals (34). Differences in NFT accumulation were also
seen between younger-onset and older-onset AD, with the former
presenting higher tau signal in frontal regions (34). This provides
evidence of possible variability in NFT deposition, which may be
associated with disease phenotypes (34).

Association of PET-Based Braak Staging with Clinical
Measures and Diagnoses

Scholl et al. reported cross-sectional and longitudinal associa-
tions between '8F-AV1451 uptake and cognitive decline in Braak
ROIs (11). These findings were subsequently replicated in other
cross-sectional studies, with PET-based Braak stages correlating
not only with cognitive impairment but also with global disease
severity and clinical diagnosis (17,18,22,23,24,27). Therriault
et al.,, in turn, used individual-level PET-based Braak staging
and observed that cognitive decline started at stages II-IV and pro-
gressed with the advance of Braak stages (26). Specifically,
whereas early Braak stages featured isolated memory deficits, late
stages had poorer clinical dementia ratings (26).
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FIGURE 3. Examples of application of Braak staging in PET imaging studies. (A) Cases representative of each PET-based Braak stage included in
Rullman et al. (27). Left column includes parametric '®F-PI2620 PET images merged with standard MRI, whereas right column shows MRI images with
atlas regions corresponding to each Braak stage (27). (B) Average "®F-MK6240 SUV ratios across brains of participants in each PET-based Braak stage

group included in Therriault et al. (26). (Adapted with permission of (26,27).)

Moreover, Cho et al. demonstrated that a higher tau accumula-
tion rate in stages I-II was observed in mild cognitive impairment
(MCI) patients, followed, respectively, by AD dementia and CU
individuals (33). Tau accumulation reached higher rates in Braak
III-IV ROIs in the AD dementia group. Moreover, the progression
in tau accumulation in areas of higher Braak stage was associated
with cognitive decline in AD (33). In another study, individuals
classified as AB-negative CU, AB-positive CU, AB-positive MCI,
and AB-positive AD showed a trend toward longitudinal tau accu-
mulation predominantly in Braak I-II, I-III, IV-V, and V-VI
ROIs, respectively (25). In Nihashi et al., '"SF-THK5351 binding
in Braak ROIs did not differ between AP-positive and Af-
negative CU individuals (23). MCI and AD individuals had higher
binding than CU participants in Braak I-IV ROIs and in all Braak
ROIs, respectively (23). No significant difference was found
between the MCI and AD groups. Finally, a cross-sectional study
found that '8F-R0948 uptake was greater in individuals with
AD dementia in all Braak ROIs than in AB-positive MCI and

PET BRAAK STAGING IN ALZHEIMER DISEASE  *

AB-negative CU patients (29). The AB-positive MCI group also
presented a higher retention rate in I-II, III-IV, and I-IV ROIs
than did AB-negative CU participants (29).

Correspondence of In Vivo PET-Based Braak Staging with
Cerebrospinal Fluid (CSF), Plasma, and Neuroimaging
Biomarkers of AD

The association of AP positivity or load with PET-based Braak
staging was pointed out in several studies (/1,17-19,22-24,26).
Correlations were also shown with several CSF biomarkers (22,26),
plasma phosphorylated tau (26), and decreased hippocampal vol-
ume (/1,17,18,23).

Among MCI or AD patients, 'F-AV1451 uptake in the entorhi-
nal cortex was linked to local cortical atrophy and, in Braak III-IV
and V-VI ROlIs, to atrophy in local and distant locations (37). In
CU individuals, tau had no effect on gray matter density (37). These
findings suggest that tau spatial deposition is closely associated
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with neurodegeneration in symptomatic individuals in the AD con-
tinuum (317).

Comparisons of PET-Based Braak Staging and Other
Strategies to Stage Individuals in the AD Continuum

Braak ROI-based staging demonstrated performance similar to
that of whole-brain and regional tau measures in differentiating
individuals with MCI and AD from AB-negative CU individuals.
Nonetheless, PET-based Braak staging showed an enhanced po-
tential to determine the initial stages of tau deposition (/8). Fur-
thermore, Braak ROI SUV ratio outperformed MRI and CSF
measures when distinguishing AD and MCI from CU and non-AD
groups (29).

In Kim et al., '®F-THK5351 PET was compared with MRI brain
volumetry of selected regions (cingulate isthmus, inferior parietal
lobule, and hippocampus) and with the combination of these tools
regarding their ability to discriminate AD from CU and MCI (30).
The combined model presented better performance than the SUV
ratio of Braak ROIs alone in distinguishing AD from CU but not
AD from MCI. Comparable performance was found for the com-
bined model and MRI brain volumetry. In sum, all methods dem-
onstrated good performance in distinguishing the phases of the
AD continuum, with an additional value of brain volumetry in the
distinction between AD and CU (30).

DISCUSSION

With this review, we aimed to examine the literature about the
use of tau PET to stage AD using ROIs and meta-ROls that resem-
ble the Braak histopathologic classification. The Braak histopatho-
logic framework shows a good correspondence with clinical status
across the AD spectrum (40—42), and tau PET is a promising tool
to make possible in vivo AD staging using this classification.
Despite the limited literature on the topic, most of the available
studies indicate that tau PET performs well in staging AD when
using Braak ROIs or meta-ROIs, even when compared with other
biomarkers and clinical predictors.

The adaptation of the original histopathologic descriptions of
Braak stages to their use in tau PET imaging studies has been
done taking into account the limitations of PET imaging. This is
evidenced by the variability in the anatomic definitions of Braak
ROIs and meta-ROIs across studies, which may result from factors
such as variability in imaging acquisition technique, tracers used,
and the aims of the study. Also, it should be noted that the Braak
histopathologic scheme was revised after the improvement of his-
topathology techniques. Some minor discrepancies in the topo-
graphic definitions of the stages are observed between different
reports by Braak et al. (6,7,43—45). Insula involvement, for in-
stance, was associated with stage V in the original description (6)
but with stage IV in more recent studies (7,44,45). Changes in the
description of the progression of neocortical damage are also seen
between the initial and subsequent studies (6, 7,43—45).

We observed multiple definitions of Braak I as the entorhinal
cortex, which was described by Braak and Braak to be uninvolved
or minimally involved at this stage (6,7). Partial anatomic descrip-
tions were observed for stage II, whose hallmarks are the entorhi-
nal cortex and hippocampal sector CA1l involvement (6,7). The
limited spatial resolution of PET may partially account for these
discrepancies since it hampers tau pathology identification in small
areas of the medial temporal lobe and signal discrimination in the
transentorhinal and entorhinal cortices. Braak I-II ROI definitions
in '8F-AV1451 PET studies may be also affected by off-target
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binding to the choroid plexus, which limits the evaluation of early
Braak ROIs (/2). Even though some incompleteness was seen in
stage III descriptions, the choice of ROIs had a high interstudy
agreement and adequate correspondence with postmortem obser-
vations (6,7). The ROIs representing stages IV and V varied con-
siderably but were in line with the fact that NFT pathology
progresses more broadly into the associative neocortex in stage IV
and extends to nearly all remaining neocortical areas (sparing
primary fields) in stage V (6,7). For stage VI, definitions were
fairly similar among studies and agreed with the histopathology
framework (6,7). The definition of meta-ROIs also showed dis-
crepancies, with incompleteness for Braak I/Il and inclusion of
regions linked mainly to stages III/IV (the insula, the posterior cin-
gulate, and the lingual gyrus) in the V/VI meta-ROI (6,7). The rel-
evance of these inconsistencies constitutes a knowledge gap and
might be affected by the size of those regions relative to the Braak
ROIs and by the resolution of tau PET imaging. Since the Braak
framework serves as a benchmark for AD progression, the stan-
dardization of Braak ROIs might be important to test its accuracy
as a staging and prognostic tool and to allow reproducibility.

Regardless of those discrepancies, most studies demonstrated that
the tau accumulation seen in PET seems to follow the Braak histo-
pathologic framework (11,17-22,24-28,32-35). Different clinical,
fluid, and imaging biomarkers of AD severity were found to be asso-
ciated with progressive tau deposition in subsequent Braak stages
or a stronger signal in Braak ROIs: cognitive decline (/1,17,22-24,
26,27,33), dementia severity (/7,26), amyloid positivity or load
(11,17-19,22-24,26), CSF measures (22,26), plasma phosphory-
lated tau (26), diminished hippocampal volume (11,17, 18,23), and
cortical atrophy (37). Furthermore, PET-based Braak staging ap-
pears to present a comparable or superior performance in relation to
other AD staging methods (/8,29,30). These findings reinforce the
potential use of the proposed staging scheme in living individuals.
Nonetheless, further studies comparing PET-based Braak staging to
other methods assessing AD severity (e.g., fluid biomarkers or tau
PET signal quantification in specific ROIs) are needed, especially
concerning cost-effectiveness.

PET-based Braak staging also performed well in identifying the
preclinical phases of AD. This ability is relevant in the context of
population enrichment strategies for disease-modifying clinical
trials. Indeed, this clinically silent period has become an attractive
stage for preventive therapeutic interventions (46). Apart from
that, this staging strategy could be useful for earlier AD diagnosis,
before symptom onset, and for the proposition of personalized
care strategies (47).

The existence of patterns of tau deposition other than the one pro-
posed by Braak and Braak has been highlighted in several studies
(17,19,20,24,26-28,34,36). One of these studies (20) proposes links
between Braak-nonconformant patterns and tau spreading based on
brain connectivity patterns. Furthermore, Vogel et al. proposed, via
network diffusion models, the occurrence of different spatiotempo-
ral patterns of tau accumulation in AD: limbic-predominant, medial
temporal lobe—sparing, and posterior and lateral resembling atypi-
cal AD phenotypes (48). These data-driven techniques refine the
concept of hierarchic patterns of tau propagation by emphasizing
the role of brain connectivity in shaping their sequence. Moreover,
studies on atypical AD have led to the emerging perspective that
some individuals, because of their atypical NFT distribution, do not
fit the Braak staging framework. Here, it is important to consider
what a lack of fit to the Braak staging framework means. For exam-
ple, do individuals with a significantly greater frontal tau load than
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typically observed go against the Braak staging system? What if the
medial temporal lobe is concurrently affected, albeit to a lesser
degree? Although tau PET studies have indicated that the regional
distribution of tau pathology at the individual level is indeed highly
variable, it is presently unclear to what extent different clinical var-
iants of AD have tau patterns that go against the Braak staging
framework.

Some limitations were identified in the available literature on
PET-based Braak staging. First, Braak histopathologic staging
relies on the use of staining techniques to detect specific tau phos-
phorylation sites (49), but the extent of their contribution to the
tau PET signal is yet to be clarified. Moreover, the fact that there
is no established framework for defining Braak-based ROIs or
meta-ROIs may lead to the misrepresentation of Braak histopatho-
logic stages in imaging studies. Similarly, there is no standardiza-
tion regarding the methods to establish thresholds for Braak ROI
positivity. This includes the choice of the reference control group,
which varied especially with respect to age across studies. Further-
more, the most used ligand in the available studies is '*F-AV1451,
whose off-target binding may compromise the assessment of early
Braak ROIs (7/2). Other ligands are still underrepresented in the
literature, and there is a need for more studies testing and com-
paring their staging properties. Further studies comparing PET-
based Braak staging with other biomarkers of disease severity
are also necessary to understand the real potential of this staging
method. Here, we suggest, for example, evaluating both its indi-
vidual and combined efficiencies with other CSF, plasma, and
imaging biomarkers. Also, most studies are not clear regarding
which clinical variants of AD are evaluated. Studies addressing
different patterns of tau deposition in early- and late-onset AD
and comparing the typical and atypical phenotypes of AD are
warranted to increase our understanding of the limitations of PET-
based Braak staging.

It is also critical to consider the limitations of neuropathologic
Braak staging itself, which was developed more than 30y ago
using techniques insensitive to the detection of NFT heterogeneity
across various brain regions (6). Recent neuropathologic studies
refined the initial contributions of Braak and Braak by identifying
subtypes of AD with alternative distributions of NFTs at autopsy
(50). Since it is based on autopsy assessments, another caveat of
Braak and Braak’s description is due to the cross-sectional nature
of pathologic observations, which prevents longitudinal analyses.
Furthermore, the relatively small number of cortical areas typically
needed for neuropathology staging limits the observation of inter-
individual differences in tau distribution. Braak neuropathologic
staging is also based on semiquantitative measures, making it diffi-
cult to classify cases in a transitional state.

CONCLUSION

Overall, most studies suggest that PET-based Braak staging may
be a logical starting point for staging AD, as it showed a valuable
ability to discriminate between the phases of the AD continuum and
correlated with clinical, laboratory, and imaging biomarkers of dis-
ease severity. Refinements in this staging system are necessary to
incorporate atypical and Braak-nonconformant cases. Further stud-
ies are needed to validate tau staging systems in research and clini-
cal practice. They should address, for instance, the correspondence
with other clinical (e.g., performance in activities of daily living)
and biologic markers of AD, include comparisons between in vivo
PET and postmortem neuropathologic observations, and check the
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progression of PET-based Braak stages at an individual level, pref-
erably for longer follow-up periods. Also, the harmonization of
Braak ROIs and methods to define thresholds for tau abnormality
might represent a further step for ascertaining reproducibility across
studies.
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The worldwide proliferation of persistent environmental pollutants is
accelerating at an alarming rate. Not surprisingly, many of these pollu-
tants pose a risk to human health. In this review, we examine recent lit-
erature in which molecular imaging and radiochemistry have been
harnessed to study environmental pollutants. Specifically, these techni-
ques offer unique ways to interrogate the pharmacokinetic profiles and
bioaccumulation patterns of pollutants at environmentally relevant con-
centrations, thereby helping to determine their potential health risks.
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Over the last half century, human activity has caused a devas-
tating rise in environmental pollution. The scientific community
has sounded the alarm about the potential effects of certain pollu-
tants—including micro- and nanosized plastics, metal oxides, and
per- and poly-fluoroalkyl substances (PFAS)—on human health,
especially in light of recent studies showing these compounds to
have become ubiquitous in human biological systems (/-5). For
example, micro- and nanosized plastics have recently been isolated
from human blood, fecal matter, and placental tissue. As science
seeks to unravel the toxicologic and biological effects of pollutants,
understanding their pharmacokinetic profiles and bioaccumulation
patterns is critical. To this end, scientists have begun to turn to
molecular imaging, as it offers an accurate and noninvasive way to
monitor the in vivo behavior of pollutants in living systems and, in
so doing, identify potential sites of interaction and toxicity.

In this review, we discuss recent efforts to use molecular imag-
ing and radiochemistry to study environmental pollutants. We are
not the first to cover this topic; several excellent reviews have
been published on work at the intersection of molecular imaging,
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TRACKING ENVIRONMENTAL POLLUTANTS

radiochemistry, and environmental science (6—9). Although the
field remains young, it has grown in recent years and—in our esti-
mation—is poised to break out into the mainstream soon. We will
cover how various molecular imaging and radiochemical methods
have been used to study the pharmacokinetic profiles of five
types of environmental pollutants: micro- and nanoplastics, PFAS,
metal oxides, particulate matter (PM), and graphene. Ultimately,
we hope that this review will shed light on how these techniques
offer unique tools for probing the pharmacological behavior and
biological impact of environmental pollutants and thus may help
determine how to mitigate their risks to human health.

Micro- and Nanoplastics

Contamination of the environment with microplastics (<5 mm
in diameter) and nanoplastics (<100nm in diameter) has grown
substantially over the past few decades, and numerous studies
have linked plastic pollution with adverse health effects in humans.
Indeed, high levels of micro- and nanoplastic exposure have
been associated with inflammatory effects as well as respiratory
and cardiovascular diseases (/,2). However, the in vivo fate of
micro- and nanoplastics in mammalian systems is relatively poorly
understood, opening the door for molecular imaging to be used in
this arena. In 2017, Deng et al. administered fluorophore-bearing
polystyrene microplastics (5 and 20 wm) to mice via oral gavage
(10). Although these particles could not be tracked in vivo because
of the low tissue penetration of the fluorescent signal, ex vivo
methods revealed accumulation of the particles in the liver, kid-
neys, and gut. In addition, the cohort that received the highest dose
of microplastic particles exhibited inflamed livers, decreased body
weights, decreased adenosine triphosphate levels, and increased lac-
tate dehydrogenase activity. In another study, the translocation
and fetal deposition of 20nm rhodamine-labeled polystyrene
nanoparticles were interrogated in pregnant rats (/7). Again, the
poor tissue penetration of visible light fluorescence prevented
in vivo imaging, but ex vivo detection methods identified plastics
in the maternal lung, heart, and spleen as well as several fetal tis-
sues, suggesting translocation of the plastics through the placenta.
Fluorophore-labeled polystyrene particles have, however, been har-
nessed for in vivo tracking in another, more transparent animal
model: zebrafish. Pitt et al. reported that fluorescent polystyrene
nanoparticles (50nm) accumulated in the chorion of developing
zebrafish embryos, resulting in toxicity due to the particles’ pen-
etration of the nutrient-rich yolk sac (/2). These results align
with those of van Pomeren et al., who studied the distribution of
fluorophore-bearing polystyrene nanoparticles of several sizes
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(25, 50, 250, and 700 nm) in zebrafish embryos at various stages
of development (Fig. 1A) (13).

Several methods for the radiolabeling of micro- and nanoplastics
have been developed to facilitate their study via autoradiography and
nuclear imaging. For example, Al-Sid-Cheikh et al. used whole-
body autoradiography to determine that '“C-labeled plastics accumu-
lated in the muscles, gonads, mantle, gills, intestines, and kidneys
of scallops, with the highest concentration detected in the hepato-
pancreas (14,15). Recently, our group reported the first (to our
knowledge) study in which PET was used to track radiolabeled
micro- and nanoplastic particles (/6). In this work, 3°Zr was used
to radiolabel micro- and nanosized polystyrene particles (20 nm,
220nm, 1 pm, and 6 pm) modified with the chelator desferrioxa-
mine. PET imaging experiments revealed that after administration
via oral gavage, these 5°Zr-labeled radioplastics traveled through

A

25 nm
50 nm
250 nm
700 nm

Control

0-48 hpf 24-72 hpf 72-120 hpf

FIGURE 1. (A) Fluorescence microscopy images of different-sized poly-
styrene particles (25, 50, 250, and 700 nm) in zebrafish embryos (713). (B)
Maximum-intensity-projection PET/CT images of mice at 6, 12, 24, and
48h after administration of [29Zr]Zr-desferrioxamine-polystyrene (20 nm;
1.85 MBgq; 0.1 mg) via oral gavage (76). (C) Maximum-intensity-projection
PET/CT images of mice at 1, 6, 12, 24, and 48 h after oral administration
of [**Cu]Cu-DOTA-polystyrene (200 nm; 4.81 MBgq; 57.8 ug) (17). %ID =
percent injected dose; hpf = hours postfertilization.
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the gastrointestinal tract without reaching the systemic circulation
(Fig. 1B). More recently, Im et al. labeled 200nm polystyrene
microplastic particles with the positron-emitting radiometal *Cu and
used PET to follow their in vivo behavior in mice (Fig. 1C) (/7). In
this case, the data revealed high activity concentrations in the sto-
mach, intestines, and liver. However, this phenomenon could be due
to translocation of the radioplastics or inadvertent release and redis-
tribution of [**Cu]Cu?*, because the chelator used in this system—
DOTA—has been shown to be an inadequate platform for the
stable in vivo sequestration of Cu®" (I8). Finally, radioiodination
methods have recently been developed for polyvinylchloride parti-
cles (19). Although this technology has not yet been used to facili-
tate nuclear imaging, it is nonetheless exciting, as it could pave the
way for PET imaging studies with the positron-emitting isotope of
iodine, '%41.

PFAS

PFAS are classes of organofluorine compounds widely used in
both industrial and consumer applications. From a chemical stand-
point, PFAS offer numerous advantages—such as high inertness
due to the strength of their carbon-fluorine bonds—but they come
with a significant drawback: unfavorably long half-lives within
environmental and biological systems (4). Recent monitoring stud-
ies have confirmed the pervasive presence of PFAS in water and
land environments, as well as in aquatic species at all levels of the
food web. Human exposure to PFAS has been linked to several
negative health effects, such as impaired immunological function,
chronic autoimmune diseases, hepatotoxicity, cancer, decreased
fertility, and toxic developmental effects (20,27). Because of their
small size, PFAS cannot reliably be labeled with fluorophores
without disturbing their in vivo behavior. Instead, the field has
turned to radiochemistry. Bogdanska et al., for example, adminis-
tered 3°S-labeled perfluorooctane sulfonate orally to adult mice
and used whole-body autoradiography and scintillation counting to
study the compound’s biodistribution, ultimately finding the high-
est concentrations in the liver, bone, blood, skin, and muscle (22).
More recently, Bartels et al. labeled perfluorooctanoic acid (PFOA),
perfluorohexanoic acid, and perfluorobutanoic acid with the positron-
emitting radiohalogen 'SF (23). Ex vivo biodistribution data
collected 4 h after the intravenous administration of these radiopol-
lutants revealed that the highest concentrations of ['*F]F-PFOA and
['®F]F-perfluorohexanoic acid were in the liver, whereas that of
['8F]F-perfluorobutanoic acid was in the stomach. As an aside, it is
worth noting that all of the mouse tissues examined in the aforemen-
tioned studies contained background levels of unlabeled PFAS, a
result that aligns with postmortem analyses of human tissues.

Since high levels of exposure to PFAS can lead to birth defects,
researchers have been particularly interested in investigating the fate
of PFAS in gravid mice and in their fetuses and pups. In a study by
Borg et al., gravid mice were administered 3°S-labeled perfluorooc-
tane sulfonate either intravenously or orally, and the bioaccumulation
of the radiopollutant was subsequently measured in the dams, fetuses
(on gestational days 18 and 20), and pups (on postnatal day 1) via
whole-body autoradiography and scintillation counting (24). Surpris-
ingly, the activity concentrations of [>>S]S-perfluorooctane sulfonate
in the blood of the fetuses and pups were 1.1-2.3 times higher than
that in the dam’s blood. The activity concentrations in the livers of
the fetuses were significantly lower than that in the maternal liver
but were still about 2.5-fold higher than that in the maternal blood.
Autoradiography also revealed heterogeneous uptake of [>°S]S-
perfluorooctane sulfonate in the brains of fetuses and pups. In another
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study, Bartels et al. used dynamic PET and biodistribution studies to
explore the biologic fate of two '8F-labeled PFAS—|'®F]F-PFOA
and ['®F]F-perfluorohexanoic acid—in pregnant mice after intrave-
nous and oral administration (25). PET images revealed uptake of
both compounds in the placentae, though the rate of accumulation
was slower after oral administration (Figs. 2A and 2B). The radiola-
beled PFAS were found in all tissues examined, with the highest
concentrations in the blood (after intravenous injection) and in the
gastrointestinal tract and lungs (after oral administration). Taken

150 nm

10 pm

FIGURE 2. (A and B) Representative PET images illustrating uptake of
["8F]PFOA in mice at 2 time points after administration via tail vein injection
(4.44 MBq) (A) and oral gavage (3.7 MBq) (B). b = bladder; f = fetus; h =
heart; int = intestine; k = kidney; | = liver; p = placenta; s = stomach.
(Reprinted with permission of (25).) (C) PET images of mice at 60 min after
intravenous administration of 10nm, 40nm, 150nm, or 10 um of BN-
labeled Al,O3 nanoparticles (10-15 MBq, 5-8 mg). (Reprinted with permis-
sion of (27).) (D) SPECT/CT images of mice at 2, 24, 72, and 144 h after
intravenous administration of '#'Ce-labeled cerium oxide nanoparticles
(6.7 MBq, 3.6 nmol). (Reprinted with permission of (29).)

TRACKING ENVIRONMENTAL POLLUTANTS

together, the studies described in this section effectively illustrate the
intrinsic advantages and disadvantages of certain radionuclides for
pollutant studies. Although the 87.4-d half-life of 33S allows for lon-
gitudinal monitoring, its emissions do not permit in vivo imaging;
18F (half-life, 109.8 min), on the other hand, can be imaged via PET,
but its short half-life limits follow-up times.

Metal Oxides

Nanoparticulate metal oxides have been used in a vast array of
applications, including food additives, cosmetics, semiconductors,
electronics, and medicine. This widespread use has inadvertently
led to their proliferation as environmental pollutants, which, in
turn, has fueled the study of their potential long-term biological
effects. Radionuclides are the most common reporter for the
in vivo study of metal oxides. Along these lines, Pérez-Campana
et al. have developed a robust proton beam methodology for the
production of metal oxides radiolabeled with short-lived positron
emitters (26-28). For example, they used the direct irradiation of
180-enriched Al,O; to generate !SF-labeled particles that were
then administered intravenously to rats (26). PET imaging revealed
that most of the aluminum oxide nanoparticles accumulated in the
liver, though considerable uptake was also observed in the lungs,
heart, kidneys, urine, and stomach. In a similar study, the same
group produced '8F-labeled TiO, nanoparticles and administered
them to rats both orally and intravenously (28). Subsequent PET
imaging revealed the accumulation of these nanoparticles in the
upper gastrointestinal tract and liver on oral and intravenous
administration, respectively. Finally, Pérez-Campana et al. have
also investigated the effect of particle size on the biodistribution
of metal oxides. After the production of '*N-labeled Al,O5 nanopar-
ticles of different sizes via proton beam activation, in vivo biodistri-
bution results showed that larger nanoparticles (i.e., 40 nm, 150 nm,
and 10 wm) accumulated in the liver and lungs whereas smaller
nanoparticles (i.e., 10 nm) accreted in excretory organs such as the
bladder and kidneys (Fig. 2C) (27).

Shifting gears, a study performed by Yang et al. leveraged
longer-lived radionuclides and SPECT to investigate the in vivo
behavior of cerium oxide nanoparticles in mice up to 1 wk after
intravenous injection (29). To this end, cerium oxide nanoparticles
were radiolabeled with *!Ce, '!!In, or ®3Zn. SPECT imaging
revealed high levels of accumulation in the lungs, liver, and spleen
at early time points after intravenous administration (Fig. 2D). The
particles gradually cleared from the lungs over time but remained
in the liver and spleen until the end of the observation period.

PM

Particulate matter is a general term for airborne particulate pol-
lutants that are small enough to cause serious health issues on
inhalation. PM, a mixture of solids and liquids that can contain
hundreds of different chemicals, is categorized into 2 groups based
on the size of the particles: those with a diameter of less than
10 wm (PM,o) and those with a diameter of less than 2.5 pm
(PM, 5). Recent years have played witness to a surge of reports
linking PM to chronic respiratory issues, cardiovascular disease,
cancer development, and even—in severe cases—death. In an
effort to study this, Park et al. used ¥°Zr to radiolabel an analog of
pyrene that was then used to prepare a suspension of diesel PM, a
subset of PM that is emitted by diesel engines (3). This radioactive
diesel PM (average size, ~200 nm) was then administered to mice
orally, intratracheally, or intravenously. PET imaging revealed
that the mice that received the ¥°Zr-labeled diesel PM orally
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excreted the particles within a day (Fig. 3A). In contrast, the parti-
cles administered via the other 2 routes were retained in several
organs. More specifically, intratracheally administered particles
accumulated principally in the lungs (Fig. 3B), whereas those
administered intravenously accreted in the heart, liver, and spleen
(Fig. 3C). A few years earlier, Lee et al. leveraged SPECT imag-
ing to track diesel exhaust particulates in vivo (30). In this investi-
gation, an '*I-labeled variant of pyrene was incorporated in diesel
PM (average size, ~200nm) and administered intratracheally to
mice. SPECT imaging and biodistribution experiments revealed
that most of the radiolabeled particulates persisted in the lungs
(Fig. 3D), reinforcing the dangers of pulmonary exposure in
humans. Recently, Li et al. developed a fluorescence imaging
method to determine the rate and pattern of PM, 5 deposition in
murine lung tissue (37). Two sizes of fluorescent latex micro-
spheres—0.2 and 2 pm—were used to simulate the small and large
components of PM, s in the air. The deposition patterns were nonu-
niform, revealing higher rates of deposition in the acinar area than
those predicted using the current state-of-the-art deposition model.
Pan et al. embarked on the study of another particulate material
when they modified SiO, with ethyl cellulose (32). This modification
provided a facile route to radioiodination, and '*'I-labeled ethyl
cellulose/SiO; (1.2 wm) was synthesized and administered to rats via
inhalation. SPECT images at 6 and 24h after inhalation showed
high initial uptake in the lungs that decreased significantly with time.

Graphene

Graphene and its derivatives are relative newcomers in biologi-
cal research. However, their attractive physicochemical properties
and high biocompatibility have fueled a rise in their use across
several industries. Graphene nanomaterials are 2-dimensional lat-
tices of carbon atoms that, once released into the environment, are
prone to aggregation and settlement into sediment layers (33,34).
It is estimated that the world’s production of graphene will reach

3,800 tons by 2027, so gaining an improved understanding of the
pollutant’s in vivo behavior is of paramount importance. In one
study, Jasim et al. functionalized graphene oxide (GO) sheets with
DOTA, radiolabeled them with '''In, and found that the highest
levels of accumulation after intravenous injection were in the urine
and spleen (35). In a follow-up study, the same team investigated
the effect of the thickness of graphene on its biodistribution by
labeling both thick and thin DOTA-bearing GO sheets with *Cu
(~0.8 wm in the largest dimension; thin flakes = 4-8nm thick;
thick flakes = 20-50nm thick) (34). The intravenous injection of
both variants produced rapid urinary excretion as well as high
levels of persistent uptake in the liver and spleen, though the thick
sheets accumulated in these tissues more quickly (Fig. 4A). Jasim
et al. also investigated the biodistribution profiles of !!!In-labeled
GO sheets with 3 different sizes in lateral dimension: 1-35 um,
30-1,900 nm, and 10-550nm (36). All 3 varieties accumulated in
the liver and spleen and were excreted through the urine. Interest-
ingly, however, the largest sheets exhibited lung uptake that was
not seen with the smaller variants.

Shifting to other laboratories, Li et al. radiolabeled nanoscale
GO (10-800nm) with '>I and administered it intratracheally to
mice (37). SPECT imaging and biodistribution experiments revealed
high concentrations of ['2*I]I-nanoscale GO in the lungs at early
time points, followed by a gradual decrease over several hours
(Fig. 4B). Later, Mao et al. administered '*C-labeled few-layer gra-
phene (60-590 nm in the largest dimension; 1-4 nm thick) to mice
intratracheally and used ex vivo measurements to track its biodistri-
bution over 28 d (38). Although the '*C-labeled few-layer graphene
was increasingly excreted via the feces, almost 50% of the dose
remained in the lungs after 4 wk. Lu et al. also synthesized '“C-
labeled few-layer graphene but added their construct to water and
sediment and subsequently quantified its bioaccumulation and bio-
distribution in loaches (M. anguillicaudatus), a type of freshwater,
bottom-dwelling fish that ingests large amounts of sediment and

R
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168 h Low

FIGURE 3.

(A-C) Representative PET images of mice at 168 h after intratracheal administration (A), 24 h after oral administration (B), and 24 h after

intravenous injection (C) of [*°Zr]Zr-desferrioxamine-pyr-diesel PM (1.85 MBq). Li = liver; Lu = lungs; Sp = spleen; St = stomach. (Reprinted with
permission of (3).) (D-E) Whole-body SPECT/CT images of mice at 2, 18, and 48 h after intratracheal (D) and oral (E) administration of 125|_|abeled diesel

exhaust particulates (3.7 MBq) (30).
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FIGURE 4. (A) Whole-body PET/CT images of mice at 1, 3.5, and 24 h after intravenous administration of 2.51-4.55 MBq (50 .g) of [**Cu]Cu-GO-thin
(left) or [64Cu]Cu-GO-thick (right). (Reprinted with permission of (34).) (B) SPECT images of mice at 5, 20, 40, and 60 min after intratracheal administration
of ['®®l]l-nanoscale GO (1.85 MBg) (37). (C) Bioluminescence images of mice at 1, 3, and 7 d after intravenous administration of Hg?* (0.02 wmol) and
facilitated using intraperitoneally injected Hg® " -sensitive probe. (Reprinted with permission of (38).) %ID = percent injected dose.

are consumed by humans and other water-dwelling animals (33).
After only 72h in a container with sediment mixed with 14C-
labeled few-layer graphene, radioactivity was found in the gut and
liver of the loaches. In a very recent proof-of-principle study, auto-
radiography and mass spectrometry imaging were used to visualize
14C-labeled GO particles (50-400nm, 1 nm thick) in mouse tissue
sections 15 min after intravenous injection (39). The study vali-
dated mass spectrometry imaging as an efficient tool for the
determination of the microscopic distribution of GOs. The four
organs collected—lungs, liver, spleen, and kidneys—contained
more than 96% of the total injected dose, with the highest uptake
in the liver (>50% injected dose).

Other Pollutants

Although much of the research at the intersection of molecular
imaging, radiochemistry, and environmental pollutants has focused
on the five types of contaminants discussed above, the literature
contains a handful of reports in which these techniques have been
used to study other pollutants. Al-Sid-Cheikh et al., for example,
created ''°™Ag-labeled silver nanoparticles and studied their bioac-
cumulation in Arctic char via quantitative whole-body autoradiog-
raphy (40). """ Ag-labeled silver nanoparticles are widely used in
the production of nanomaterials as well as consumer products (4/).
In this study, uptake was observed in several organs on exposure
of the fish via three administration methods—waterborne exposure,
intravenous injection, and force-feeding—with the highest overall
accumulation seen after intravenous exposure. Waterborne expo-
sure, the most environmentally relevant method, yielded accretion
levels lower than those produced by the other methods.

Using a dramatically different approach, Ke et al. created a bio-
luminescence imaging probe for tracking the accumulation of mer-
cury in mice (42). Mercury is a naturally occurring environmental
pollutant that can cause DNA damage and a wide variety of

TRACKING ENVIRONMENTAL POLLUTANTS

systemic diseases in humans and animals. The team synthesized a
probe that reacts with Hg? " to release luciferin, a substrate for lucif-
erase, resulting in bioluminescence. This Hg” " -activated probe was
administered intraperitoneally to transgenic FVB-/uc+ mice—which
ubiquitously express firefly luciferase—1, 3, and 7 d after the intra-
venous injection of Hg®". The noninvasive visualization of the bio-
luminescence signal provided insight into the accumulation and
clearance of Hg®": by 7 d after administration, the Hg?"-driven
luminescent signal significantly decreased (Fig. 4C).

CONCLUSION

Despite the efforts of many, environmental pollution is a persis-
tent, stubborn, and—in many cases—worsening problem. Many
pollutants pose threats to human health, and thus it is critical to
characterize the potential toxicity of these environmental contami-
nants. An important step in this process is determining where these
pollutants go in the body after exposure via different routes.
Molecular imaging and radiochemistry can be indispensable in
this regard, as they can help determine the pharmacokinetic pro-
files of pollutants at environmentally relevant doses. As methods
for the labeling and tracking of environmental pollutants are dis-
seminated, we expect to see a surge in studies that use molecular
imaging to examine these potentially hazardous compounds. Among
the methods discussed in this work, we believe that nuclear imaging
has the greatest potential. Indeed, the advantages of nuclear imaging
include high sensitivity that allows for the interrogation of pollutants
at environmentally relevant concentrations, nearly unlimited tissue
penetration, the opportunity for long-term longitudinal studies, and a
wide array of robust labeling methods using commercially available
radionuclides. It is our hope that the pioneering work that we have
described here helps usher in a new era in which molecular imag-
ing and radiochemistry become standard tools for the in vivo study
of environmental pollutants.
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Meningiomas are known to express somatostatin receptor (SSTR)
type 2 to a high degree. Therefore, radiolabeled somatostatin analogs,
such as DOTATOC, have been introduced for PET imaging of menin-
giomas. However, the benefit of hybrid SSTR PET/MRI is still debated.
Here, we report our experience with [*Ga]-DOTATOC PET/MRI.
Methods: PET/MRI was performed in 60 patients with suspected or
diagnosed meningiomas of the skull plane and eye socket. Acquired
datasets were reported by 2 independent readers regarding local tumor
extent and signal characteristics. Histopathologic results and follow-up
imaging served as the reference standard. SUVs of target lesions were
analyzed according to the corresponding maximal tracer uptake. The
diagnostic accuracy of PET/MRI and conventional MRI was determined
independently and compared with the reference standard. Results: In
total, 60 target lesions were identified, with 54 considered to be menin-
giomas according to the reference standard. Sensitivity and specificity
of PET/MRI versus MRI alone were 95% versus 96% and 75% versus
66%, respectively. The McNemar test was not able to distinguish any
differences between PET/MRI and the reference standard or MRI and
the reference standard. No differences were found between the 2
modalities with respect to local infiltration. Conclusion: SSTR PET/MRI
and MRI yielded similar accuracy for the detection of meningiomas of
the skull base and intraorbital space. Here, sequential low-dose SSTR
PET/CT might be helpful for the planning of radioligand therapy or
radiotherapy.

Key Words: meningioma; oncologic imaging; DOTATOC; somato-
statin receptor ligands; PET
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Meningiomas are the most common tumors of the meninges
and account for 25%-34% of all primary neurocranial tumors,
with an estimated annual incidence ranging from 7.62 cases out of
100,000 people to 97.5 cases out of 100,000 people in the United
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States (/,2). Although mostly regarded as benign tumors, atypical or
anaplastic meningiomas usually bear a higher rate of mutation and
can display more aggressive characteristics (3). Clinical symptoms
depend on the primary location and the consecutive compression or,
rather rarely, infiltration of adjacent structures (4). Therefore, the
accurate depiction of the tumor and its surroundings is key to a suc-
cessful treatment, especially in anatomically complex regions such as
the skull base. Due to excellent soft-tissue contrast and, in many
cases, characteristic radiographic features, MRI is the current gold
standard in meningioma diagnostics (5). However, the value of MRI
is limited in select cases, especially if infiltration of the skull base or
the cavernous sinus is suspected (6). Therefore, molecular imaging,
most notably PET using tracer ligands bound to the somatostatin
receptor subtype 2 (SSTRj), is progressively considered to be an
important adjunct in the diagnosis and therapeutic planning of menin-
giomas (7,8). SSTR, is a surface antigen that is expressed to a particu-
larly high degree in meningiomas (9). Our institution has used the
%8Ga-labeled somatostatin analog DOTATOC successfully because it
features more favorable imaging characteristics than its predecessors
(10). In terms of diagnostic accuracy, [*®Ga]-DOTATOC possesses
properties similar to those of its [*Ga]-DOTATATE counterpart
(11). The introduction of modern PET/MRI systems into clinical prac-
tice has led to considerable advantages in neuroradiologic imaging
(12-14). PET/MRI combines the high-resolution properties of MRI
with molecular information derived from the PET dataset. Current
studies emphasize the superiority of PET/MRI when compared with
conventional MRI or PET/CT. According to the published literature,
PET/MRI enhances delineation of tumor margins and has become a
potential adjunct in pretreatment planning (7,8,15). In the present
study, we evaluate the diagnostic accuracy of integrated [**Gal-
DOTATOC PET/MRI for meningiomas of the skull base and the
orbital space compared with the accuracy with MRI, which is the cur-
rent gold standard.

MATERIALS AND METHODS

Patients and Reference Standard

This study was approved by the local ethics committee in accor-
dance with the declaration of Helsinki (application number 22-10703-
BO, approval date May 23, 2022). The requirement to obtain informed
consent was waived because of its retrospective design.
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Patients who underwent [*Ga]-DOTATOC PET/MRI for initial
tumor or recurrence diagnostics of meningioma from August 2012 to
April 2022 were included in this analysis. Because histologic sampling
is not always available during meningioma treatment, a combined ref-
erence standard including histopathologic workup as well as imaging
follow-up as proposed in the literature was used in the present study
(16). Clinical information and data regarding treatment and the course
of disease were obtained from digital patient files.

PET/MRI

The examination was performed 45 * 25 min after intravenous
injection with a mean activity of 79 =21 MBq [*®*Ga]-DOTATOC.
All PET/MRI scans were performed on a 3-T Biograph mMR (Sie-
mens Healthineers). The scan ranged from the skull cap to the neck.
Using a dedicated 20-channel radiofrequency coil for the head area,
we performed diagnostic MRI in parallel with a PET scan in list mode
without respiratory gating (1 bed position, 20 min per bed position).
Parallel imaging (generalized autocalibrating partially parallel acquisi-
tions, acceleration factor 2) was used. PET images were reconstructed
using the 3-dimensional ordered-subsets expectation-maximization
method (3 iterations, 21 subsets, gaussian filter of 4 mm in full width
at half maximum, 344 X 344 matrix size). Attenuation correction of
PET data was performed by implementing a 4-compartment-model
map, calculated from obtained Dixon sequences. MRI protocols are
displayed in Supplemental Table 1 (supplemental materials are avail-
able at http://jnm.snmjournals.org).

Image Analysis

Examinations were reviewed in random order by 2 radiologists with
more than 2 y of experience in hybrid imaging using a dedicated viewing
software for hybrid imaging (Syngo.Via; Siemens Healthineers). Both
readers were unaware of the tumor location, histopathologic results, and
consecutive therapy. In the first session, readers were instructed to identify
meningioma on the basis of clinically established features as proposed by
the meningioma task force of the European Association of Neuro-
Oncology. These criteria include an isointense signal on T1-weighted
sequences, a hyperintense signal on T2-weighted sequences, a strong con-
trast enhancement, and the presence of a dural tail at the perimeter of the
target lesions (5). To evaluate the tumor size, transversal and coronal
contrast-enhanced T1-weighted images were used. PET/MR images were
analyzed in a second assessment 4 wk later to avoid recognition bias.
SUVs (SUVinaxs SUVpea, and SUVeqn) were measured by implementa-
tion of an isocontour volume of interest, with a threshold level at 40% of
the maximal uptake (Fig. 1). Both readers assessed PET datasets qualita-
tively. As proposed elsewhere (/7), an SUV ., of 2.3 or greater was con-
sidered indicative of meningioma. Furthermore, sites of tumor infiltration
were evaluated during both assessments. Tumoral infiltration was assumed
if one of the following criteria was met: there was morphologically visible
infiltration of a surrounding structure, cuffing of a surrounding structure,
visible compression of a surrounding structure, an atypically increased
tracer uptake of the surrounding structures (valid only for PET/MRI;

MRAC FET

FIGURE 1. [®®Ga]-DOTATOC uptake in sphenoid wing meningioma.
CA = contrast agent; MRAC = MR-based attenuation correction.

1186

threshold, SUV,..x, 2.3). The following structures were identified as rele-
vant sites of infiltration: optic chiasm, contra- and ipsilateral optical nerve,
contra- and ipsilateral internal carotid artery (ICA), pituitary fossa, and
cavernous sinus. A Likert scale was used by the readers to assess the read-
ers’ certainty (ranging from 1 being absolutely certain to 6 being abso-
lutely uncertain). Consensus reading of both readers in combination with
provided clinical reports and follow-up imaging served as the reference
standard for infiltration.

Statistical Analysis

Diagnostic accuracy was calculated for MRI (first assessment) and
PET/MRI (second assessment) in relation to the reference standard
and compared using the McNemar test. Additionally, sensitivity, spe-
cificity, positive predictive value, and negative predictive value were
calculated for each modality. Item scores were calculated using the
provided Likert scales to depict certainty in the estimation of tumor
infiltration. Likert scales were then compared by a Mann—Whitney
U test. Cohen k coefficient was calculated for both diagnosis and infil-
tration conspicuity to estimate the interreader variability. P values of
0.05 or less were considered to be statistically significant.

Excel 2013 (Microsoft Corp.) and SPSS Statistics 28 (IBM Tech-
nology Corp.) were used for statistical analysis.

RESULTS

Patients

Sixty patients (78% female [46/60]; 22% male [14/60], mean
age, 57.1 £15.0y) were subsequently included in our retrospec-
tive analysis. All patients suspected of recurrence of meningioma
(n = 14) had been treated at the primary diagnosis. Histopatho-
logic assessment was available in 33.3% (20/60) of the cases after
biopsy or resection. Follow-up MRI was performed at a median
time point of 10.7 mo after the initial PET/MRI. Histopathologic
analysis confirmed meningioma in 23.3% (14/60) of the cases.
Histologic subtypes are displayed in Table 1. Seven percent (4/60)
of patients displayed B-cell-type lymphoma, 5% (3/60) displayed
marginal cell lymphoma, and 2% (1/60) displayed diffuse large
B-cell lymphoma. Furthermore, sampling found cavernous venous
malformation in 1 patient and lymphoid hyperplasia in another
patient. Measured SUVs of lesions are displayed in Table 2. At
the time point of data analysis, therapy for meningioma was con-
cluded in 43 patients. In 16 cases, primary or partial surgical
resection was performed. Four patients with involvement of the
optic nerve received optic decompression. Thirty-nine patients
received primary or adjuvant radiation therapy. Radionuclide ther-
apy with !7"Lu- or “°Y-DOTATOC was conducted in 5 patients.

TABLE 1
Distribution of Patients According to
Histopathologic Sampling

Number of
patients with
recurrent lesion

Number of
patients with

Histology primary lesion

Meningothelial (WHO I)
Choroidal differentiation

8.3% (5/60)
1.6% (1/60)

10.0% (6/60)
0.0% (0/60)

(WHO 1)
Atypical (WHO i) 0.0% (0/60) 3.3% (2/60)
Other 10.0% (6/60) 0.0% (0/60)

WHO = World Health Organization.
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TABLE 2
SUV Analysis
Group Subtype N SUVmax SUVpeak SUViean
All patients Total 60 12.9 9.4 5.9
Meningioma Total 54 14.0 10.2 6.4
OSM 20 6.2 4.2 3.8
SWM 18 25.0 18.6 8.9
Other* 16 11.4 8.3 6.9
Nonmeningioma Total 6 2.5 1.9 15
MCL 3 1.7 1.4 1.0
DLBCL 1 3.6 2.9 2.2
CVM 1 4.3 3.0 2.6
LH 1 1.8 1.2 1.0

*Cavernous sinus, petroclival junction, planum sphenoidale.
OSM = optic sheath meningioma; SWM = sphenoid wing
meningioma; MCL = marginal cell ymphoma; DLBCL = diffuse
large B-cell ymphoma; CVM = cavernous venous malformation;

LH = lymphoid hyperplasia.

Lesion Detection

Sixty target lesions were identified, with 54 considered to be
meningiomas according to the reference standard. Mean values for
the maximal diameter of observed lesions was 2.7 = 1.4 cm. Both
PET/MRI and MRI detected all of the above-mentioned lesions.
According to both reading sessions, MRI and PET/MRI misidenti-
fied meningioma as nonmeningioma in 3.7% (2/54) of patients. In
contrast, MRI falsely diagnosed meningioma in 2 patients, and
PET/MRI falsely diagnosed meningioma in 3 patients (Table 3).
On the basis of this observation, we confirmed a sensitivity of
95%, a specificity of 75%, a positive predictive value of 98%, and
a negative predictive value of 50% with PET/MRI and a sensitiv-
ity of 96%, a specificity of 66%, a positive predictive value of
96%, and a negative predictive value of 66% with MRI (Table 4).
Diagnostic accuracy was 93% for both MRI and PET/MRI. The
McNemar test was not able to discriminate any significant differ-
ences between PET/MRI and the reference standard (P = 0.625)
or MRI and the reference standard (P = 1.0).

Tumor Infiltration

Only 1 lesion (2%) displayed no signs of local invasion related
to the above-mentioned criteria. According to MRI, invasion of
the optic chiasm was found in 28% (16/60) of patients. The ipsilat-
eral and contralateral optic nerves were affected in 85% (51/60)
and 15% (9/60) of patients, respectively. PET/MRI confirmed
infiltration of the optic chiasm in 30% (18/60) of patients and infil-
tration of the ipsilateral and contralateral optic nerves in 87% (52/
60) and 15% (9/60) of patients, respectively. No differences were
found between the 2 modalities concerning the infiltration of the
pituitary fossa (60% [24/60]) and ipsilateral ICA (57% [34/60]).
MRI found infiltration of contralateral ICA in 15% (9/60) of
patients. In PET/MRI, infiltration of contralateral ICA was visible
in 12% (7/60) of patients. Infiltration of the cavernous sinus was
diagnosed in 57% (34/60) of patients by both MRI and PET/MRI.
Rates of infiltration are displayed in Figure 2. Both readers were
able to provide safe assumptions for infiltration in both assess-
ments, according to the calculated item scores. Readouts for both
MRI and PET/MRI achieved high confidence with respect to infil-
tration of surrounding structures. Mean item scores assumed a
value between 1.0 (absolutely certain) and 2.0 (certain). Compari-
son of Likert scales via a Mann—Whitney U test revealed no sig-
nificant differences in the assessment of infiltration between
PET/MRI and MRI (P > 0.05). Interreader agreement is displayed
in Supplemental Table 2.

DISCUSSION

This retrospective study investigated our institutional experience
with [%8Ga]-DOTATOC PET/MRI of meningiomas of the skull base.
During our analysis, we were able to make one key observation. The
inclusion of [*®Ga]-DOTATOC PET in a dedicated MRI protocol did
not significantly improve the detection and differentiation of meningi-
oma and nonmeningioma lesions. In fact, true-negative ratings were
slightly lower than those of conventional MRI.

The implementation of somatostatin receptor (SSTR)—avid diag-
nostic radioligands such as [*®Ga]-DOTATOC into imaging work-
flows has been proven to facilitate the diagnosis of meningioma by
providing additional information on SSTR density (/8,79). Thus,
hybrid imaging has rightfully established its position in high-quality
diagnostics of meningioma and subsequent therapy planning (79,20).
For instance, published data demonstrated a significantly improved
detection of osseous infiltration in SSTR PET/CT when compared
with detection with conventional contrast-enhanced MRI (21).

TABLE 3
Detection of Suspected Meningioma in MRI and PET/MRI
MRI PET/MRI

Parameter Total OSM SWM Other* Total OSM SWM Other*
True positive 52 18 18 16 53 19 18 16
False positive 2 2 0 0 3 3 0 0
True negative 0

False negative 2 2 0 0 1 0 0
Total 60 26 18 16 60 26 18 16

*Cavernous sinus, petroclival junction, planum sphenoidale.

OSM = optic sheath meningioma; SWM = sphenoid wing meningioma.
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TABLE 4
Determined Values for Sensitivity, Specificity, Positive Predictive Value, and Negative Predictive Value

MRI (%) PET/MRI (%)
Parameter Total OSM SWM Other* Total OSM SWM Other*
Sensitivity 96 90 100 100 95 86 100 100
Specificity 66 67 100 100 75 75 100 100
PPV 96 90 100 100 98 95 100 100
NPV 66 67 100 100 50 50 100 100

*Cavernous sinus, petroclival junction, planum sphenoidale.

OSM = optic sheath meningioma; SWM = sphenoid wing meningioma.

Furthermore, hybrid imaging inherently influences treatment plan-
ning by enhancing delineation of meningioma volume before ra-
diation therapy (22). Despite the overall outstanding diagnostic
performance of PET/CT, its clinical application is limited because of
potential adverse effects from ionizing radiation (23). Further limita-
tions result from the confined range of B-radiation inside the tissue,
which may produce inherent blurs in the imaging of intracranial
structures. This is especially true for the skull base, a region of high
anatomic complexity (24). Hence, the introduction of dedicated and
simultaneously acquired PET/MRI datasets has positively influenced
diagnostic security and enabled accurate depiction of morphologic
relations. This is confirmed in established literature by a direct com-
parison of the diagnostic performance of PET/CT and PET/MRI,
highlighting the superior sensitivity and specificity of PET/MRI
(18,25). Further studies investigated additional benefits of PET/MRI
in the diagnosis of meningiomas. A recently published study was
able to accentuate the relevance of PET/MRI regarding therapeutic
planning and differentiation of scar tissue versus a residual tumor
(26). However, the current guideline on diagnosis and management
of meningioma of the European Association of Neuro-Oncology lists
MRI as the gold standard in initial and follow-up imaging of menin-
gioma. According to the European Association of Neuro-Oncology

guideline, PET imaging is recommended if the extension of meningi-
oma or the diagnosis itself is uncertain (recommendation level C)
(5). Although published data favor PET/MRI over PET/CT or con-
ventional MRI, the limited availability of PET/MRI fuels debate
about its actual clinical significance. However, further factors play a
prominent role in this debate as well. Physiologic SUV . in [*Ga]-
DOTATOC imaging shows large intra- and interindividual differ-
ences as well as very heterogeneous distribution patterns (27). Kim
et al. demonstrated that appropriate cutoff values for PET-assisted
diagnosis of meningiomas still remain controversial and uncertain.
They proposed an SUV,, relative to the superior sagittal sinus with
a threshold at 3.2, which may provide an optimal level of sensitivity
(26). Rachinger et al. proposed a cutoff value at 2.3 for SUV . to
discriminate between meningioma and nonmeningioma tissues (/7).
In imaging of meningioma of the skull base, evidence regarding
the clinical value of [*®Ga]-DOTATOC PET/MRI is still lacking.
However, our results do not show a significant benefit for
PET/MRI in this diagnostic scenario because sensitivity, specifi-
city, positive predictive value, negative predictive value, and diag-
nostic accuracy displayed similar results. However, the specificity
of PET/MRI was slightly superior (75%) to that of MRI (66%).
These findings agree with previous studies on PET imaging of
meningioma. Rachinger et al. provided
comparable values for sensitivity (90%)
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FIGURE 2. Rates of infiltration as detected by MRI and PET/MRI.
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MRAC PET PET Fusion

FIGURE 3. [*®Ga]-DOTATOC uptake in diffuse large B-cell lymphoma of
right orbital space. CA = contrast agent; fs = fat saturation; MRAC =
MR-based attenuation correction.

SSTR,-positive lymphoma may mimic meningioma and lead to a
false diagnosis (Fig. 3). Significantly increased tracer uptake was
also found in a patient with a cavernous venous malformation
of the intraconal space (SUV .y, 4.3). Cavernous venous malforma-
tions are among the most common benign intraorbital lesions in
adults (32). The literature shows examples of hemangiomas and
vascular formations in other locations that have shown increased
tracer uptake in [*3Ga]-DOTATOC PET, most likely due to blood
pooling (33,34).

Comparably, false positives and false negatives also predomi-
nantly involved suspected optic sheath meningioma in the MRI
assessment. Atypical MRI signaling of 2 lesions in the course of the
optic nerve evaluation led to misidentification of histologically
proven optic sheath meningioma. Furthermore, MRI failed to expose
the intraorbital cavernous venous malformation because it displayed
characteristics of atypical meningioma. Another lesion could not be
assigned definitively to a specific entity on MRI and was therefore
wrongfully interpreted as atypical meningioma. This patient was later
diagnosed with lymphoproliferative hyperplasia. This tumor can dis-
play morphologic similarity to optic sheath meningioma, especially
considering its homogeneous contrast enhancement. Just as in the
PET/MRI assessment, misdiagnoses in the MRI assessment were
exclusively related to intraorbital tumors. Although malignant and
benign lesions of the orbital space can be well differentiated on the
basis of morphologic characteristics on cross-sectional imaging (35),
pretherapeutic baseline imaging cannot replace surgical assessment
for diagnostic differentiation (36). As the example of Tolosa—Hunt
syndrome shows, space-occupying lesions in this area are difficult to
differentiate morphologically and therefore often require further
diagnostic measures (37). Hence, imaging of intraorbital lesions
should be considered primarily for treatment planning and secondar-
ily for confirmation of diagnosis.

Infiltration and compression of surrounding structures such as
the cavernous sinus or ICA have a major impact on therapeutic
planning and the eligibility for a surgical approach (6,38). There-
fore, imaging must provide reliable information on contacts and
infiltration of the neighboring structures. In particular, infiltration
of the cavernous sinus is difficult to assess with MRI. Although
PET/MRI provided us with complementary information on tumor
characteristics, it did not provide a significant advantage for tumor
infiltration when compared with the results from MRI in our study.
Specifically, SSTR positivity of the pituitary gland posed a source
of error in the evaluation of this region. Nevertheless, SSTR PET
can be beneficial in therapeutic planning because of supplementary

information gained by PET and improved delineation of tumor
margins (20,22,39). The visualization of the SSTR, status is the
basic requirement for radioligand therapy (40). Despite there being
no current consensus on the detailed dosage and administration
modality of peptide-receptor radioligand therapy in meningioma
patients, SSTR PET has to be considered an important asset in the
process of treatment planning of meningiomas and should there-
fore be widely available (47). This is particularly relevant for
patients with inoperable meningiomas at the skull base. Due to the
limited availability of PET/MRI, a 2-step approach consisting of a
diagnostic MRI and a sequential low-dose PET/CT could provide
a practical and cost-sensitive approach in such cases or in equivo-
cal findings in morphologic imaging alone. Integrated [*®Gal]-
DOTATOC PET/MRI should be reserved for tertiary care centers
or clinical studies.

One of the limiting factors of our study was its retrospective
characteristic. MRI protocols changed over the time span of the
investigation, thus leading to slight alterations in imaging results.
In particular, limited access to histopathologic data proved to be
challenging for our evaluation. Additionally, there were no histo-
pathologic data available to us with which to correlate the image
features of infiltration and the actual infiltration. Surgical speci-
mens of all suspected lesions would have been desirable as a reli-
able reference standard. However, current guidelines do not
require histologic confirmation of meningioma before the initiation
of therapy (5). Additionally, because our focus was on the skull
base, most analyzed lesions were difficult to access. The risk of
complications outweighed the benefit of histologic confirmation.
In accordance with previous studies, the reference standard was
composed of the available histopathologic data and cross-sectional
imaging, including follow-up examinations.

CONCLUSION

Our results demonstrate the comparable diagnostic performance
of conventional MRI and [*®Ga]-DOTATOC PET/MRI for the
detection and evaluation of meningioma of the skull plane and
orbital space. However, PET assessment can give supplementary
information on therapy-relevant factors. Furthermore, it provides
the basis for radionuclide therapy by quantifying SSTR expression
of meningioma. To optimize the acquisition of diagnostic informa-
tion, we propose the inclusion of a 2-step approach consisting of
high-quality MRI and sequential low-dose SSTR PET/CT in
equivocal cases or before peptide-receptor radioligand therapy or
radiotherapy.
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KEY POINTS

QUESTION: Are there any significant benefits of implementing
SSTR PET/MRI into diagnostic workflows of meningioma patients
when compared with MRI only?

PERTINENT FINDINGS: We observed no significant differences
between the 2 modalities. There was no significant improvement
in detection and evaluation of meningiomas on PET/MRI.

IMPLICATIONS FOR PATIENT CARE: Conventional MRl is
sufficient to assess local tumor extent. Additional molecular
characteristics, such as screening for peptide-receptor radioligand
therapy, can be obtained by sequential PET/CT without loss of
information.
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Cancer of unknown primary (CUP) is a heterogeneous entity with a
limited prognosis. Novel prognostic markers are needed for patient
stratification in prospective clinical trials exploring innovative thera-
pies. Methods: In CUP patients treated at the West German Cancer
Center Essen, the prognostic value of '®F-FDG PET/CT at the initial
diagnostic workup was analyzed by comparing overall survival (OS) in
patients who underwent '8F-FDG PET/CT with those who did not.
Results: Of 154 patients with a CUP diagnosis, 76 underwent '8F-FDG
PET/CT at the initial diagnostic workup. The median overall survival
(OS) of the full analysis set was 20.0 mo. Within the PET/CT subgroup,
an SUV .« above 20 was associated with significantly superior OS
(median OS, not reached vs. 32.0 mo; hazard ratio, 0.261; 95% Cl,
0.095-0.713; P = 0.009). Conclusion: Our retrospective work shows
that an SUVmax above 20 on '8F-FDG PET/CT at the initial diagnostic
workup is a favorable prognostic factor in patients with CUP. This find-
ing deserves further prospective studies for validation.
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C ancer of unknown primary (CUP) is a heterogeneous cancer
entity in which the primary tumor remains unknown after a compre-
hensive diagnostic workup (7). CUP affects 2%—4% of all newly
diagnosed malignancies. In the literature, 75%—85% of cases are
described as diffusely metastatic at initial diagnosis. The median
overall survival (OS) of patients with diffusely metastasized CUP
remains poor, at only 8—11 mo (2). Unlike the multimodal concepts
in solitary metastatic CUP syndrome with a curative approach,
patients with diffuse metastasis usually receive only systemic pallia-
tive chemotherapy, with generally poor responses (/—3). To provide
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SUV,..x ABOVE 20 IN PATIENTS wiTH CUP

a basis toward future treatment approaches stratified by clinical and
biologic markers, we analyzed a large cohort of CUP patients receiv-
ing treatment at a major German comprehensive cancer center.

In this study, particular attention was paid to the potential prog-
nostic value of '8F-FDG PET/CT imaging in CUP patients.

MATERIALS AND METHODS

Patient Selection

The clinical cancer registry of the West German Cancer Center
Essen was searched for patients who received an initial diagnosis of
CUP between January 2015 and May 2021, with the data being cut off
on December 23, 2021. We stringently applied the predefined CUP
criteria of the current European Society for Medical Oncology guide-
lines to confirm the diagnosis (Fig. 1) ().

Image Acquisition and Analysis

Images were acquired in accordance with the European Association
of Nuclear Medicine guidelines for tumor imaging using '*F-FDG
PET (4), as follows: after the intravenous administration of a median
of 289 MBq (interquartile range, 97 MBq) of '®F-FDG and a median
uptake interval of 73 min (interquartile range, 16 min), image acquisi-
tion began. The 'F-FDG activity was based on body weight. Images

Patients with CUP at initial diagnosis after
completing basic diagnostic workup
between January 2015 and May 2021
treated at West German Cancer Center
(n=618)

Excluded for next step of analysis (n=464):
- primary tumor was discovered in further
course of therapy (1 = 308)
- prognostically favorable subgroups based
on a specific histology [melanoma,
docrine tumors, sarcomas or

germ cell tumors] (n = 134)
- patients with incomplete CUP diagnostics
[7. 8] (n=22)

Patients included in final data analysis
{full analysis set)
(n=154)

| |

Patients included Patients included
in final data in final data
| analysis with initial analysis without
PETICT (PET/CT initial PET/CT
set) (comparator set)
(n=76) (n=78)
FIGURE 1. CONSORT (Consolidated Standards of Reporting Trials) flow

diagram for patient inclusion in data analysis.
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TABLE 1
Baseline Characteristics

Full analysis set PET/CT set Comparator set
(n = 154) (n =76) (n=78)
Parameter Characteristic n % n % n %
Sex Male 82 53.25 41 53.95 41 52.56
Female 72 46.75 35 46.05 37 47.44
Age >60y 84 54.55 39 51.32 45 57.69
=60y 70 45.45 37 48.68 33 42.31
Metastasis Solitary 61 39.61 40 52.63 21 26.92
Diffuse 93 60.39 36 47.37 57 73.08
Histology Adenocarcinoma 66 42.86 25 32.89 41 52.56
Undifferentiated 10 6.49 6 7.89 4 5.13
carcinoma
Squamous cell 598 34.42 40 52.63 13 16.67
carcinoma
Neuroendocrine 25 16.23 5 6.58 20 25.64
carcinoma
Secondary Yes 32 20.78 14 18.42 18 23.08
malignancy
No 122 79.22 62 81.58 60 76.92
Pulmonary artery Yes 28 18.18 13 17.11 15 19.23
embolism or
thrombosis
No 126 81.82 63 82.89 63 80.77
Affected organ 1 83 53.90 47 61.84 36 46.15
systems
2 41 26.62 20 26.32 21 26.92
=3 30 19.48 9 11.84 21 26.92
SUVhax >20 22 28.95
=20 54 71.05

Median age was 62y (range, 20-85y). Median SUV,,ox was 13.9 (range, 3.5-30.8).

were analyzed by 3 unmasked readers, among whom were at least 1  All analyses were performed on pseudonymized datasets. The institu-
board-certified radiologist and 1 nuclear medicine physician, as per the  tional review board approved this retrospective study, and the requirement
clinical standard. If multiple lesions were present, the most representative  to obtain informed consent was waived; nevertheless, all subjects gave
malignant lesion was chosen as the target lesion for further analyses. written informed consent to providing their data for scientific purposes.

Statistical Analysis
In the initial, pretherapeutic, '*F-FDG

PET/CT scan, we determined the SUV . of Am_ an-

the detected tumor manifestations. The 75th = Bl ndbysiiest Z RN
percentile of SUV ., was set as the discrimi- o I R e ks
nator between high and low SUV,,,,,. OS was z ' z

defined as the time from initial diagnosis to ERR g 6o

death from any cause. If the time point of E Tt £

death was not detectable, patients were cen- § T o 2T

sored at the time of last follow-up. Survival w5 I_‘_HL—‘_ il

was analyzed using the Kaplan—-Meier method
and log-rank testing, and putative prognostic of o .
factors were correlated by multivariate analy- % Ca & -4 L s 9 2 g & £ 1
sis with Cox regression. e el Tine e

Statistical analyses were performed using  FIGURE 2. Median OS of full analysis set and patient subsets. (&) OS of full analysis set (n = 154)
Excel 2016 (version 2304; Microsoft) and SPSS  \yas 20.0mo (95% Cl, 10.0-30.0). (B) At 36.0mo (95% Cl, 21.3-50.7), OS of PET/CT set (‘®F-FDG
Statistics (version 26; IBM). A P value of 0.05  PET/CT at initial diagnostic workup, n = 76) was significantly higher than OS of comparator set (with-
or less was defined as statistically significant.  out '®F-FDG PET/CT at initial diagnostic workup, n = 78), at 12.0mo (95% Cl, 8.7-15.3; P < 0.001).
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HR
Gender female vs. male . 1.510
Solitary metastasis yesvs. no @ 0.228
Adenocarcinoma vs, NEC —_— 1.954
Undifferentiated carcinoma vs. NEC  +—l——— 0520
Squamous cell carcinoma vs. NEC —_—.—— 1553
SUVmax >20vs. <20 @ 0.261
Secondary malignancy yes vs. no —r— 1314
Pulmonary artery embolism/ thrombosis yes vs. no H—a— 1751
Affecled organ systems 1vs. 23 HE—H 0.308
Affected organ systems 2vs. 23 W 0.138
Age group >60 vs, 260 — 2.576
8 -7 6 -5 4 3 -2 1 0 1 2 3 4 ] 6 7
HR

95% CI B http:/jnm.snmjournals.org). Significant unfa-
(0.758-3.011)  0.241 vorable prognostic factors were involvement
{-065:0:804). 0.022% of 3or more organ systems (Fig. 3; Supple-
:E z:;; ;;;1 E:;; mental Figs. 1 and 3) and an age over 60y
A — (Fig: 3; Supplemental Fig. 1). These prog-
(0.085-0.713)  0.009" nostic parameters were comparably relevant
(0551-3.133)  0.538 in the full analysis set, the PET/CT set, and
naenacedy; 0188 the comparator set (Fig. 3; Supplemental
(0.074-1.293) 0.108 . . .
S R Fig. 1), demonstrating overall a similar
P dlStI'lbuFlOIl of CUP biologies among these

populations.
We next explored the prognostic impact
of tumor metabolic activity as determined

FIGURE 3. Multivariate analysis for prognostic parameters for PET/CT set (n = 76): hazard ratio with
95% Cl and P value. *P < 0.05. *P < 0.01. HR = hazard ratio; NEC = neuroendocrine carcinoma).

RESULTS

Patients

In total, 618 patients with a clinical diagnosis of CUP were
identified, of whom 154 fulfilled all the prespecified inclusion cri-
teria of the study (full analysis set). Of those, 76 (49%) had under-
gone '"8F-FDG PET/CT at the initial diagnostic workup (PET/CT
set), whereas 78 (51%) had no initial '®F-FDG PET/CT (compara-
tor set, Fig. 1). The characteristics of the different subgroups are
summarized in Table 1. The median SUV,,,, of the PET/CT set was
13.9 (range, 3.5-30.8). The 75th percentile was approximately 20.
At the time of data cutoff, 96 (62.3%) patients were deceased, 56
(36.4%) were alive, and 2 (1.3%) were lost to follow-up.

Survival and Prognostic Factors

The OS was 20.0 mo (95% CI, 10.0-30.0 mo) for the full analy-
sis set (Fig. 2A), 36.0mo (95% CI, 21.3-50.7) for the PET/CT set
(Fig. 2B), and 12.0mo (95% CI, 8.7-15.3) for the comparator set
(Fig. 2B).

Using multivariate Cox regression, we correlated OS with estab-
lished prognostic clinical parameters. We identified a solitary
metastasis as a significant favorable prognostic factor (Fig. 3; Sup-
plemental Figs. 1 and 2; supplemental materials are available at

100
oy SUVmax (PET/CT set):
-M=20
*H - w120
80l sefefprasdy - {~ Censored
R . TR — Censored
g
T 60
=
@
S 40}
g
=]
20
ol
1 1 L L ] :
5 20 40 60 80 10
Time (mo)

FIGURE 4. Median OS in relation to SUV o« in PET/CT set. In subset
with initial "®F-FDG PET/CT, patients with SUV,,ax above 20 (n = 22) had
significantly higher OS (not reached) than patients with SUV .« of 20 or
less (n = 54) (32.0mo; 95% Cl, 23.2-40.8; P = 0.022).

SUV,uax

by SUV,.x at pretherapeutic '*F-FDG
PET/CT. An SUV p,,, of 20 clearly discrimi-
nated a favorable subgroup from an unfa-
vorable subgroup in the PET/CT set (median
OS, not reached vs. 32.0mo [95% CI, 23.2-40.8]; hazard ratio, 0.261
[95% CI, 0.095-0.713]; P = 0.009) (Figs. 3 and 4).

DISCUSSION

With a poor OS of 11.0mo, our data for patients with CUP and
diffuse metastasis are consistent with data from other studies (2).
Further progress in treatment is hampered by the heterogeneity of
the CUP population, which may confound the results of studies
exploring novel treatments. Current stratification factors such as
age, a low number of metastatic sites, or solitary metastasis, which
have already been described in the literature (/,3) and could also
be confirmed in this work as prognostic factors, are of limited use.
They do not reflect the biologic heterogeneity within the respective
subgroups.

Using functional imaging, we here describe an independent
association of tumor metabolic activity with survival of patients
with a stringently defined CUP diagnosis. An SUV,,,, above 20,
as detected at the pretherapeutic workup by '8F-FDG PET/CT, is a
strong predictor of a favorable outcome.

In contrast, Yilmaz et al. (5) among patients with stage III non—
small cell lung cancer, and Werner et al. (6) among patients with
laryngeal carcinoma, found no influence of SUV,,,, on OS.

Other studies described a high SUV,,,,, as a negative prognostic
factor in tumor entities such as hypopharyngeal or pancreatic can-
cer (6,7). These studies focused on nonmetastatic disease stages
with a curative approach, corresponding to Union for International
Cancer Control (UICC) stages I[-11I. An association of high SUV .,
with rapid disease recurrence has often been described and usually
has not had a direct influence on OS.

By definition, CUP syndrome is already a metastatic, UICC stage
IV disease at initial diagnosis.

For other aggressive tumor entities at stage IV and with pallia-
tive therapeutic intention, observations comparable to our results
are available in the literature. A higher OS was described for
patients with small cell lung cancer at UICC stage IV under systemic
palliative therapy with a higher SUV ., whereas at stages [-III
a lower SUV,,,,x showed a better outcome (8). A possible inter-
pretation of better OS with high SUV ., at stage IV of tumor
disease, and thus also in CUP syndrome, was provided by Liu et al.
in a study of ovarian cancer (9). They were able to show a higher
chemosensitivity at a high SUV ... In future studies, the marker
SUVax should be tested prospectively in patients with CUP
syndrome.
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CONCLUSION

Our retrospective study found that an SUV,,,, over 20 on '®F-
FDG PET/CT is associated with favorable survival in patients
with CUP at the initial diagnostic workup. This finding deserves
further investigation in prospective studies. If they validate this
finding, they could provide information that goes beyond staging
to support the treatment of CUP. These results could optimize
patient stratification in future studies of systemic therapies in CUP
to increase the likelihood that a true therapeutic effect on survival
will be detected.
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KEY POINTS

QUESTION: Is a high SUV 4, over 20 on pretherapeutic '®F-FDG
PET/CT a prognostic factor in patients with CUP?

PERTINENT FINDINGS: We performed a retrospective analysis
of 154 patients with CUP, 76 of whom received initial '®F-FDG
PET/CT. Although other prognostic parameters were equivalent
in the PET/CT and comparator sets, an SUV,,, over 20 was
associated with significantly superior OS in the PET/CT set.

IMPLICATIONS FOR PATIENT CARE: SUV, o« should be used
for patient stratification in future studies of CUP patients and can
support shared decision-making regarding the initiation and type
of therapy in current clinical practice.
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Metformin has effects beyond its antihyperglycemic properties, in-
cluding altering the localization of membrane receptors in cancer cells.
Metformin decreases human epidermal growth factor receptor (HER)
membrane density. Depletion of cell-surface HER decreases antibo-
dy-tumor binding for imaging and therapeutic approaches. Here, we
used HER-targeted PET to annotate antibody-tumor binding in mice
treated with metformin. Methods: Small-animal PET annotated anti-
body binding in HER-expressing xenografts on administration of an
acute versus a daily dose schedule of metformin. Analyses at the pro-
tein level in the total, membrane, and internalized cell extracts were
performed to determine receptor endocytosis, HER surface and inter-
nalized protein levels, and HER phosphorylation. Results: At 24 h after
injection of radiolabeled anti-HER antibodies, control tumors had
higher antibody accumulation than tumors treated with an acute dose
of metformin. These differences were temporal, and by 72 h, tumor
uptake in acute cohorts was similar to uptake in control. Additional
PET imaging revealed a sustained decrease in tumor uptake on daily
metformin treatment compared with control and acute metformin
cohorts. The effects of metformin on membrane HER were reversible,
and after its removal, antibody-tumor binding was restored. The time-
and dose-dependent effects of metformin-induced HER depletion
observed preclinically were validated with immunofluorescence, frac-
tionation, and protein analysis cell assays. Conclusion: The findings
that metformin decreases cell-surface HER receptors and reduces
antibody-tumor binding may have significant implications for the
use of antibodies targeting these receptors in cancer treatment and
molecular imaging.

Key Words: metformin; PET imaging; HER family

J Nucl Med 2023; 64:1195-1202
DOI: 10.2967/jnumed.122.265248

Metfonnin is the most prescribed first-line drug to reduce
blood glucose levels in patients with type 2 diabetes mellitus (7,2).
Metformin is safe, well tolerated, and prescribed to more than
120 million people for the management of type 2 diabetes mellitus.
Metformin has benefits beyond its antihyperglycemic properties that
include reduction of body weight and fat content, antiaging effects,
and anticancer effects in patients with diabetes who are prescribed
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METFORMIN REDUCES MEMBRANE HER

metformin (2-8). Patients with metabolic dysregulation (metabolic
syndrome, diabetes, or obesity) who take metformin have shown
lower cancer risk and cancer-related mortalities (7,9,10). As clinical
trials repurpose metformin in oncology (/7), it is important to under-
stand how alterations induced by this drug on cancer cells and the
tumor microenvironment affect tumor response to therapies (12,13).

Epidermal growth factor receptor (EGFR) and human epidermal
growth factor receptor 2 (HER2) are receptor tyrosine kinases over-
expressed and dysregulated in cancer cells (/4). This has led to the
development of small-molecule drugs and monoclonal therapeutic
antibodies targeting human epidermal growth factor receptor (HER).
Examples of anti-HER therapeutic monoclonal antibodies are trastu-
zumab and panitumumab, which target the extracellular domains of
HER2 and EGFR in cancer cells (15,16). Trastuzumab is used as first-
line therapy, in combination with chemotherapy, for gastric cancer
and is the standard-of-care treatment for women with metastatic and
early-stage breast cancer (/5,/7). Panitumumab is approved to treat
wild-type Kirsten rat sarcoma viral metastatic colorectal cancer (18).
The efficacy of HER-targeted antibody drugs depends on the density
and availability of HER at the membrane of cancer cells (/9,20).
Previous studies suggest that drugs interfering with the stability and
membrane localization of HER receptors will affect tumor response
to antibody therapies.

Previous preclinical studies in gastric, breast, and bladder cancer
models have shown that cholesterol-depleting drugs increase HER
cell-surface density, as visualized by HER-directed immuno-PET
uptake (/9-21). These previous studies have also shown improved
therapeutic efficacy of antibody drugs combined with cholesterol-
depleting drugs (19-21). Accumulating preclinical and clinical data
indicate that metformin interferes with the cholesterol biosynthetic
pathway and raft production, but the molecular mechanisms of how
these processes occur remain unclear (8,22—26). Metformin alters
the cholesterol content located at the cell membrane and intracellu-
larly, and it affects the synthesis and stability of receptors that rely
on GM1 ganglioside, lipid raft markers (such as HER) (8,22-26).
How the timing, duration, and dose of metformin treatment affect
HER membrane receptor turnover in cancer cells is still unclear.

Immuno-PET is a useful tool for monitoring the uptake and
binding of antibodies to tumors in real time. In this study, it was
used to visualize and quantify the uptake of anti-HER antibodies
in mice treated with metformin.

MATERIALS AND METHODS

Radiolabeling
89Zr-labeled trastuzumab and panitumumab were prepared with a
specific activity of 22 MBg/nmol and immunoreactivity above 95%.
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%4Cu-labeled trastuzumab was prepared with a specific activity of
32-34.04 MBg/nmol. Detailed protocols are described in the Supple-
mental Methods (supplemental materials are available at http://jnm.
snmjournals.org).

Metformin Treatment

In vitro treatments, Western blot, and immunofluorescence analyses
are described in the Supplemental Methods. An acute dose of metfor-
min (250 mg/kg) was orally administered 12 h before and at the same
time as the tail vein injection of ¥Zr-labeled antibody. Metformin
(200 mg/kg dose) was then intraperitoneally administered for 7-11
consecutive days before the tail vein injection of 3°Zr-DFO-trastuzumab
or 8°Zr-DFO-panitumumab. Detailed protocols are described in the Sup-
plemental Methods.

Small-Animal PET and Biodistribution Studies

PET imaging experiments were conducted on a nanoScan PET/CT
scanner (Mediso). Images were reviewed using 3D Slicer software
(version 5.0.3; https://www.slicer.org/). The

metformin. Because NCIN87 and A431 cancer cells are rich in
caveolae (35), we next hypothesized that metformin-induced deple-
tion in membrane HER is accompanied by an increase in total CAV1
protein levels. HER2-positive NCIN87 and EGFR-positive A431
cancer cells showed a 1.8-fold and 1.6-fold increase in CAV1 total
protein levels at 2h after metformin treatment (Figs. 1A and 1B).
CAV1 total protein levels at 24 h after incubation with metformin
were similar to those of no-metformin control.

We next evaluated whether metformin-induced depletion in
membrane HER would hamper antibody binding to cancer cells
(Fig. 1C). Cellular fractionation of NCIN87 or A431 cells incubated
with #Zr-labeled trastuzumab or panitumumab showed a significant
decrease in membrane-bound radioactivity at 2 h after incubation with
metformin (Fig. 1D). At 24h after cell incubation with metformin,
membrane-bound antibody resembled those found at no-metformin
control cells, confirming the transience and temporality of the metfor-
min cell treatments.

mice were sacrificed, and organs were har-
vested, weighed, and assayed in the y-counter
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for biodistribution studies. Radioactivity associ-
ated with each organ was expressed as percent-
age injected dose (%ID) per gram of the organ.
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levels similar to those of control were de-
tected after 12-24 h of incubation time.
Caveolin-1 (CAV1), a crucial structural
protein of cholesterol-rich caveolae, nega-
tively correlates with membrane HER at the
protein level and affects anti-HER antibody
binding to cancer cells (19,20,28,30-34).
Previous studies have shown an upregulation
in CAV1 tumoral levels on treatment with

FIGURE 1.

mean *+ SD).

1196

(A and B) Western blot of total CAV1, membrane and total HER2, and membrane and
total EGFR after cancer cell treatment with metformin. NCIN87 or A431 cancer cells were incubated
with 5 mM metformin for 2, 4, 12, and 24 h. Graphs show quantification of Western blots with protein
levels normalized to no-metformin control (bars, n = 3, mean + SD). (C) Schematic representation
showing metformin-induced temporal changes in CAV1 and membrane HER. Schematic was
made using BioRender. (D) Fractionation assay for membrane-bound and internalized #9Zr-labeled
trastuzumab or 89Zr-labeled panitumumab after incubation of cancer cells with 5 mM metformin for
2,4,12, and 24 h. **P < 0.01, based on Student t test and compared with untreated cells (n = 34,
mean * SD). **P < 0.001, based on Student t test and compared with untreated cells (1 = 3-4,
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Altogether, these results suggest that metformin temporarily en-
hances CAV1 total protein levels and decreases membrane HER
and anti-HER membrane-bound antibody to cancer cells.

Short-Term Cell Incubation with Metformin Enhances HER2
and EGFR Internalization

Premised on our initial in vitro findings, we anticipated that
metformin-induced changes in membrane HER and total CAV1
protein levels would result in changes in HER internalization. This,
in turn, would affect HER-mediated oncogenic signaling and the
ability of trastuzumab or panitumumab to target and bind HER2-
or EGFR-expressing cancer cells, respectively. Because we observed

that short-term incubation with metformin decreased cell-surface
HER and enhanced total CAV1 levels, we sought to investigate HER
internalization and shedding in cancer cells treated with metformin
for 2 h. Treatment with metformin did not induce significant changes
in HER2 shedding in NCIN87 cancer cells (Supplemental Fig. 2).
To determine HER intracellular localization, trastuzumab or panitu-
mumab was allowed to bind on cancer cells treated with metformin
for 2 h. Antibody-mediated internalization was then boosted in cancer
cells for 90 min (Fig. 2A). Compared with untreated cells, an increase
in HER internalization was observed in metformin-treated cancer
cells (Figs. 2B and 2C; Supplemental Figs. 3 and 4). Metformin-
induced depletion of membrane HER was accompanied by a decrease

in phosphorylated HER2 or phosphorylated

A

C

NCINS7 cells (HER2+)

A431 cells (EGFR+)

EGFR protein levels (Figs. 2B and 2C;
Supplemental Figs. 3 and 4). Thus, our find-
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procedure. We observed that the amount of
membrane HER increased rapidly after met-
formin washout as it went back to control
levels between 12 and 24 h after drug with-
drawal (Figs. 2B and 2C). In conclusion, the
removal of metformin restores membrane
HER after drug washout.

Preincubation with Metformin Reduces
Anti-HER Antibody-Tumor Binding
We showed that metformin decreases
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Meialiirie —“ — membrane HER and membrane-bound anti-
HER2 160 EGFR o -lmﬂ HER antibody and enhances total CAV1
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kDa ko (Supplemental Fig. 5). We examined anti-

body binding to cancer cells preincubated

FIGURE 2. (A) Schematic representation of cell-surface biotinylation approach used to collect  versus coincubated with metformin.

membrane-bound and internalized proteins. Schematic was made using BioRender. (B and C) West-
ern blot analysis of biotinylated membrane; internalized, phosphorylated HER2; phosphorylated
EGFR; total HER2; and total EGFR on NCIN87 or A431 cancer cells incubated with 5 mM metformin

for 2h. Western blot at bottom shows membrane HER2, membrane EGFR,

EGFR at 0, 4, 12, and 24 h after removing metformin from cancer cells. Cancer cells were incubated
with 5mM metformin for 2h and washed with fresh culture medium before protein lysates were

collected.

METFORMIN REDUCES MEMBRANE HER

The preincubation approach was applied
to determine whether metformin-induced
CAV1 expression could decrease antibody
binding to cancer cells. When cancer cells
were preincubated with metformin for 2 h,
we observed an 8.3-fold or 2.6-fold decrease

total HER2, and total
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in antibody binding to NCIN87 or A431 cancer cells, respectively
(Fig. 3), compared with control.

Because metformin is usually prescribed as a daily dose, we eval-
uated antibody binding to cancer cells in the continuous presence of
metformin (coincubation). Although trastuzumab or panitumumab
binding decreased in cancer cells coincubated with metformin, the
decrease was substantially lower than before metformin treatment
(Fig. 3). In our studies, the antibody bound to NCIN87 or A431 can-
cer cells was 1.2-fold or 1.5-fold lower, respectively, in a coincuba-
tion treatment regimen.

These results demonstrate that a preincubation schedule of can-
cer cells with metformin highly reduces membrane HER, which in
turn decreases anti-HER accumulation in cancer cells.

Acute Metformin Treatment Induces Reversible Depletion in
Anti-HER Antibody-Tumor Binding

The preceding in vitro data provided the rationale for preclinical
imaging studies to annotate trastuzumab and panitumumab tumor
binding in mice treated with metformin. In our studies, trastuzumab
or panitumumab was conjugated with the Deferoxamine (DFO) che-
lator and labeled with 3°Zr (Supplemental Figs. 6 and 7). Acute oral

administration of metformin was performed 1 d before and at the same
time as the radiolabeled antibody. This acute metformin treatment
schedule was performed to validate our in vitro findings that the effects
of metformin-induced depletion of trastuzumab or panitumumab
tumor binding are reversible. The dose of metformin used in our imag-
ing studies, 250 mg/kg for mice, corresponds to a human-equivalent
dose of 1,219 mg, which is lower than the maximum recommended
daily dose in humans of 2,550 mg/d. Control mice were administered
saline instead of metformin in the same volume (Fig. 4A).
HER-targeted PET imaging at 24 h demonstrated a lower accu-
mulation of antibody in tumors from metformin-treated mice than
from saline cohorts (Fig. 4B; Supplemental Figs. 8-10). Additional
PET imaging of these mice revealed similar antibody—tumor accu-
mulation in mice treated with an acute dose of metformin and in
control cohorts at 72 h after injection of the radioimmunoconjugate.
Ex vivo biodistribution studies validated our findings from PET im-
aging at 72h: 55.08 = 3.84 %ID/g of tumor for 8°Zr-trastuzumab in
the saline cohort and 56.43 + 0.54 %ID/g of tumor for 8°Zr-trastuzu-
mab in the metformin cohort (Fig. 4C; Supplemental Fig. 9).
These results indicate that the differences in antibody—tumor
uptake in mice treated with an acute dose of metformin are tempo-
ral, with decreased uptake in metformin-
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Because metformin is clinically prescribed
once daily, we performed additional immuno-
PET studies administering metformin daily
before #Zr-labeled antibody injection. The
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89Zr-labeled antibody demonstrated a re-
duction in antibody—tumor binding com-
pared with the control or acute cohorts
(Fig. 4B; Supplemental Figs. 8-10). Ex
vivo biodistribution studies at 72h after
radiolabeled trastuzumab injection validated
our findings from HER2-targeted PET imag-
ing (Fig. 4C; Supplemental Fig. 9). HER2-
positive NCIN87 xenografts of mice treated
daily with metformin yielded tumor uptake of
15.01 = 3.84 %ID/g, lower than that in saline
cohorts (55.08 = 7.54 %ID/g) or NCIN&7
tumors from mice treated with an acute dose
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FIGURE 3. Representative fluorescence microscopy images and quantification of immunofluores-
cence staining of HER2 and EGFR receptors in NCIN87 (A) or A431 (B) cancer cells coincubated or
preincubated with metformin. ***P < 0.001, based on Student t test and compared with untreated

cells (n = 7-10, mean = SD). DAPI = 4’,6-diamidino-2-phenylindole.
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of metformin (56.43 = 0.54 %ID/g). Similar
results were obtained in tumors of mice
treated daily with metformin and imaged
with radiolabeled anti-EGFR panitumumab
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FIGURE 4. (A) Schematic representation of PET imaging in mice bearing
tumor xenografts treated with acute or daily dose of metformin. (B) Repre-
sentative 3-dimensional volume-rendered images of PET at 24 and 72h
after tail vein injection of 89Zr-labeled trastuzumab in mice bearing HER2-
positive NCIN87 xenografts. Metformin (250 mg/kg) was orally administered
1 d before and at same time as 2°Zr-DFO-trastuzumab (6.66-7.40 MBq,
45-80 pg of protein) in acute-dose cohort. In daily-dose cohort, metformin
(200mg/kg) was injected daily by intraperitoneal administration. Scale bar,
percentage injected dose (%ID) per gram of the organ. (C) Biodistribution
profile of control, acute-dose, and daily-dose cohorts at 72 h after injection
of 89Zr-DFO-trastuzumab. MIP = maximum-intensity projection. Supple-
mental materials provide full list of organ biodistribution. **P < 0.001,
based on Student t test and compared with control (bars, n = 3, mean =
SD). *P < 0.05, based on Student t test and compared with control (bars,
n = 3, mean * SD). BioD = biodistribution.

(Supplemental Fig. 10). However, the tumor uptake of a radiola-
beled IgG control was low and comparable in mice treated with
saline and those with daily administration of metformin (Supple-
mental Fig. 11).

These results suggest that the reduction in membrane HER by
daily treatments with metformin is physiologically significant and
clinically relevant.

PET Imaging Allows Monitoring of Cell-Surface HER Rebound
After Withdrawal of Metformin

To validate the temporality and reversibility effect of metformin
on antibody—tumor binding, we performed PET imaging before,
during, and after metformin treatment using trastuzumab labeled

METFORMIN REDUCES MEMBRANE HER

with the short-lived isotope **Cu (Fig. 5A). Mice with HER2-
positive NCIN87 xenografts imaged before initiating the metfor-
min treatment demonstrated tumor uptake of 51.54 = 10.41 %ID/g
(Fig. 5B; Supplemental Figs. 12 and 13). PET images of mice
treated with a daily dose of metformin showed a 1.8-fold reduction
in tumor uptake (27.42 =£7.5 %ID/g). Finally, PET images of
mice at 7 d after stopping the metformin treatment demonstrated
tumor uptake similar to that observed before metformin therapy
(57.82 = 15.39 %ID/g). These studies suggest that immuno-PET can
effectively track the temporal and reversible changes in antibody—
tumor binding as a result of metformin treatment.

DISCUSSION

In addition to its antidiabetic properties, metformin induces antitu-
mor effects by directly inhibiting the phosphatidylinositol-3-kinase
mammalian-target-of-rapamycin and Ras-mitogen-activated protein
kinase (MAPK) pathways (2,4,5,8). The indirect antitumor effects
of metformin comprise reduction of glucose, insulin metabolism,
and immune responses by regulation of T-cell differentiation and
activity (/2,29). In addition, metformin reduces cholesterol biosyn-
thesis through its indirect activation of the adenosine monophos-
phate-activated protein kinase pathway (8,25,26,36,37). Drugs that
deplete cholesterol content at cell membranes temporally enhance
receptor availability on the surface of cancer cells and tumor xeno-
grafts (/19-21,28). Here, we show that metformin reduces the surface
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FIGURE 5. (A) Schematic representation of PET imaging before, during,
and after treatment with daily dose of metformin. (B) Three-dimensional
volume-rendered images of PET acquired at 24 h after injection of %Cu-
trastuzumab. Mice were imaged at 24 h after injection of *Cu-trastuzumab
(6.66-8.3 MBq or 45-56 j.g of protein). PET images were acquired at base-
line (pre-metformin PET), after daily administration of metformin (on metfor-
min PET), and at 7 d after withdrawal of metformin (post-metformin PET).
Scale bar, percentage injected dose (%ID) per gram of the organ.
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availability of HER in a time-dependent manner. Metformin reduces
membrane HER to decrease antibody binding to tumor xenografts.
Our findings highlight the significance of monitoring the effects of
over-the-counter medicines in oncology settings.

Treatment with metformin induces HER internalization (Fig. 2),
decreasing the number of HER receptors available at the cell mem-
brane for antibody—tumor binding (Fig. 4). A reduction in receptor
density at the cell surface has been shown to decrease transphosphor-
ylation, likely by reducing receptor dimerization. Loss of membrane
HER in tumors not only decreases HER phosphorylation (Fig. 2) but
also reduces antibody—tumor binding in mice treated with a pro-
longed dose of metformin (Fig. 4).

We found a decrease in the accumulation of trastuzumab or pani-
tumumab binding to tumors as an acute response to oral administra-
tion of metformin. The effects induced by acute administration of
metformin are reversible: progressive recovery in membrane HER
(Figs. 2B and 2C) was detected after removing the metformin from
cancer cells, and antibody—tumor accumulation recovered at 72h in
mice treated with only 2 doses of metformin (Fig. 4). However,
mice treated daily with metformin showed a greater and more sus-
tained reduction in antibody accumulation in tumors than did control
mice or mice treated with an acute dose of metformin. Additional
PET imaging studies performed before, during, and after metfor-
min daily treatment demonstrated a rebound of cell-surface HER
after withdrawal of the drug (Fig. 5). Because our imaging studies
used a full-length antibody, it is possible that blocking of HER2
receptors could occur during the weekly imaging schedule. There-
fore, future imaging studies will use a radiolabeled small molecule
to monitor the dynamic changes induced by metformin in tumoral
HER2. Future studies would be required to determine whether
the depletion observed in antibody—tumor binding affects tumor
response after treatment with an acute versus a prolonged dose of
metformin in the presence or absence of anti-HER therapies.

The therapeutic efficacy of trastuzumab, trastuzumab—drug conju-
gates (trastuzumab emtansine or trastuzumab deruxtecan), cetuximab,
and panitumumab depends on receptor density and HER-antibody
trafficking (19-21,38,39). Our previous studies have shown that
drugs altering rates of HER endocytosis and recycling result in
changes in the surface pool of HER. We have previously reported
that cholesterol-depleting drugs (/9-21) enhance antibody—tumor
binding and efficacy. Others have shown that metformin inhibits
transcriptional and translational expression of key components of
the cholesterol biosynthetic pathway (8,22—26). These previous re-
ports could indicate that metformin may enhance antibody accumu-
lation in tumors. However, our data suggest that daily administration
of metformin reduces trastuzumab or panitumumab accumulation
in tumors. Further studies are needed to understand the mechanisms,
other than alterations in the cholesterol biosynthetic pathway, that
occur in cancer cells treated with metformin.

The CAV1 protein, a major structural protein of cholesterol-rich,
caveolae-mediated endocytosis, is involved in HER cell membrane
dynamics, and the bioavailability of membrane HER is enhanced
via temporal regulation of CAV1 (/9-21,27). Others have shown
that metformin-induced upregulation of AMP-activated protein
kinase increases CAV1 expression in cancer cells, and pretreatment
of cancer cells with metformin enhances trastuzumab emtansine
efficacy (28,40,41). Here, we provide evidence that an acute dose
of metformin upregulates CAV1 at early incubation times and leads
to a rebound of membrane HER after the removal of metformin.
However, a daily dose of metformin results in sustained depletion
of membrane HER and reduces antibody accumulation in tumors.
The discovery that metformin-induced depletion in cell-surface

1200

HER depends on time and dose may have direct implications for
the use of anti-HER antibodies for imaging and therapy. Because
many patients with cancer are prescribed metformin, our data pro-
vide a rationale to evaluate doses and regimens of metformin treat-
ment that might affect the therapeutic or imaging outcomes in
patients with HER2- or EGFR-expressing tumors.

In a recent phase 3 clinical trial (CCTG.MA.32), the addition of
metformin to standard adjuvant chemotherapy did not improve
progressive-free survival or overall survival for patients with hor-
mone receptor—positive or hormone receptor—negative breast can-
cer (42). Metformin sensitizes HER-targeted therapies in vitro and
in preclinical mouse models of cancer (43,44). The benefits of
combining metformin with anti-HER therapies have also been
tested in the clinical setting. Although the METTEN prospective
clinical study demonstrated that nondiabetic breast cancer metfor-
min users receiving trastuzumab and chemotherapy have a higher
pathologic complete response than that of nonusers, the study was
underpowered to show synergism (44).

Metformin is administered to humans with type 2 diabetes mellitus
orally at therapeutic doses of 500-3,000mg/d (45). After a single
dose, the plasma concentrations peak in 3 h, resulting in concentrations
ranging from 10 to 25 wM (46,47). In mice, administering metformin
at a 250mg/kg dose yields plasma concentrations of 125-150 uM
after 1-2h that rapidly decrease thereafter (48). However, metformin
treatment of cancer cells requires high doses (in the millimolar range)
to exert an anticancer effect or to deplete the cellular abundance of
tumor targets. For example, previous studies reported that millimolar
concentrations of metformin led to significant depletion of membrane
programmed death-ligand 1 or HER (29,49,50). Similar to other stud-
ies reporting alterations in membrane receptor density on treatment
with metformin (28,29), the in vitro concentrations reported here are
higher than the micromolar-range concentrations detected in patients.
Despite these differences in metformin dosage in clinical and preclini-
cal settings, recent studies have shown that metformin can significantly
reduce the expression of EGFR in clinical samples of oral squamous
cell carcinoma (57). Therefore, it is necessary to explore how clinically
relevant doses of metformin affect membrane HER and, subsequently,
tumor uptake of anti-HER antibodies.

Our study has several limitations. Because the susceptibility of can-
cer cells to metformin depends on time, dose, and cell line, it is not
clear whether the results described here will translate to other tumor
types and membrane receptors. Given the ability of metformin to
broadly affect cancer cells through multiple pathways, changes in
CAV1 and membrane HER may partially explain the ability of met-
formin to decrease antibody binding in tumors. Although the dosage
of metformin used in our in vitro studies is similar to that used in other
studies reporting metformin-induced alterations in receptor density, a
concentration in the millimolar range is higher than the concentration
of metformin detected in serum samples of patients. In addition, the
mechanisms by which metformin accumulates in cancer cells and how
it confers beneficial effects in patients with cancer are incompletely
understood. In our studies, an acute dose of metformin was adminis-
tered orally to mimic clinical administration, whereas daily administra-
tion was performed through intraperitoneal injection with a nontoxic
dosage schedule (29). Although intraperitoneal administration of a sub-
stance has similar pharmacokinetics to oral administration (52), further
clinical studies are necessary to explore whether the route of adminis-
tration of metformin can affect the uptake or biologic activity of anti-
HER antibodies. Furthermore, it is not clear whether the alterations in
HER observed in our studies using xenografts will translate into clini-
cal changes due to differences in metformin pharmacokinetics in mice
versus humans.
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CONCLUSION

Several clinical trials are under way to evaluate metformin for
drug repurposing in patients with cancer. Our data suggest that
short-term administration (2 d) of metformin treatment results in
reversible depletion in membrane HER and, consequently, in tempo-
ral depletion of antibody—tumor accumulation. However, daily admin-
istration of metformin to mice with HER2-positive or EGFR-positive
tumors reduces trastuzumab or panitumumab accumulation, respec-
tively, as a result of reducing target density at the cell membrane.
These results suggest that the daily use of metformin may influence
the effectiveness of these cancer treatments and imaging outcomes
and therefore should be carefully considered in the clinical setting.
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KEY POINTS

QUESTION: Can HER-targeted antibody PET imaging inform on
metformin-induced alterations to the cell-surface density of tumor
biomarkers?

PERTINENT FINDINGS: Metformin has both time- and
dose-dependent effects on membrane HER density as visualized
by immuno-PET.

IMPLICATIONS FOR PATIENT CARE: Metformin-induced
downregulation of cell-surface HER reduces the accumulation of
therapeutic anti-HER antibodies in tumors that could affect tumor
response to therapy.

METFORMIN REDUCES MEMBRANE HER
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The goal of reducing the total-body radiation dose of macromolecule-
based nuclear medicine with a 2-step pretargeting strategy has been
achieved with several pretargeting methodologies in preclinical and clini-
cal settings. However, the lack of modularity, biocompatibility, and in vivo
stability in existing pretargeting agents obstructs their respective plat-
forms’ wide clinical use. We hypothesized that host-guest chemistry
would provide an optimal pretargeting methodology. A cucurbit[7]uril
host and an adamantane guest molecule form a high-affinity host-guest
complex (association constant, ~10™ M™7), and in this work, we ex-
plored the use of this noncovalent interaction as the basis for antibody-
based pretargeted PET. Along with the straightforward modularity of
these agents, cucurbit[7]uril and adamantane are recognized to have
high in vivo stability and suitability for human use, which is why we pro-
posed this methodology as the ideal approach for pretargeted nuclear
medicine. Methods: Three %*Cu-labeled adamantane guest radioligands
were developed, and their in vitro stability, lipophilicity, and in vivo blood
half-lives were compared. The adamantane radioligands were analyzed
for pretargeting using a cucurbit[7]uril-modified carcinoembryonic anti-
gen-targeting full-length antibody, hT84.66-M5A, as the macromolecule
pretargeting agent with 2 different dosing schedules. These molecules
were evaluated for pretargeting in human pancreatic cancer BxPC3 and
MIAPaCa-2 mouse xenografts using PET and in vivo biodistribution stud-
ies. The dosimetry of the cucurbit[7]uri-adamantane (CB7-Adma) pretar-
geting approach in men was calculated and compared with that of the
directly 89Zr-labeled hT84.66-M5A. Results: The adamantane radioli-
gands possessed high in vitro stability up to 24 h (>90%). Pretargeted
PET with CB7-Adma methodology resulted in specific tumor uptake
(P < 0.05) with low background signal. The in vivo formed CB7-Adma
complex was demonstrated to be stable, with high tumor uptake up to
24 h after radioligand injection (12.0 = 0.9 percentage injected dose/g).
The total-body radiation dose of the pretargeting strategy was only 3.3%
that of the directly Zr-labeled hT84.66-M5A. Conclusion: The CB7-
Adma strategy is highly suitable for pretargeted PET. The exceptional
stability of the pretargeting agents and the specific and high tumor
uptake of the pretargeted adamantane radioligands provide great poten-
tial for the platform.
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CUCURBITURIL—ADAMANTANE PRETARGETED PET

Pretargeted PET provides a quantitative, noninvasive whole-
body in vivo profile of macromolecules with an overall lower total-
body radiation dose than directly radiolabeled macromolecules (/,2).
Pretargeting is a 2-step strategy involving administration of a target-
binding macromolecule that accumulates at the target site over sev-
eral days while the unbound macromolecule excretes from nontarget
tissue. In a second step, a bioorthogonal small-molecule radioligand
is administered (Fig. 1). The low molecular weight of the radioligand
allows its target accumulation and excretion to occur more quickly
than for the initial macromolecule. The work reported here harnesses
host—guest complex formation as the specific pretargeting interaction
between the macromolecule and the radioligand. We hypothesized
that because of the high in vivo stability, modularity and low immu-
nogenicity, the chosen host-guest pair, cucurbit[7]uril-adamantane
(CB7-Adma; association constant, ~10" Mfl), makes an ideal
interaction pair for pretargeted PET (3-5). The strong complex
between the 2 molecules forms when the Adma guest with an adja-
cent positively charged moiety binds to the carbonyl framed cavity
of the macrocyclic CB7 host molecule via multiple van der Waals
and ion-dipole interactions. So far, the medical imaging applications
using host-guest chemistry have been limited to preformed host—
guest complexes to increase the stability or sensitivity of imaging
agents (6-8). In nuclear medicine, the high-affinity noncovalent bind-
ing between CB7 and Adma molecules has remained minimally
explored (9).

The reported work lays the foundation for the host—guest chemis-
try of the CB7-Adma—driven pretargeting platform. Three **Cu-
labeled Adma guest molecules were synthesized and characterized:
[**Cu]Cu-NOTA-Adma (1), [**Cu]Cu-NOTA-polyethylene glycol
(PEG)3-Adma (2), and [**Cu]Cu-NOTA-PEG,-Adma (3) (Fig. 2A).
The in vivo profile of the ligands for pretargeting was evaluated
using a CB7-modified carcinoembryonic antigen (CEA) targeting
humanized full-length antibody (CB7-MSA) as the secondary
pretargeting agent. To study the potential of the platform, we
investigated 2 pretargeting lag time schedules, 72 and 144 h. The
pretargeting studies were performed on BxPC3 (CEA-positive)
and MIAPaCa-2 (CEA-negative) human pancreatic cancer mouse
xenografts (10-12).

The biodistribution and dosimetry of the pretargeted Adma radio-
ligand were compared with those of a directly 8Zr-labeled MSA.
We hypothesized that the high stability, mutual high affinity, and
human compatibility of the proposed CB7-Adma pretargeting
agents would provide a great basis for a widely applicable pretar-
geting platform.
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Cucurbit[7]uril-
antibody

Blood
vessel

. Adamantane

Synthesis and Characterization of
Modified M5A Molecules

CB7-M5A and deferoxamine-conjugated
MS5A (DFO-M5A) were prepared as previ-
ously described (/3,14). The quality control
of both modified antibodies was performed
with size-exclusion chromatography, and the
immunoreactivity was determined via cellular
binding using the Lindmo assay (/5) as previ-
ously reported (/4). The number of CB7 moi-
eties per monoclonal antibody (mAb) was
determined as previously reported (/3).

guest ligand

89Zr Labeling of DFO-M5A
[3Zr]Zr(C,0,4), in 0.1 M oxalic acid
(86.2 MBq; 46 pL) was neutralized to pH
74 using 1 M NaHCOs. DFO-M5A (900 pg;
6 nmol in 450 pL in phosphate-buffered saline

FIGURE 1. lllustration of 2-step CB7-Adma pretargeting approach.

MATERIALS AND METHODS

Development of Adma Radioligands

Detailed information on synthesis and characterization of the pre-
cursors for Adma radioligands 1-3 is provided in Supplemental
Figures 1-3 (supplemental materials are available at http://jnm.
snmjournals.org) To synthesize 1-3, [**Cu]CuCl, in 0.05 M HCI
(1.5-7.4 pL; 47-260 MBq) was mixed with 0.2 M NH4,OAc (pH 5.5;
50-150 pL) in an Eppendorf tube. The respective precursors for 1, 2,
and 3 (1-5 pL in DMSO) were added to the solution, followed by
incubation of the reaction at room temperature for 10 min. The reac-
tion was monitored with radio—high-performance liquid chromatogra-
phy using a method described in the supplemental materials. Because
of the high radiolabeling yield, no purification was required.

[PBS], pH 7.4) was added to the solution of

897r, and the labeling reaction was incubated at
room temperature for 1 h. The labeling reaction yield was checked with
radio-thin-layer chromatography using instant thin-layer chromatography
silica gel glass microfiber chromatography paper and 50 mM ethylenedi-
aminetetraacetic acid as the mobile phase. The synthesized [**Zr]Zr-DFO-
MSA was purified with a PD10 desalting column using PBS as the elution
buffer. The radiochemical purity of the purified product was determined
using the previously described radiothin-layer chromatography method.

In Vitro Stability and Plasma Protein Binding of 1-3
The in vitro stability of 1-3 was studied in PBS and in bovine plasma at
37°C. First, freshly synthesized radioligand (1-3; 1.5 nmol; 3.0-3.9 MBq
in 100 wL of 0.2 M NH4OAc, pH 5.5) was added to an Eppendorf tube
with PBS (1 mL). The samples were incubated at 37°C for 1, 6, or
24 h, after which they were analyzed with radio—high-performance liquid
chromatography. To study the ligands’ stability
in plasma, freshly synthesized radioligands 1-3

. sk
_,[/\,(,o
Ik

(1.4 MBq in 5 pL of 0.2 M NH40Ac, pH 5.5)
were mixed with bovine plasma (100 wL). The
samples were incubated at 37°C for 1, 6, or
24 h followed by an addition of cold acetoni-
trile (100 wL). The sample was centrifuged for
5 min (10,000 rpm). Supernatant was collected

A
e

Ry= and centrifuged for a second time, after which
0 it was diluted with H,O (300 wL) and run on
|' T ] | R “ radio-high-performance liquid chromatography.
. : : — = The formed pellet was measured for radioactiv-
[**Cu]Cu-NOTA-Adma ; 1 Ry -2.6+0.0 17.4 min ity and compared with the initial total activity
[(*Cu]Cu-NOTA-PEGz-Adma ; 2 R; -1.9+03 13.8 min to determine the protein-bound fraction. Both
[Cu]Cu-NOTA-PEG,-Adma : 3 R 16402 64 Fis stability assays were done in triplicate.
B Distribution Coefficient (Log D)

10074 3 ———— e s — Measurement of Guest Radioligands
'\i\“; Freshly synthesized radioligands 1-3 (586—
}':'59"'. 5 E 90 g 610 kBg; 13 pL in 0.2 M NH4OAc, pH 5.5)
£ e 5 were added to an Eppendorf tube containing
Rgod . 1in PRS7.4 at 37°C = god = 1in plasma at 37°C E PBS (600 wL) and 1-octanol (600 wL). The
|- 2inPBS7.4at37°C -= 2 in plasma at 37°C 2 - mixture was stirred on a ThermoMixer (Eppen-

- H o - % o, —— .

0 |3 in IPBSI?-“ 3Ii a7 |C - : 3 m: plas:na 3[137 .C 5 . dorf) for 10 min (900 rpm) at room temperature
0 5 10 15 20 25 0 5 10 15 20 25 é 10 1 5 ZI'.' 25 and was then centrifuged for 5 min (1,000 rela-
Time (h) Time (h) Time (h) tive central force); 200 L of each phase were

transferred, and the samples were weighed and

FIGURE 2.

1204

(A) Chemical structure of [**Cu]Cu-NOTA-Adma (1), [**Cu]Cu-NOTA-PEG;-Adma (2),
and [**Cu]Cu-NOTA-PEG,-Adma (3) and their respective log D and blood half-lives. (B) In vitro sta-
bility of 1-3 in PBS (pH 7.4) and in bovine plasma at 37°C and their plasma protein binding.
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counted on a y-counter to determine the relative
amount of radioactivity in each phase. The log
D value was calculated as log;o (% radioligand
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in 1-octanol/% radioligand in PBS). The experiment was done in
triplicate.

BxPC3 Cell Interaction with 2

Freshly synthesized 2 (354 kBq; 10 wL) or [**Cu]CuCl, in 02 M
NH4OAc, pH 5.5 (407 kBq; 10 pL), was mixed with RPMI-1640 medium
containing a 0.3 g/L concentration of glutamine, 25 mM 4-(2-hydro-
xyethyl)-1-piperazineethanesulfonic acid, 1% (v/v) penicillin—strepto-
mycin, and 10% (v/v) fetal bovine serum (12 mL). Medium (1 mL)
was measured into the wells of a 6-well plate that had been plated with
0.75 X 10° BxPC3 cells the day before. The cells were incubated with
the medium for 2, 4, or 6 h at 37°C followed by treatment with 0.05 M
glycine, pH 2.8. Finally, the cells were lysed by being incubated with
1.0 M NaOH. The medium, glycine, and NaOH solutions were col-
lected and measured with a <y-counter to determine the unbound,
membrane-bound, and internalized fraction of each radioactive agent.

1-3 in Healthy Mice

To determine the blood half-life of each Adma radioligand, freshly
synthesized radioligands 1-3 (13.6-14.8 MBq; 1.5 nmol in 100 pL of
PBS) were injected intravenously into healthy female nude mice (n = 3).
Blood was drawn from the saphenous vein at 6 different time points after
injection (2, 5, 15, 30, 60, and 120 min). The collected blood samples
were weighed and measured with a y-counter to determine the percent-
age injected dose per gram (%ID/g) for each sample. In addition to study-
ing the blood half-life of each radioligand, we studied the renal excretion
of 2 at early time points in healthy female nude mice by collecting urine
at 20 and 60 min after radioligand injection. Further descriptions of both
experiments are detailed in the supplemental materials.

Pretargeting with 1-3

Experimental cohorts of BxPC3 tumor—bearing female nude mice
(n = 4-5/cohort) were injected intravenously with CB7-M5A (0.7 nmol;
100 g in 150 pL in PBS) followed 72 h later with an intravenous injec-
tion of 1-3 (1.5 nmol; 10.2-13.9 MBq in 150 pL in PBS). For pretarget-
ing with 2, a 144-h lag time between the antibody and radioligand was
also investigated. The cohorts were euthanized for in vivo biodistribution
4, 8, or 24 h after radioligand injection, and the 24-h cohort was also
imaged with a small-animal PET/CT scanner (Siemens Inveon) at 4, 8,
and 24 h after radioligand injection before euthanasia. An additional
cohort per time point for pretargeted 2 was assigned, which was eutha-
nized 2 h after radioligand injection for dosimetry calculations. The corre-
sponding control cohort (n = 4/cohort) for each ligand was injected
intravenously only with 1-3 and euthanized for in vivo biodistribution
studies 24 h after injection.

[2°Zr]Zr-DFO-M5A In Vivo Profile in Tumor Models

A cohort of BxPC3 and MIAPaCa-2 tumor—bearing female nude
mice (n = 4/cohort) was injected intravenously with [3°Zr]Zr-DFO-M5A
(0.7 nmol; 100 pg; 2.3-3.4 MBq in 200 nL in PBS). The mice were
imaged with a small-animal PET/CT scanner 72 h after injection, fol-
lowed by in vivo biodistribution studies.

Pretargeting with 2 in MIAPaCa-2 Xenografts

A cohort of MIAPaCa-2 tumor—bearing female nude mice (n = 4)
was injected with CB7-M5A (0.7 nmol; 100 pg in 150 L in PBS)
intravenously 72 h before an injection of 2 (1.5 nmol; 8.8-10.1 MBq in
150 wL in PBS). The mice were imaged with a small-animal PET/CT
scanner 24 h after radioligand injection, followed by in vivo biodistri-
bution studies.

The Dosimetry of Pretargeted 2

The estimated dosimetry of the pretargeted 2 in a man (70 kg) was
calculated on the basis of the in vivo biodistribution of the pretargeted
2 in BxPC3 tumor—bearing mice. The biodistribution data were fitted

CUCURBITURIL—ADAMANTANE PRETARGETED PET -

using a linear interpolation between time points. The linear function of
each organ was used to interpolate the concentration at intervals of 1 h
to better estimate the kinetics. The integration time was extended 48 h
with the assumption that the %ID per organ was constant after the first
24 h and that the only change in concentration between 24 and 48 h
was due to radioactive decay. A trapezoidal approximation was then
used to obtain the integral over the time intervals. These residence
times were used to estimate the absorbed dose to a human subject
using the OLINDA program (/6) with the adult human male model
and no bladder clearance. The %ID to the large intestine was divided
equally between the right and left colon for input into the OLINDA
model for a man. The dose to the rest of the body was not used in this
calculation.

Statistical Analysis

Statistical analysis for all data from the biodistribution and in vitro
assays was performed with 2-tailed unpaired ¢ tests using Prism
(GraphPad Software, Inc.). A P value between 2 groups of less than
0.05 was considered significant. At least 4 mice were used for each
pretargeting cohort. All in vitro experiments were performed in tripli-
cate unless otherwise noted.

RESULTS

Development of Pretargeting Agents

Each of the 3 radioligands was synthesized and radiolabeled effi-
ciently and in good yields. Precursors for 1, 2, and 3 were synthesized
with overall yields of 14.5%, 36.2%, and 14.1%, respectively, and
with respective chemical purities of 97.6%, 97.2%, and 95.8% (Sup-
plemental Figs. 4-6). Radioligands 1-3 were produced by radiolabel-
ing their corresponding precursors with high radiochemical yields of
97.6% * 1.5%, 98.5% = 0.7%, and 96.7% = 0.0%, respectively,
and with purity of 97.5% = 1.0%, 98.3% = 1.8%, and 98.9% =
0.7%, respectively (n = 3) (Supplemental Figs. 7-9).

CB7 conjugated antibody was synthesized with an overall recov-
ery yield of 83%. Each M5A was determined to have 0.8 = 0.0 CB7
(n = 3) moieties on average. Quality control testing of the CB7-
MS5A indicated that no aggregation or fragments were present (Sup-
plemental Fig. 10). The immunoreactivity of the CB7-conjugated
antibody was 95.7% = 0.7% (n = 3).

In Vitro Characterization of 1-3

To compare the 3 radioligands, we performed in vitro analysis on
each to determine their relative pharmacologic characteristics and suit-
ability for in vivo pretargeting experiments. 1-3 demonstrated great
in vitro stability in PBS and in bovine plasma (Fig. 1B; Supplemental
Tables 1 and 2). At 24h, 95.8% = 2.2%, 99.0% = 0.8%, and
95.9% = 3.1% of 1, 2, and 3, respectively, was still intact in PBS
and 95.2% = 0.9%, 90.6% = 1.6%, and 97.5% = 0.6%, respec-
tively, remained intact in bovine plasma samples. No free **Cu was
observed in any of the stability samples, suggesting that the radio-
ligands were sufficiently stable for the application. At the 1-h time
point, the Adma radioligands exhibited decreased plasma binding as
the length of polyethylene glycol (PEG) linker increased (23.8 =
6.6 [1], 14.0 £ 5.4 [2], and 8.1 = 2.0 [3]). Additionally, the fraction of
protein-bound radioligand grew over time to the last time point of
24h (27.8 =2.1 [1], 30.5 = 3.7 [2], and 23.2 = 2.1 [3]). These differ-
ences among the molecules were not significant (P > 0.05).

On the basis of the cell internalization assay in BxPC3 cells, 2
did not bind to the cell membrane (0.1% * 0.1%) or get internal-
ized (0.0% = 0.0%) even after a 6-h incubation period (Supple-
mental Fig. 11). [**Cu]CuCl, demonstrated significantly higher
internalization (5.2% = 0.3%; P = 0.002) than 2, confirming that
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the ®*Cu-NOTA complex of 2 remained intact for the duration of
the experiment.

Development of DFO-Modified Antibody

Quality control testing indicated that the DFO-conjugated M5SA
antibody was intact, and no fragments or aggregates were detected
(Supplemental Fig. 10). The overall recovery yield was 85%. The
immunoreactive fraction of DFO-MS5A was 89.6% = 2.1%, which
was suitable for in vivo analysis.

1-3 in Healthy Mice

To determine the route and relative rate of clearance of the radio-
ligands, we investigated their blood half-life. Additionally, because
we expected a combination of both renal and hepatobiliary clearance,
we collected urine at time points earlier than the first biodistribution
time point. The in vivo blood half-life experiments revealed that the
blood half-life correlated negatively with the number of PEG units
incorporated in the radioligand (Fig. 2A; Supplemental Fig. 12). The
ligands’ blood half-lives decreased as the PEG-linker length in-
creased (1, 17.4 min; 2, 13.8 min; 3, 6.1 min). Urine samples at 20
and 60 min after injection of 2 into healthy mice indicated that the
radioligand demonstrated high renal clearance at these early time
points (680 =210 and 1,050 =450 %ID/g, respectively) (Supple-
mental Table 3).

In Vivo Biodistribution of Pretargeted 1-3

In vivo biodistribution studies were performed to assess the rela-
tive effectiveness of the 3 radioligands for pretargeting of tumors in
a mouse model. Of the 3 Adma radioligands that were studied with a
72-h lag time schedule, only pretargeted 1 and 2 demonstrated signif-
icantly higher tumor uptake than their respective control cohorts
(1, P = 0.005; 2, P = 0.003; Supplemental Tables 4 and 5). Pretar-
geted 3 resulted in almost 4 times higher average tumor uptake than
control (3.9 = 2.1 %ID/g and 0.0 = 0.0 %ID/g, respectively; Supple-
mental Table 6). However, differences in tumor uptake between the
cohorts were not significant (P = 0.053). Tumor uptake increased
over time in all cohorts, yet the highest average tumor uptake was
with pretargeted 2 (1, 8.9 £2.0 %ID/g; 2, 12.0 0.9 %ID/g; 3,
3.9 £2.1 %ID/g) (Fig. 3). To demonstrate that our pretargeting plat-
form may be suitable for clinical applications without the use of

clearing agents, we also explored the best-performing radioligand (2)
with a 144-h lag time, which is more aligned with the biologic half-
life of mAbs in humans. For the pretargeted 2, tumor uptake was
lower when administration was at 144 h than at 72 h after CB7-M5A
injection (144 h: 5.3 £ 1.4 %ID/g; P = 0.01), but the tumor-to-blood
uptake ratio was substantially higher for the 144-h cohorts (Supple-
mental Tables 7 and 8).

The presence of all Adma radioligands in the blood pool was sig-
nificantly higher in the pretargeting cohorts than in their correspond-
ing control cohorts (P = 0.001, P = 0.0006, and P = 0.01 for 1, 2,
and 3, respectively, with a 72-h lag time), revealing that the Adma
radioligands bound to the remaining CB7-M5A circulating in the
blood. However, when the lag time was extended from 72 to 144 h,
the presence of the pretargeted 2 in the blood was not significantly
higher than in control studies when only 2 was administered (P =
0.13), suggesting that less of 2 was binding to the CB7-M5A in the
blood with the longer lag time (Supplemental Table 7). The lower
presence of 2-bound CB7-MS5A circulating in the blood pool likely
contributed to the fact that tumor uptake of pretargeted 2 was lower at
later time points with the extended lag time. Initially at the 4-h time
point, tumor uptake of pretargeted 2 was similar with 72- and 144-h
lag times (3.5 = 1.1 %ID/g and 3.2 = 1.4 %ID/g, respectively).

All 3 pretargeted radioligands were excreted through the kidneys/
bladder and gastrointestinal tract. With a 72-h lag time, excretion was
the slowest for pretargeted 3. For pretargeted 2, excretion through the
intestine was suggested to be slower with a longer lag time of 144 h.
However, the SDs of the %ID/g values were large for the organ since
feces were not removed from the large-intestine samples, a fact that
could partly explain the difference between the lag time cohorts. By
24 h after injection, the excretion was complete for 1-3. Despite the
low kidney retention at 4h with pretargeted 1-3 (<1.0 %ID/g; Sup-
plemental Tables 4 and 7), 2 demonstrated early renal clearance in
healthy mice (Supplemental Table 3).

As expected, tumor-to-blood ratios increased over time with the
pretargeted ligands (Supplemental Table 8). The difference between
the first and last time points was significant only with pretargeted 2
with a 72-h lag time (4h, 2.3 = 1.5; 24h, 5.8 £0.4 [P = 0.008]).
The low presence of 2 in the blood pool with the 144-h lag time
resulted in a higher tumor-to-blood ratio at 24h (16.7 = 4.6) than

under any other studied conditions.
As was expected from the CEA expression
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Pretargeted 1 Pretargeted 2 Pretargeted 3 differences in BXxPC3 and MIAPaCa-2 cells

4h 4h B 4h (Supplemental Fig. 13), tumor uptake of the

20- B 8h BN 8h B 8h pretargeted 2 was significantly lower in
B 24h B 24h B 24h MIAPaCa-2 tumor models than in BxPC3

16+ ns* (0.5£0.1 vs. 12.0 = 0.9 %ID/g, respectively;

A P = 0.003), demonstrating the specificity of
interaction of the radioligands with the tumors
(Fig. 4D).

Pretargeted PET 1-3

PET imaging of the pretargeted radio-
ligands 1-3 in BxPC3 tumor—bearing nude
mice successfully delineated the tumor mass
at all time points (Fig. 5; Supplemental
& Fig. 14). The images confirmed the in vivo
biodistribution data, showing that the tumor
uptake and tumor-to-background signal in-

FIGURE 3. In vivo biodistribution of pretargeted [**Cu]Cu-NOTA-Adma (1), [**Cu]Cu-NOTA-PEGs-
Adma (2), and [**Cu]Cu-NOTA-PEG;-Adma (3) in BxPC3 tumor—bearing nude mice. *P < 0.05. ns =

not significant.
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creased over time up to the last time point.
Tumor uptake of the pretargeted radioligands
1-3 varied, at 3.8-17.1, 14.5-24.0, and
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FIGURE 4. In vivo profile of [¥°Zr]Zr-DFO-M5A at 72 h after injection and
pretargeted 2 at 24 h after injection in BxPC3 and MIAPaCa-2 tumor—bearing
female nude mice. Maximum-intensity-projection PET images of [®zrzr-
DFO-M5A (A) and pretargeted 2 (B), and in vivo biodistribution of [2°Zrzr-
DFO-M5A (C) and pretargeted 2 (D). Mice administered 2 were injected with
CB7-M5A 72 h beforehand. Location of tumor on right shoulder is encircled.

2.8-13.1 %ID/mL, respectively, with the 72-h lag time and 3.8-
7.9 %ID/mL with the 144-h lag time at 24 h after radioligand injec-
tion. For the pretargeted 2 in MIAPaCa-2 tumor—bearing mice, the
tumor uptake values were between 0.8 and 1.4 %ID/mL, indicating
that there was no specific uptake in the tumors due to the lack of
CEA expression (Fig. 4B).

In Vivo Profile of [2°Zr]Zr-DFO-M5A in Xenograft Models

To compare uptake in antigen-expressing and antigen-negative
cell lines with MSA, we used directly labeled [¥°Zr]Zr-DFO-MS5A.
The in vivo profile of [¥°Zr]Zr-DFO-MS5A in the subcutaneous tumor
mouse models of BXPC3 and MIAPaCa-2 revealed varying tumor
uptake between the models. The findings aligned with the Western
blotting results on the CEA expression of the cell lines, as well as
with previously published results from the same cell lines (Supple-
mental Fig. 13) (/0-12). The CEA-positive BxPC3 xenografts dem-
onstrated higher tumor uptake than the CEA-negative xenografts
of MIAPaCa-2 (53.7 = 10.0 vs. 7.3 £ 0.3 %ID/g, respectively; P =
0.004) (Fig. 4C). On the basis of these imaging experiments, the
tumor-to-background signal was higher in the BXPC3 cohort than in
MIAPaCa-2, and the tumor uptake values in both tumor models sup-
ported the findings of the in vivo biodistribution studies (BxPC3,
50.4 = 8.9 %ID/mL; MIAPaCa-2, 4.8 = 0.2 %ID/g) (Fig. 4A).

Dosimetry of Pretargeted 2

To determine the dosimetric advantages of our pretargeting
method, we calculated the dosimetry for our approach and compared
it with that of the directly labeled [*°Zr]Zr-DFO-MS5A. The estimated

CUCURBITURIL—ADAMANTANE PRETARGETED PET -

Pretargeted

24 h

I

0 IAID/mENEE 7

FIGURE 5. Maximum-intensity-projection PET images of pretargeted
[**Cu]Cu-NOTA-Adma (1), [**Cu]Cu-NOTA-PEGs-Adma (2), and [**Cu]Cu-
NOTA-PEG;-Adma (3) in BXxPC3 tumor—bearing nude mice at 4, 8, and
24 h after radioligand injection with 72-h lag time in pretargeting schedule.
Location of tumor on right shoulder is encircled.

dose of a man for pretargeted 2 demonstrated that the CB7-Adma
pretargeting approach resulted in much lower organ doses than did
use of [¥Zr]Zr-DFO-M5A, whose dosimetry analysis was reported
earlier by our laboratory (Supplemental Table 9) (/4). In all investi-
gated organs, the dose of pretargeted 2 was reduced severalfold
compared with the directly radiolabeled M5A. The dose-limiting
organ for use of directly radiolabeled antibodies is often red mar-
row, and here its dose with [3°Zr]Zr-DFO-MS5A was found to be
almost 70-fold higher than that of the pretargeted 2. The reported
injected clinical doses of ®Zr-labeled mAbs vary between 37 and
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185 MBq (17,18). In this regard, with an estimated 110-MBq clinical
dose of [¥Zr]Zr-DFO-MSA, the effective dose would be 95.5 mSv.
A clinical dose of 150 MBq of pretargeted 2, however, would give
rise to a lower effective dose of 6.0 mSv while still providing the
necessary tumor—to—nontarget tissue uptake ratios to clearly delineate
CEA-expressing tumors.

DISCUSSION

We have demonstrated in this work that host-guest CB7-Adma
pretargeted PET shows specific and exceptionally high tumor uptake
and tumor-to-background signal (Fig. 3; Supplemental Tables 4-8).
The efficacy of the pretargeting methodology was evaluated with 3
64Cu-labeled Adma radioligands. The pretargeted radioligand with the
best in vivo profile, 2, was also studied with an additional lag time.
Since the motivation for the studies was development of a pretarget-
ing platform, the dosimetry of a directly radiolabeled [*°Zr]Zr-DFO-
MS5A and CB7-MS5SA pretargeted 2 was compared (Supplemental
Table 9). Although the isotopes were not matched for these experi-
ments, [3°Zr]Zr-DFO-MS5A was chosen because 5°Zr is the most clini-
cally relevant isotope for PET imaging with mAbs and provides
information on the biologic fate of the mAbs at 5-7 d after injection,
whereas ®*Cu-based PET with mAbs is useful for only about 2 d after
injection, when there is still very low tumor—to-nontarget tissue
uptake, especially in the blood.

The difference among 1, 2, and 3 was observed in their respec-
tive blood half-lives and log D values, which resulted in the
ligands’ having variance in their tumor uptake and clearance pro-
file. The number of PEG units incorporated in the Adma radio-
ligand correlated negatively with the compound’s log D value and
blood half-life. The same correlation between the number of PEG
units and the log D value was observed earlier by our laboratory
with ferrocene radioligands designed for pretargeting (/4). As has
been reported earlier, with a higher number of hydrophilic PEG
units the expectation is to have lower respective log D values (19).
In addition to exploring the use of other linkers, our laboratory is
investigating why the opposite trend was observed with 1-3.

In turn, the log D values of 1-3 negatively correlated with the
blood half-lives. This trend toward diffusion of more hydrophilic
compounds from the bloodstream through the cell membrane at a
lower rate, resulting in a longer blood half-life, has been established
before (20,21). The difference in tumor uptake of pretargeted 1 and
2 was not significant, despite their relative difference in blood half-
life. However, the Adma radioligand with the shortest blood half-
life, 3, resulted in the lowest tumor uptake, which was determined
to be significant compared with pretargeted 1 and 2. This positive
correlation between blood half-life and tumor uptake was reported
carlier by us and other laboratories (14,19). As the radioligand
remains in the blood pool longer, the molecule has more time to
accumulate at the target site.

MS5A demonstrated high specificity toward the CEA, which was
validated with in vivo experiments with directly labeled MSA
([3°Zr]Zr-DFO-M5A) and pretargeted 2 in CEA-positive (BXPC3)
and CEA-negative (MIAPaCa-2) tumor—bearing mice (Fig. 4).
Both imaging experiments in the 2 tumor models showed that the
high specificity and excellent tumor-to-background signal that
antibody-based imaging provides is not lost when the antibody
imaging is done with the CB7-Adma pretargeting strategy. The
obtained tumor-to-blood ratio of pretargeted 2 at 24 h after injec-
tion with the longer lag time schedule of 144 h was higher than
that of [¥Zr]Zr-DFO-MS5A at 72h after injection (16.7 = 4.6 and
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7.5+ 1.1, respectively) (Supplemental Tables 8 and 9). Interest-
ingly, the fact that we were able to obtain excellent tumor target-
ing with a 144-h lag time suggests that even longer lag times may
still be possible, which would further improve the dosimetry by
reducing exposure in nontarget tissues, including blood and mar-
row. This would potentially improve image contrast using our pre-
targeted approach, as well as the therapeutic index when turning
this strategy to targeted radionuclide therapy.

Previously, our laboratory reported the use of ferrocene radio-
ligand—driven host—guest chemistry methodology for pretargeted PET
(13,14). Comparing the CB7-ferrocene pair with the CB7-Adma pair
as the pretargeting agents, we can note several advantages in the lat-
ter approach. All the investigated Adma radioligands maintained
high in vitro stability in plasma up to 24 h, unlike the reported ferro-
cene radioligands (70%—80% intact at 4 h). Additionally, the formed
Adma-CB7 host—guest complex exhibited higher in vivo stability
than the previously reported CB7-ferrocene complex. We observed
increasing tumor uptake in pretargeting experiments with 1-3 from
the first studied time point (4 h) to the last (24 h), whereas the oppo-
site trend was observed in the CB7-ferrocene pretargeting approach,
and dissociation of the ferrocene radioligand from the CB7 over time
is observed. All in all, when the same antibody, pretargeting sched-
ule, dosing, and mouse tumor model were used, the highest tumor
uptake values experienced with our lead Adma radioligand candidate
(2) were several times higher (8h, 5.9 £1.6 %ID/g; 24h, 12.0 =
0.9 ID/g) than for the previously reported ferrocene radioligand (8 h,
3.1£0.6 %ID/g; 24h, 1.5 0.5 %ID/g) (14). The in vivo stability
of a preformed CB7-Adma complex has been explored earlier with
11C- and '®F-labeled Adma guests in rodents (9). The complexes
exhibited high stability in vivo; however, the stability was studied up
to only 1h. Our work expands knowledge on the in vivo formed
host—guest complexes and their stability.

We hypothesize that a major advantage of host—guest pretarget-
ing lies in the high stability of the CB7-Adma components, allow-
ing pretargeting with flexible pretargeting dosing schedules and
preferably longer lag times (>3 d). The reported pretargeting strat-
egy excels with varying lag times, making the strategy clinically
approachable. Importantly, the feasibility of longer lag times poten-
tially allows the methodology to further decrease the whole-body
radiation dose and increase the tumor-to-background signal—a
motivation for shifting to pretargeting technologies from the use of
directly radiolabeled antibodies.

CONCLUSION

We have reported the development and characterization of 3
Adma radioligands for CB7-Adma host—guest pretargeted PET. The
use of a **Cu-labeled Adma radioligand along with a CB7-modified
anti-CEA full-length antibody as the pretargeting agent pair for pre-
targeted PET in BxPC3 tumor—bearing nude mice resulted in high,
enduring target uptake of the radioligand. To our knowledge, this is
the first reported pretargeting study using CB7-Adma complex for-
mation as the pretargeting interaction for antibody-based PET.
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KEY POINTS

QUESTION: Can host—guest complexation between a cucurbit[7]uril
and an adamantane be used for pretargeting?

PERTINENT FINDINGS: A cucurbit[7]uril-modified antibody and a
84Cu-labeled adamantane were administered separately intravenously
to a mouse, and the biodistribution findings revealed that 84Cu-labeled
Adma specifically bound to the CB7-modified antibody.

IMPLICATIONS FOR PATIENT CARE: Clinical studies of
pretargeting technologies have been hindered by the immunogenicity
and lack of modularity of the pretargeting agents. The reported work
reveals a promising new strategy for pretargeted nuclear medicine.
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Radiolabeled fibroblast activation protein (FAP) inhibitors (FAPIs) and
Arg-Gly-Asp (RGD) peptides have been extensively investigated for
imaging of FAP- and integrin o,B3—positive tumors. In this study, a
FAPI-RGD heterodimer was radiolabeled with ®Ga and evaluated in
patients with cancer. We hypothesized that the heterodimer, recogniz-
ing both FAP and integrin «,B3, would be advantageous because of
its dual-receptor-targeting property. Methods: The effective dose of
58Ga-FAPI-RGD was evaluated in 3 healthy volunteers. The clinical
feasibility of ®8Ga-FAPI-RGD PET/CT was evaluated in 22 patients
with various types of cancer, and the results were compared with
those of "8F-FDG and ®®Ga-FAPI-46. Results: ®*Ga-FAPI-RGD was
tolerated well, with no adverse events in any of the healthy volunteers
or patients. The effective dose from ®8Ga-FAPI-RGD PET/CT was
1.01 X 1072 mSv/MBa. In clinical investigations with different types of
cancer, the radiotracer uptake and tumor-to-background ratio (TBR)
of primary and metastatic lesions in ®8Ga-FAPI-RGD PET/CT were
significantly higher than those in '®F-FDG PET/CT (primary tumors:
SUVpaxs 18.0 vs. 9.1 [P < 0.001], and TBR, 15.2 vs. 5.5 [P < 0.001];
lymph node metastases: SUV,,x, 12.1 vs. 6.1 [P < 0.001], and TBR,
13.3 vs. 4.1 [P < 0.001)), resulting in an improved lesion detection rate
and tumor delineation, particularly for the diagnosis of lymph node
(99% vs. 91%) and bone (100% vs. 80%) metastases. ®Ga-FAPI-RGD
PET/CT also yielded a higher radiotracer uptake and TBR than %8Ga-
FAPI-46 PET/CT did. Conclusion: 8Ga-FAPI-RGD exhibited improved
tumor uptake and TBR compared with '®F-FDG and ®Ga-FAPI
PET/CT. This study demonstrated the safety and clinical feasibility of
88Ga-FAPI-RGD PET/CT for imaging of various types of cancer.
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Tumor receptor imaging is an important component of onco-
logic molecular imaging and plays a key role in cancer diagnosis
and management. It is made possible by the intense expression of
specific biomarkers in the cellular membrane. Integrin o35 is a het-
erodimeric transmembrane glycoprotein that is highly expressed in
activated endothelial cells, newly formed blood vessels, and several
types of tumor cells. In contrast, it exhibits low or no expression in
normal cells (7). Therefore, integrin o35 is a promising target for
tumor imaging and therapy (2). The tripeptide Arg-Gly-Asp (RGD)
moiety exhibits a high binding affinity and specificity for integrin
a,B3. Various RGD-based cyclic peptides have been labeled with
radionuclides and extensively evaluated for PET or SPECT imaging
of cancers (2). However, the rapid blood clearance of RGD peptides
is one of the reasons that their application is limited in radionuclide
therapy (3). The need to improve the pharmacokinetics of RGD pep-
tides has led to multimeric strategies or conjugation with albumin-
binding moieties (3,4). These approaches allow the transformation of
a drug into a theranostic agent for use as both an imaging agent and
a therapeutic agent.

The importance of the tumor microenvironment in cancer develop-
ment and clinical prognosis is now widely appreciated (5). Besides
tumor cells and tumor angiogenesis, cancer-associated fibroblasts of
the tumor microenvironment are the major components of solid
tumors (6). Fibroblast activation protein (FAP)—« is highly expressed
in cancer-associated fibroblasts in most epithelial cancers but is
weakly expressed in normal tissues, making it an attractive target for
cancer imaging and therapy (7). In the past few years, quinoline-
based FAP inhibitor (FAPI) PET/CT has become an active field in
nuclear oncology (7,8). Various studies have demonstrated that
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FAPI-based radiopharmaceuticals are promising radiotracers for
cancer diagnosis, staging, and restaging. They may be better alter-
natives for cancer types that exhibit low to moderate uptake of
8F_FDG, including gastric, pancreatic, and liver cancers (9).

Recently, a heterodimeric peptide, denoted as FAPI-RGD, was
synthesized from FAPI-02 and cyclo-RGD-p-Phe-Lys (c[RGDfK])
for targeting both FAP and integrin o35 receptors (10). It was
radiolabeled with ®Ga for preclinical evaluation and was further
assessed in a pilot clinical study. The tumor uptake and retention
of ®8Ga-FAPI-RGD were significantly greater than those of %*Ga-
FAPI-46 and **Ga-c(RGDfK) in mouse xenografts (/0). Furthermore,
this pilot clinical study on 6 patients demonstrated that ®3Ga-FAPI-
RGD PET/CT enabled visualization of tumor lesions with favorable
imaging contrast. These results encouraged us to further explore the
role of %¥Ga-FAPI-RGD PET/CT for cancer imaging.

The aim of this study was to evaluate, in patients with various
types of cancer, the radiotracer uptake and clinical feasibility of
%8Ga-FAPI-RGD PET/CT compared with those of '3F-FDG and
%8Ga-FAPI-46 PET/CT.

MATERIALS AND METHODS

Chemistry and Radiochemistry

The detailed synthesis procedure for FAPI-RGD was reported
recently (/0). Information on the chemicals and reagents is briefly pre-
sented in the supplemental materials (available at http://jnm.snmjournals.
org). ®®Ga-radiolabeling of FAPI-02, FAPI-46, c(RGDfK), and FAPI-
RGD variants was performed as previously described (//—13). In brief,
25 nmol of FAPI-RGD in 1 mL of sodium acetate buffer (0.25 M)
were reacted with 4 mL of %Ga-solution (1.1 GBq in 0.6 M HCI) at
100°C for 15 min. For clinical imaging, the final product was passed
through a 0.22-pm Millipore filter for sterilization of each preparation
of ®Ga-FAPI-RGD. Quality control was performed using ultraviolet and
radio-high-performance liquid chromatography (supplemental materials).
The stability of the radiolabeled compound was determined by incubat-
ing the product in phosphate-buffered saline at 37°C and analyzing it
via radio-high-performance liquid chromatography after 1, 2, and 4 h
of incubation.

Clinical PET/CT Imaging in Healthy Volunteers and Patients
with Cancer

The prospective clinical study protocol was approved by the institu-
tional review board of the First Affiliated Hospital of Xiamen Univer-
sity and was registered at ClinicalTrials.gov (NCT05543317). Written
informed consent was obtained from all healthy volunteers and patients.
The dose of intravenously injected *®Ga-FAPI-RGD was calculated
according to the participants’ body weight (3.0-3.7 MBg/kg), which cor-
responds to approximately 7—8 nmol per subject. Safety data (blood pres-
sure, heart rate, and temperature) and adverse events were recorded
before and 4 h after injection of ®®Ga-FAPI-RGD. The PET/CT scanning
and reconstruction protocols are presented in the supplemental materials.
For dosimetry evaluation, ®®Ga-FAPI-RGD PET imaging was performed
at 30, 60, and 180 min after tracer injection. Time—activity curve fitting
and subsequent dose calculations were performed using OLINDA/EXM
software, version 1.1 (/4).

All patients underwent paired **Ga-FAPI-RGD and '8F-FDG PET/
CT scans. An additional ®®Ga-FAPI-46 PET/CT scan was performed
for comparative purposes depending on the patient’s willingness. We
evaluated the in vivo distribution pattern of *®Ga-FAPI-RGD at later
time points, by performing 3-h-delayed **Ga-FAPI-RGD PET/CT scans
for all patients (because of the relatively short half-life [68 min] of ®3Ga).
All PET images were evaluated by 2 board-certified and experienced
nuclear medicine physicians. Disagreements were resolved via consensus.

For quantitative analysis, the SUV,,,,, was used to quantify radio-
pharmaceutical uptake by normal organs and tumor tissues. Tracer
uptake in normal organs (background) was quantified by SUVean,
which was delineated with a sphere that had a diameter of 1 cm (for
small organs, including thyroid, salivary gland, and pancreas) to 2 cm
(for other organs, including brain, heart, liver, kidney, spleen, muscle,
and bone marrow) placed inside the organ parenchyma. The tumor-to-
background ratio (TBR) was calculated as tumor SUV,,,/background
SUVmean~

To evaluate the diagnostic performance of °®Ga-FAPI-RGD and
E_FDG PET imaging, the results of the visually interpreted PET
images were compared with the histopathologic results (via surgery or
biopsy), which were used as the gold standard for the final diagnosis.
For patients for whom tissue diagnosis was not applicable, clinical and
radiographic follow-up data were used as the reference standard to val-
idate the PET/CT findings. Lesions were considered malignant on the
basis of any of the following follow-up criteria: typical malignant fea-
tures confirmed by multimodal medical imaging, significant progres-
sion on follow-up imaging, or a significant decrease in posttreatment
tumor size. The minimum follow-up period was 3 mo. Histopathologic
staining of surgical and biopsy samples was performed as previously
described (15).

Statistical Analysis

All statistical analyses were conducted using Prism (version 8.0;
GraphPad Software Inc.) and SPSS Statistics (version 22.0; IBM
Corp.). All quantitative data are expressed as the mean. The Wilcoxon
matched-pairs signed-rank test was used to compare SUVs derived
from 'F-FDG, ®®Ga-FAPI-RGD, and **Ga-FAPI-46 PET/CT. The
McNemar test was used to compare the lesion detectability of the dif-
ferent PET/CT scans. Statistical significance was defined as a P value
of less than 0.05.

RESULTS

Synthesis and Radiolabeling

%8Ga-FAPI-RGD was radiolabeled at a specific activity of ap-
proximately 33 GBg/pmol, with over 99% radiochemical purity
after purification (Supplemental Fig. 1A). High-performance liquid
chromatography analysis revealed that ®*Ga-FAPI-RGD had a high
stability for up to 4 h, with no significant demetallation observed in
phosphate-buffered saline (>99%) (Supplemental Figs. 1B—1D).

Safety and Radiation Dosimetry in Healthy Volunteers

All observed vital signs (including temperature, heart rate, and
blood pressure) remained normal during the injection and 4-h post-
injection follow-up. ®*Ga-FAPI-RGD was tolerated well, with no
adverse events in any of the healthy volunteers or patients. Represen-
tative PET images and biodistribution data of healthy volunteers
(n = 3) are provided in Figure 1. Tracer uptake rapidly decreased in
most normal organs from 30 to 180 min, particularly in the thy-
roid, pancreas, and salivary glands. The ®*Ga-FAPI-RGD effec-
tive dose was 1.01 X 10~2 mSv/MBq (Supplemental Table 1),
which was comparable to that of **Ga-FAPI-02 (1.80 X 102
mSv/MBq) (/6). The organ with the highest effective dose was
the thyroid (3.01 X 107> mSv/MBq), followed by the urinary
bladder wall (1.37 X 107> mSv/MBgq), liver (1.10 X 107> mSv/
MBq), and lungs (1.09 X 10~> mSv/MBq).

Patients’ Characteristics

From July 1 to September 15, 2022, 22 patients with cancer (15
men; median age, 57 y; range, 34-79 y; 17 for staging and 5 for
restaging) who underwent paired **Ga-FAPI-RGD and '8F-FDG
PET/CT were enrolled in this study. The median interval between
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FIGURE 1. %8Ga-FAPI-RGD at 30, 60, and 180 min after injection in
healthy volunteers, and SUV,can Of Normal organs at corresponding time
points (n = 3).

the 2 scans was 4 d (range, 1-7 d). Furthermore, 7 of the 22 patients
underwent additional ®*Ga-FAPI-46 PET/CT for comparison. Among
the 22 patients, the final diagnosis was based on the histopathologic
results for 20 and diagnostic radiology results for 2. Detailed informa-
tion on the enrolled patients is provided in

lung, liver, peritoneal, and bone metastases. Detailed data are pre-
sented in Supplemental Table 3.

Comparison of ®Ga-FAPI-RGD and '®F-FDG Uptake in
Patients with Cancer

Among the 17 patients who underwent paired **Ga-FAPI-RGD
and '8F-FDG PET/CT for initial staging, **Ga-FAPI-RGD PET/
CT allowed detection of all primary tumors (19/19) with intense
radiotracer uptake, whereas '*F-FDG PET/CT resulted in 3 missed
tumor lesions in 1 patient with multifocal breast cancer. In all pri-
mary tumors, SUV ., was significantly higher when derived from
8Ga-FAPI-RGD PET/CT than from '8F-FDG (18.0 vs. 9.1, P <
0.001). Furthermore, the TBRs of the primary tumors from *®Ga-
FAPI-RGD PET/CT were approximately 3 times greater than those
from '8F-FDG PET/CT (15.2 vs. 5.5, P < 0.001). Detailed data
and representative images are presented in Table 1 and Figure 3,
respectively.

Among the 22 patients who underwent paired ®Ga-FAPI-RGD
and '8F-FDG PET/CT, 129 lymph node metastases and 149 bone
and visceral metastases were evaluated (including bone [n = 80],
lung [n = 25], liver [n = 14], peritoneal [n = 17], and other [n =
13] metastases). 3 Ga-FAPI-RGD PET/CT revealed a significantly
higher SUV ., and TBR than did '®F-FDG PET/CT in most meta-
static lesions. Interestingly, the SUV,,,,« and TBR of lymph node
metastases derived from °®Ga-FAPI-RGD PET/CT were 2 to
3 times greater than those derived from I8F_FDG PET/CT (SUV max»
12.1 vs. 6.1 [P < 0.001]; TBR, 13.3 vs. 4.1 [P < 0.001]), resulting
in a greater number of metastatic lesions detected by **Ga-FAPI-
RGD than by '3F-FDG PET/CT (99% [128/129] vs. 91% [117/
129], P = 0.003). Regarding imaging of bone and visceral metasta-
ses, 8 Ga-FAPI-RGD PET/CT demonstrated significantly higher
radiotracer uptake and a 2- to 3-fold higher TBR than did '8F-FDG
PET/CT in most tumor lesions, including the lung, liver, bone, and
peritoneal metastases. Consequently, %®Ga-FAPI-RGD PET/CT
yielded significantly higher lesion detection rates than '®F-FDG for
the diagnosis of bone and visceral metastases (96% [143/149] vs.
79% [118/149], P < 0.001). Representative PET/CT images with
FAP and integrin o, (35 staining are presented in Figure 4.

Supplemental Table 2.

Dual-Time-Point 8Ga-FAPI-RGD PET/CT
Imaging in Patients with Cancer

To evaluate the in vivo distribution pat-
tern of the radiotracer and tumor uptake
over time, dual-time-point ®*Ga-FAPI-RGD
PET/CT (1 vs. 3 h) was performed for all
patients. As demonstrated in Figure 2, most
tumor lesions demonstrated increased uptake
over time. Specifically, SUV ., derived
from the delayed scan (3 h) was signifi-
cantly higher than SUV,,,, derived from
routine scans (1 h) in the primary tumors
(18.0 vs. 12.6; P < 0.001), lymph node
metastases (12.1 vs. 9.3; P < 0.001), lung
metastases (median, 8.0 vs. 4.6; P < 0.001),
and bone metastases (16.2 vs. 13.2; P <
0.001). Interestingly, background activity

%8Ga-FAPI-RGD 1h

%8Ga-FAPI-RGD 3 h
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decreased greatly over time. Consequently,
TBR improved significantly in primary tu-
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FIGURE 2. Maximum-intensity-projection images of ®*Ga-FAPI-RGD PET/CT at 1 and 3 h after
injection in different types of cancer. Ca = cancer; NPC = nasopharyngeal carcinoma; SCLC =

THE JoURNAL OF NUCLEAR MEDICINE * Vol. 64 + No. 8 + August 2023



“Ajoaioadsai ‘uoios(ul Joye Y | PUE Y ¢ Je paiinboe a1em | 0/13d Dd4-4g, PUE ADY-IdVH-BDgg WO} BIEP SAIBHIUEND "9BUBI PUE UBIPaW S4B BIEP SNONURUOD
"a|geolidde jou = YN ‘seselselow = S}ow Jaoued Bun| lews = O1OS ‘ewoulosed [eabulieydoseu = OdN
'S}oW (G = U) snosueNOgNS pue ‘(f = U) uredq ‘(1 = u) [eustpe ‘(| = u) [eana|d ‘(g = u) olus|ds papPN|oUl SIOW JBUIO,
"(edeys Jeinba.i) siselseiow [esuoiiad Jo adA} asnyIp Jo 8sNEOSq PSYEINDIED 8 JOUUED SZIS UOISaT,

*(ssowny Arewind 1) J9oUBD 1SBBIQ [BOOLINW YUM pasoubelp sem juaiied suQ,

1000 9610 (090 v (6 H-ve) 9 6 (620¢-€9) 0'0L (00L-0%) 9 €l (e'2-1"0) 8°0 €l £S1eW Jayi0
000> L000> (L0972 | (Ly1-2%) €0t Ll (6cc-9'¢) 89l (8'8L-7'9) 09I AL 1VN YAl S}ow [esuoiliad
100°0> L000>  (8°€L-6°0) L (8'r1-60) 2 ¥9 (6'02-€9) 9L (9'6Y-9'9) 29l 08 (e8-s'0 €1 08 sjow suog
L00°0 G000 (001 6 (oci1-e2 ¢ LE (8'91-9°¢) € (r'61-67€) T LE 4! (6¢-90) 'L A SETPEN
100°0> L00'0> (e'22-6'0000L (L'2-20)6 AN (e6e-1'1) 961 (£'S1-60) 0 6l (5'e-€0) 60 Ge sjow BunT
100°0> L000> (evI-0'}) L (zer-o1) + LLL (28e-8'1) eel  (L'22-02) Lcl 8cl (9e-v0) L'L 62 (1e103) spew spou ydwA

Sose]selo|N
6010 G820 (879-0°G) L (9ci-18) 6 € Evi-0) vz (95e-02 ek € (Sv-ce) 8¢ € eoued ueLenQ
VN VN (vN) 9 A N) 8°€L L (vN) 6'LS (vN) £'9¢ L (YN) €% L Jooued olesioued
VN VN (Ge-ze v (8'2-679) L 2 (68-19) G (c6-679) | 2 (81-9€) ¢¥ Z 0710S
6010 810 (evi-2e) ¥olL (621-89) 8 € (Lve-svi) Lok (08L-62l) 8¥L € (G9-52 9¢ € O10SN
8900 890°0 (eol-v9) ¢ (GGL-16) L2k 12 (926-2'¢2) ¥'ee  (e0v—€'12) L'0E 12 (2281 e 14 Jaoued [esbeydos3
6010 6010 et (re-21+ 0 (Sie-gLtH 0Ze  (B'8Lk-L'2) 29l € (8'0-9°0) 80 € ,19oueD Jseaig
6010 6010 (62-6'%) G (8"L1-82) 60k € (esi-e0l) g€l (8G2-G91) €61 € (g€ 6L € OdN
L00°0> L000>  (EvI-2'1) S (Gs1-21+ 9l (925-02)zgL  (eor-02) 08t 6l (59-90) G 6l [e3ol

Arewid

Hal *UANS g4l CUANS (u) siowny tS=n *UANS (u) siowny  (wo) ezIg u adAy sowny

uelpaly dAI}ISOd BAI}ISOd

(a4 'sn @od-Idv4) d

19/13d ©04-dg,

10/13d dO4Y-I1dV4-BOgg

siowin] oneISels|y pue Arewild Ul 1/13d DA4-4g, PUB ADY-IdV4-BDge WO} *®MANS JO uosliedwo)

I 371avL

1213

Zhao et al.

.

%8Ga-FAPI-RGD PET StuDpY



T . 10| uptake of .ﬁgGa-FAI.’I—RGD. was  increased.
. . . . ' Immunohistochemical staining of a liver
i . g5 4 metastasis demonstrated negative FAP ex-
T b - b pression but positive integrin o, 33 expres-
2 glss . il ) % _ y sion (Fig. 7A). Notably, in another patient
R K 'i" R g:"ﬁ ‘.'.‘ ¢ % with nasopharyngeal carcinoma, both tracers
" i_‘! ‘Q) . ’ exhibited similar uptake in several metastatic
‘9 ‘'@ > ; T lung lesions, which demonstrated positive
; - Bl FAP expression and negative integrin o3
€ . P expression (Fig. 7B).
e e &
= & e B 2 & ||| oiscussion
8 ‘:‘ ‘ﬁ i’é@: 5 1 As pan-cancer biomarkers, FAP with ra-
o : ) . “é “' diolabeled FAPI-based molecules (includ-
E e ’ “',_. -1 s ) ing FAPI-04/46) have yielded encouraging
g : "33 results for PET imaging of cancer (7,9).
] ?.' . “ s - However, the relatively short tumor reten-
,.. ; "“ tion time may hamper the use of FAP
Lung Ca Esophageal Ca  Thyroid Ca Ovarian Ca Lung Ca NPC 0 molecules for radioligand therapy applica-
tions. We and others have applied the poly-

FIGURE 3. Maximum-intensity-projection images of '®F-FDG and ®®Ga-FAPI-RGD PET/CT in
patients with different types of cancer. Ca = cancer; NPC = nasopharyngeal carcinoma.

Comparison of ®®Ga-FAP-RGD and ®Ga-FAPI-46 Uptake in
Patients with Cancer

%8Ga-FAPI-RGD and ®3Ga-FAPI-46 PET/CT were compared
among 7 patients with 5 types of cancer. Three patients were
treatment-naive, and 4 had recurrent or progressive disease. Although
the SUVax and TBR of primary tumors from *®Ga-FAPI-RGD
PET/CT seemed higher than those from *®Ga-FAPI-46 (SUV,.,
25.8 vs. 145 [P = 0.109]; TBR, 15.2 vs. 7.6 [P = 0.109]), no statis-
tical difference was observed (Table 2). Regarding the 102 metastatic
lesions evaluated, *®Ga-FAPI-RGD PET/CT yielded a significantly
higher SUV,,,x and TBR than did *®Ga-FAPI-46 in lymph node
metastases (SUV a, 15.5 vs. 8.7 [P < 0.001]; TBR, 13.2 vs. 8.1
[P < 0.001]), lung metastases (SUV pax, 9.5 vs. 6.4 [P = 0.004];
TBR, 18.8 vs. 12.5 [P = 0.003]), and bone metastases (SUV pax,
13.7 vs. 6.8 [P < 0.001]; TBR, 14.5 vs. 6.3 [P < 0.001]) (Fig. 5).
Representative PET images are presented in Figure 6. Interestingly,
in 1 patient with small cell lung cancer, 4 bone metastases and 3
liver metastases exhibited no abnormal uptake of **Ga-FAPI-46, but

valence effect to develop homomultimers
to enhance tumor uptake and retention, and
dimeric FAPI-based tracers have been syn-
thesized and evaluated (17,18). A dual-receptor—targeting approach
with a heterodimer is another strategy to improve the tumor-
targeting efficacy, especially for imaging probes that recognize
only 1 receptor (/9). Considering that our previous data showed
tumor uptake and retention of ®*Ga-FAPI-RGD to be significantly
greater than those of 8 Ga-FAPI-46 and **Ga-c(RGDfK) in mouse
xenografts (10), we speculated that **Ga-FAPI-RGD would be a
promising radiotracer for imaging tumors expressing either FAP or
integrin o, B3. In the present study, **Ga-FAPI-RGD, a heterodi-
meric PET tracer that targets both FAP and integrin o3, was
evaluated in 3 healthy volunteers and 22 patients with cancer. Our
clinical studies demonstrated *®Ga-FAPI-RGD to be a promising
PET agent that allows imaging of various types of cancer. Its dual-
receptor—targeting property results in improved tumor uptake and
retention, allowing imaging of tumors with either or both receptor
expression patterns.

%8Ga-FAPI-RGD was safe and well tolerated in all healthy
volunteers and patients with cancer. The average effective whole-
body dose of ®®Ga-FAPI-RGD was 1.01 X

a

4 g

2 /
L ad

o

10~% mSv/MBgq, which is comparable to
the effective doses of ®3Ga-FAPI-02 and
%8Ga-FAPI-04 (1.64 X 10> mSv/MBq and
1.80 X 10~ 2 mSv/MBq) (16). However, in-
tense physiologic **Ga-FAPI-RGD uptake
was observed in the thyroid and pancreas,
with a distribution pattern similar to that of
%8Ga-FAPI dimers previously reported by
us and others (17,18). Interestingly, signifi-
cantly decreased %®Ga-FAPI-RGD activity
was observed in normal organs (particularly
in the thyroid, pancreas, and salivary glands),
whereas increased uptake was observed in
tumor lesions from 0.5 to 3 h after injec-
tion, resulting in optimized lesion contrast

L VR 1 WRSECE
V% 24« Integrin a,B;

FIGURE 4. %8Ga-FAPI-RGD and '8F-FDG PET/CT images in patient with metastatic lung adeno-
carcinoma. Immunohistochemical staining from left rib metastasis (arrow) revealed positive FAP and

integrin «, B3 expression.
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in delayed scans. Therefore, we speculate
that additional delayed °®Ga-FAPI-RGD
PET/CT scans may help improve the lesion
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TABLE 2
Comparison of SUV,,ox on 88Ga-FAPI-RGD and ®8Ga-FAPI-46 PET/CT Images in Primary and Metastatic Lesions

SUVmax TBR
Positive
Tumor type n  Tumor size (cm) Tracer lesions (n) Median P Median P
Primary tumors
NPC 1 2.4 (NA) 88Ga-FAPI-RGD 25.8 NA 15.2 NA
58Ga-FAPI-46 14.5 7.6
SCLC 1 4.8 (NA) %8Ga-FAPI-RGD 9.2 NA 6.1 NA
%8Ga-FAPI-46 5.8 3.4
Pancreatic cancer 1 4.3 (NA) 58Ga-FAPI-RGD 36.3 NA 51.9 NA
58Ga-FAPI-46 31.1 38.9
Total 3  4.3((2.4-4.8) %%Ga-FAPI-RGD 25.8 (9.2-36.3) 0.109 15.2 (6.1-51.9) 0.109
58Ga-FAPI-46 14.5 (5.8-31.1) 7.6 (3.4-38.9)
Metastases
Lymph node 46 1.1 (0.6-2.8) %8Ga-FAPI-RGD 46 15.5 (4.3-27.1) <0.001 13.2 (3.3-38.7) <0.001
mets (total)
88Ga-FAPI-46 46 8.7 (3.3-23.3) 8.1 (2.7-18.2)
Brain mets 4 0.7 (0.4-0.7) ®%Ga-FAPI-RGD 4 5.8 (4.0-8.3) 0.068 143.8 (80.0-207.5) 0.068
88Ga-FAPI-46 4 3.0 (2.5-4.2) 83.7 (65.0-85.0)
Lung mets 15 1.1 (0.5-1.4) ®8Ga-FAPI-RGD 13 9.5 (2.0-15.7)  0.004 18.8 (2.0-39.3) 0.003
88Ga-FAPI-46 13 6.4 (1.6-13.3) 12.5 (1.6-33.3)
Liver mets 7 1.1 (0.6-1.4) °%Ga-FAPI-RGD 7 6.9 (3.9-16.8)  0.028 6.3 (3.6-16.8) 0.028
88Ga-FAPI-46 4 3.4 (1.8-16.2) 3.4 (1.8-16.2)
Subcutaneous 5 0.8(0.7-0.9) °Ga-FAPI-RGD 5 8.6 (6.6-10.0) 0.138 7.2 (5.5-10.0) 0.08
mets
58Ga-FAPI-46 5 7.2 (6.1-9.0) 5.1 (3.6-8.2)
Bone mets 29 1.2 (0.5-8.2) ®3Ga-FAPI-RGD 29 13.7 (6.1-27.6) <0.001 14.5 (6.3-27.6) <0.001
58Ga-FAPI-46 25 6.8 (1.2-19.6) 6.3 (1.8-21.8)

NPC = nasopharyngeal carcinoma; NA = not applicable; SCLC = small lung cancer; mets = metastases.

Data in parentheses are ranges.

detection rate and offer advantages for discrimination of tumor and
nontumor lesions. However, the clinical benefits of delayed scans
require further investigation in a larger patient population.

The SUV,4 and TBR of primary tumors from **Ga-FAPI-RGD
PET/CT were significantly higher than those from '8F-FDG PET/
CT, particularly in non-small cell lung cancer (NSCLC) and in
esophageal, breast, and pancreatic cancers. The reason for this finding
is that all primary tumors (19/19) were satisfactorily visualized via
%8Ga-FAPI-RGD, whereas 3 breast cancer lesions were missed via
BE_FDG. Ga-FAPI-RGD PET/CT also demonstrated significantly

greater radiotracer uptake in lymph node, bone, and visceral metasta-
ses and a significantly higher TBR than ®F-FDG PET/CT, resulting
in an improved lesion detection rate, particularly for the diagnosis of
lymph node (99% vs. 91%) and bone (100% vs. 80%) metastases.
However, in our previous °®Ga-FAPI-RGD PET/CT study on
6 patients, the tumor uptake of %®Ga-FAPI-RGD did not differ
from that of '8F-FDG (10). Possible explanations may be the lim-
ited number of patients, different cancer types investigated, and dif-
ferent acquisition time after injection (30—120 min vs. 60—180 min).
According to the results of the present study, **Ga-FAPI-RGD may

be more suitable for imaging tumors with

both FAP and integrin o33 expression, par-

T AR g e RS e T ticularly foF NSCLC aqd esophageal cancer

40 £ ®Ga FAPI4G 30 __P<oot 30 P<0.001 (20,21). First, the radiotracer uptake and

. . . TBR derived from ®*Ga-FAPI-RGD PET/

Ez gzn LS B¥ ‘.f':*.- CT were higher than those from '8F-FDG
0 —_ . . I

2 210 e S 5,10 = P in these cancer types, resulting in improved

19 at s e it lesion detectability, particularly of liver,

0 = > ot b d brai Th I
Patient#1 Patient#2 Patient #3 " SlGaFAPLRGD  SGaFAPIdE 2GaFAPLRGD  “Ga-FAPI-46 one, an ram metastases. e8¢ results
suggest that ®*Ga-FAPI-RGD PET/CT may

FIGURE 5. Quantitative comparison between ®Ga-FAPI-RGD and ®8Ga-FAPI-46 in primary tumor

(left), lymph node (middle), and bone and visceral metastases (right).

contribute to the diagnosis of NSCLC and
esophageal cancer, especially in detecting
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%Ga-FAPI-RGD PET/CT
10 s

%6Ga-FAPI-46 PET/CT

PET imaging demonstrated that the ra-
diotracer uptake and TBR of ®*Ga-FAPI-
RGD were significantly higher than those
of 8Ga-FAPI-46, especially in the involved
lymph node, bone, and visceral metastases.
Interestingly, we noted that several lesions
from metastatic small cell lung cancer and
thyroid cancer exhibited low uptake of
%8Ga-FAPI-46 but higher uptake of *3Ga-
FAPI-RGD. Histopathologic results revealed
low expression of FAP but higher expression
of integrin «,B3. Therefore, *®Ga-FAPI-
RGD PET/CT may be used to image tumors
that are either FAP-positive or integrin
a,B3positive, whereas ®Ga-FAPI-46 failed
to visualize lesions that were FAP-negative
and integrin o, fBs;—positive. Moreover, both

FIGURE 6. ®%Ga-FAPI-RGD PET/CT shows significantly higher radiotracer uptake than ®3Ga-FAPI-

46 in patient with metastatic thyroid cancer.

small metastases with low-to-moderate uptake on '8F-FDG PET/
CT. Second, false-positive findings in the mediastinal lymph nodes
often confound interpretation of preoperative 'SF-FDG PET/CT
images in NSCLC and esophageal cancer. On the basis of previous
publications, nonmetastatic reactive lymph nodes presenting in-
creased '8F-FDG uptake might be correctly diagnosed either by
FAP or by integrin o, [33—-targeting radiotracers (2/—24). Therefore,
%8Ga-FAPI-RGD PET/CT may be more suitable than '*F-FDG PET/
CT for determining the preoperative lymph node status in these
cancer types. Taken together, the results indicate that NSCLC and
esophageal cancer may be potential indications for future clinical
use of *8Ga-FAPI-RGD, and further prospective studies are war-
ranted to confirm this possibility.

®Ga-FAPI-46 [JJ *Ga-FAPI-RGD ®'Ga-FAPI-46 T»

®Ga-FAPI-RGD

5 Integrin o B

FIGURE 7. ®%Ga-FAPI-RGD and ®®Ga-FAPI-46 PET/CT images and
immunohistochemical staining in patients with metastatic small cell lung
cancer (A) and nasopharyngeal carcinoma (B). Biopsy site is indicated
by arrow.
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tracers showed similar uptake in lesions with
FAP-positive and integrin o,f;—negative
expression, suggesting comparable FAP-
targeting ability between °®Ga-FAPI-RGD
and ®*Ga-FAPI-46. On the basis of these findings, we speculate
that ®®Ga-FAPI-RGD PET/CT would be superior to **Ga-FAPI-46
PET/CT for the diagnosis of cancer, especially when ®Ga-FAPI-
46 PET/CT findings are inconclusive.

With the rather rapid washout from tumors and unsatisfactory
therapeutic efficacy, !""Lu-FAPI-04/46 may not be an optimal target-
ing vector for radioligand therapy (25,26). Besides the improved
tumor uptake of *®Ga-FAPI-RGD, the prolonged tumor retention was
an unexpected finding in this study, as may be explained by the syn-
ergistic interaction between the 2 binding motifs in the heterodimer.
It is possible that the binding of the first motif, even if only tempo-
rary, may first direct ®*Ga-FAPI-RGD to the target surface or reduce
the off-rate of *®Ga-FAPI-RGD, allowing the second binding motif
to also attach to the tumor and therefore increasing the overall bind-
ing and the probability of adhering to the tumor (27). Improved tumor
accumulation and prolonged tumor retention are the potential
advantages of FAPI-RGD over the current FAPI variants, making
it a suitable targeting vector after labeling with '"7Lu/*°Y/?* Ac for
therapeutic applications. In addition, the rapid clearance of *%Ga-
FAPI-RGD in normal organs, particularly in the thyroid, salivary
glands, and blood pool, may decrease the absorbed dose delivered
to normal human tissues. This possibility should be extensively
studied in nuclear oncology research in the future.

Our study had several limitations. First, because of the relatively
short half-life of ®®Ga, the in vivo distribution pattern and tumor
retention of FAPI-RGD could not be fully investigated. Second,
because few patients underwent paired *®Ga-FAPI-RGD/'®F-FDG
(n = 22) or ®Ga-FAPI-RGD/*®Ga-FAPI-46 PET/CT imaging (n =
7), only a descriptive comparison was possible. Third, this study
focused primarily on lesion detection rates, and the specificity of
%8Ga-FAPI-RGD PET/CT requires further investigations with histo-
pathologic confirmation. Furthermore, we were unable to compare
%8Ga-FAPI-RGD PET/CT with ®®Ga-RGD PET/CT in the same
group of patients because of ethical considerations. *®Ga-FAPI-
RGD and ®®Ga-RGD PET/CT should be compared in future clini-
cal research.

CONCLUSION

The study demonstrated the safety and clinical feasibility of
%8Ga-FAPI-RGD PET/CT for imaging of various types of cancer.
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Further investigation of the diagnostic accuracy of ®Ga-FAPI-RGD
as a PET tracer, as well as its antitumor efficacy after labeling with
therapeutic radionuclides, is necessary.
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KEY POINTS

QUESTION: Will a heterodimer that recognizes both FAP and
integrin «, B3 yield improved tumor uptake compared with
'8F-FDG or ®®Ga-FAPI-46?

PERTINENT FINDINGS: This clinical study revealed that the
tumor uptake and TBR of ®3Ga-FAPI-RGD were significantly
higher than those of either '®F-FDG or ®®Ga-FAPI-46 in various
types of cancer.

IMPLICATIONS FOR PATIENT CARE: The dual-receptor-
targeting property of ®®Ga-FAPI-RGD results in improved tumor
uptake compared with '8F-FDG or ®3Ga-FAPI-46, enabling imaging
of tumors with either or both receptor expression patterns.
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Evaluation of the Diagnostic Accuracy of FAPI PET/CT in
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Fibroblast-activation protein is a promising target for oncologic molec-
ular imaging. Studies show that fibroblast activation protein inhibitor
(FAPI) radiotracers are accurate diagnostics with favorable tumor-to-
background ratios across various cancers. Therefore, we performed a
systematic review and metaanalysis to assess the diagnostic perfor-
mance of FAPI PET/CT in comparison with ['"®F]FDG PET/CT, the
most widely used radiotracer in oncology. Methods: We conducted a
systematic search in MEDLINE, Embase, Scopus, PubMed, Cochrane
Central Register of Controlled Trials, relevant trial registries, and bibli-
ographies. The search consisted of combinations of terms for 3 topics:
neoplasia, PET/CT, and FAPI. Two authors independently screened
retrieved articles using predefined inclusion and exclusion criteria and
extracted the data. Study quality was assessed using the criteria of
QUADAS-2 (Quality Assessment of Diagnostic Accuracy Studies 2).
For each study, the sensitivity, specificity, and 95% Cls were calcu-
lated to determine diagnostic accuracy for primary, nodal, and meta-
static lesions. A random-effects metaanalysis was used for pooling
the data, and heterogeneity was assessed (I? index). Results: Thirty-
nine studies (1,259 patients) investigating the use of FAPI PET/CT
were included. On a patient-based analysis, pooled sensitivity was
0.99 (95% ClI, 0.97-1.0) for the detection of primary lesions. Pooled
sensitivity for nodal and distant metastases was 0.91 (95% Cl,
0.81-0.96) and 0.99 (95% Cl, 0.96-1.0), respectively. On a paired anal-
ysis between FAPI and ['®FJFDG PET/CT, FAPI had a higher sensitivity
in the detection of primary, nodal, and metastatic lesions (all P <
0.001). The differences in sensitivities between FAPI and ['®FIFDG
were statistically significant. In terms of heterogeneity, analyses on pri-
mary lesions were moderately affected, distant metastatic lesions
were highly affected, and the nodal metastatic analyses had negligible
heterogeneity. Conclusion: The diagnostic performance of FAPI
PET/CT is superior to that of ['®F]FDG in the detection of primary,
nodal, and distant metastases. However, further studies are needed to
better evaluate its utility and indication in specific cancer types and
clinical settings.
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PET scans are used in the diagnosis and staging of various can-
cers, with ['8F]FDG the most widely used radiotracer (/). The glu-
cose analog FDG utilizes the increased glucose demand of many
tumors (Warburg effect); however, this can result in nonspecific
uptake in glucose-avid organs or areas of inflammation (/). More
recent research into the tumor microenvironment resulted in the
development of fibroblast activation protein inhibitor (FAPI) radio-
tracers, such as [®3Ga]FAPI-04 (2). This protein is a type II trans-
membrane serine protease that is overexpressed on cancer-associated
fibroblasts, a heterogeneous population of fibroblastlike cells and a
predominant component of the tumor microenvironment (2,3).
These fibroblasts are implicated in several aspects of tumorigenesis,
such as immunosuppression and extracellular matrix remodeling
(3,4). This protein is also expressed in wound healing, in inflamma-
tory conditions such as arthritis, in fibrosis, and in areas of extracel-
lular matrix remodeling such as myocardial infarction and liver
cirthosis (3,5,6). Fibroblast activation protein is detected during
embryogenesis and tissue remodeling but is otherwise expressed at
low levels in healthy tissue (3,5). Studies show fibroblast activation
protein expression on tumor cells, with increased expression corre-
lating with poorer prognosis (7). These features make fibroblast acti-
vation protein an attractive target for oncologic imaging.

Since FAPI radiotracers were first described in 2018 (8), multiple
studies have investigated their diagnostic accuracy in the detection
of various cancers, reporting high accuracy and favorable tumor-to-
background ratios (9,10). Comparisons are made between FAPI
PET/CT, ['®F]FDG PET/CT, and other imaging modalities (CT and
MRI) (11,12). There are currently 4 metaanalyses investigating the
diagnostic accuracy of FAPI PET (13—16). Compared with prior
analyses, this current metaanalysis includes a larger number of
studies, covering multiple cancer types, and directly comparing
FAPI and ['®F]FDG PET/CT.

This systematic review and metaanalysis synthesize the current
literature on various FAPI radiotracers and the diagnostic accuracy
of FAPI PET/CT in comparison with ['®F]FDG PET/CT for the
detection of cancers and associated metastatic lesions.

MATERIALS AND METHODS

Literature Search

We conducted this systematic review and metaanalysis in line with
the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses guidelines. The study protocol is registered in PROSPERO
(International Prospective Register of Systematic Reviews) (CRD42
021270480).
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A systematic search of the literature on FAPI PET/CT was per-
formed in November 2021 and updated in April 2022. Relevant studies
were identified from the following electronic databases: MEDLINE,
Embase, Scopus, PubMed, and the Cochrane Central Register of Con-
trolled Trials. To identify trials, we searched the U.S. National Institutes
of Health Ongoing Trials Register, World Health Organization Interna-
tional Clinical Trials Registry Platform, and the Australian New Zea-
land Clinical Trials Registry. The search strategy utilized medical
subject headings and free-text terms centered around neoplasia, PET/
CT, and FAPI. No language or publication period limitations were used
in the search. Additional studies were manually retrieved through cita-
tion searches and the reference lists of included articles.

Eligibility Criteria

We applied the following criteria for study inclusion: use of FAPI
PET/CT imaging for suspected or proven tumors (initial detection,
staging, or recurrence detection), adult participants (=18 y), tumor
presence confirmed by reference standard (histopathologic or imag-
ing), data available for primary outcome, and studies with ethical
approval. The following were excluded: nonhuman studies, studies in
fields other than oncology, case reports, review articles, editorials, let-
ters, commentaries, and conference proceedings.

Data Extraction

All identified studies were screened using the predefined eligibility
criteria by 2 investigators. Studies were screened first for inclusion or
exclusion using titles and abstracts and then using full texts. A third
investigator resolved any discrepancies in study inclusion and exclu-
sion. If studies had insufficient data to construct 2 X 2 contingency
tables, the corresponding authors were contacted for data before the
study was excluded. If 2 or more studies by the same group had over-
lapping study periods and populations, the study with the largest
cohort was included. In these cases, the corresponding authors were
also contacted to check for any potential study overlap.

We extracted the following data: publication details, study design,
study methodology, patient demographics, imaging modalities used,
number of accurately diagnosed primary and metastatic lesions, num-
ber of accurately diagnosed lesions, number of inaccurately diagnosed
primary and metastatic lesions, number of inaccurately diagnosed
lesions, and PET radiopharmaceuticals used. If the studies did not
report the raw diagnostic data, we reconstructed 2 X 2 tables from the
diagnostic estimates given in the text.

Study Quality Assessment

All included studies were screened and assessed for quality using the
QUADAS-2 (Quality Assessment of Diagnostic Accuracy Studies 2)
criteria by 2 of the investigators independently. The risk of bias and
applicability were evaluated for patient selection, index test, and refer-
ence standard, with the flow and timing domain being used only to
assess bias.

Data Synthesis and Statistical Analysis
We assessed the diagnostic performance of
FAPI PET/CT and ['®F]FDG PET/CT for pri-
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FIGURE 1. Flowchart of study inclusions.

curves for each analysis using Revman (version 5.4, ReviewManager).
Heterogeneity was evaluated using general linear models to evaluate
between-study variance. Publication and any other potential biases were
assessed visually using funnel plots. A P value of 0.05 or less was consid-
ered statistically significant.

RESULTS

Study Selection and Characteristics

Electronic database searches identified 1,272 articles. Duplicate
screening removed 688 articles, and a further 507 articles were
removed after title and abstract screening, resulting in full-text
retrieval of 77 relevant articles. After full-text review, 39 studies
met the inclusion criteria, constituting 1,259 patients. Nineteen
studies were excluded because of insufficient data, 17 studies had
overlapping populations, and 2 studies investigated only dual-
tracer scans (Fig. 1).

Study quality was assessed using the QUADAS-2 criteria (Fig. 2).
The main issues in study quality were uncertainty about consecutive
enrollment, lack or uncertainty of masking, lack of inclusion of all
patients in the final analysis, and the use of different reference
standards.
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FIGURE 2. QUADAS-2 criteria assessment results for included studies. Judgments about each
domain are presented as percentages, and number of studies is presented within bars.
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TABLE 1

Study Demographics

Study Patients (n) Study design Age (y) Cancer type

Ballal (2021, India) 54 20M, 34F)  Prospective 48.4 Various

Germik (2022, Turkey) 42 (26 M, 16 F)  Prospective 58.5 Various

Chen (2021, China) 68 (40M, 28F)  Prospective 57 Various

Chen (2022, China) 36 29M, 7F) Prospective 61.6 Oral squamous cell carcinoma
Elboga (2022, Turkey) (17) 37 23M, 14F)  Retrospective 62.8 Colorectal, gastric, pancreaticobiliary
Elboga (2022, Turkey) (48) 14 (7M, 7F) Retrospective 59 Multiple myeloma

Gu (2022, China) 45 (24M, 21F)  Prospective 46* Soft-tissue sarcoma

Gundogan (2022, Turkey) 21 (12M, 9F) Prospective 61* Gastric adenocarcinoma

Guo (2021, China) 34 (25M, 9F) Retrospective 60.6 Hepatic

Hu (2022, China) 22 (12M, 10F)  Prospective 55.5% Various

Jiang (2022, China) 38 (29M, 9F) Retrospective 63.7 Gastric

Jin (2022, China) 73 (837M, 36F)  Prospective 51.6 Lymphoma

Kessler (2022, Germany) 47 (24 M, 23F)  Prospective 48.1 Sarcoma

Komek (2021, Turkey) 20 (OM, 20F) Prospective 44* Breast

Kreppel (2021, Germany) 13 (8M, 5F) Retrospective 66.8 Liver metastases in neuroendocrine tumors
Kuten (2022, Israel) 13 (6M, 7F) Prospective 70* Gastric adenocarcinoma

Lan (2022, China) 123 (69 M, 54F)  Prospective 56.11 Various

Li (2022, China) 34 (25M, 9F) Prospective 62* Lung adenocarcinoma

Lin (2022, China) 56 (40M, 16 F)  Prospective 63.8* Gastric

Linz (2021, Germany) 10 8M, 2F) Prospective 62 Oral squamous cell carcinoma

Mona (2022, United States) 15 (8M, 7F) Prospective 60.7 Various

Pang (2021, China) 35 (18M, 17F)  Retrospective 64 Gastric, colorectal, duodenal

Pang (2022, China) 36 25M, 11F)  Retrospective 60" Pancreatic

Promteangtrong (2022, Thailand) 40 (27M, 13F)  Prospective 57 Head and neck squamous cell carcinoma
Qin (2021, China) 15 (8M, 7F) Prospective 51.2 Nasopharyngeal carcinoma

Qin (2022, China) 20 OM, 11F) Prospective 56 Gastric

Ristau (2020, Germany) 7 (5M, 2F) Retrospective 63.5* Esophageal

Rohrich (2021, Germany) 19 (10M, 9F) Retrospective 64* Pancreatic adenocarcinoma

Sahin (2021, Turkey) 31 (19M, 12F)  Retrospective 61.9 Liver metastases in gastrointestinal cancer
Serfling (2021, Germany) 8 (6M, 2F) Retrospective 62 Tonsil carcinoma

Shi (2021, China) 20 (18 M, 2F) Prospective 58 Hepatic

Siripongsatian (2022, Thailand) 27 21M, 6F) Retrospective 68* Hepatic

Wang (2021, China) 25 (24M, 1F) Retrospective 59.4 Hepatic

Wang (2022, China) 34 (20M, 14F)  Prospective 64* Lung

Wei (2022, China) 28 (16 M, 12F)  Prospective 59.8 Various

Windisch (2020, Germany) 13 (5M, 8F) Prospective 60.9 Glioblastoma

Zhang (2022, China) 33 (19M, 14F)  Prospective 68.8 Pancreatic

Zhao (2021, China) (37) 21 (18M, 3F) Retrospective 60" Esophageal

Zhao (2021, China) (35) 45 (35M, 10F)  Retrospective 50" Nasopharyngeal carcinoma

*Median.

Systematic Review

Study demographic and index test characteristics are summa-
rized in Table 1 and Supplemental Table 1, respectively (supple-
mental materials are available at http://jnm.snmjournals.org).
The included studies were published between 2020 and 2022.
Twenty-four studies were prospective, and 15 were retrospective.

1220

More than half the studies were conducted in China. The included
studies focused on gastrointestinal cancers (/2,17-31), head and
neck cancer (11,32-36), various cancers (9,10,37—41), lung cancer
(42,43), sarcoma (44,45), breast cancer (46), lymphoma (47), mul-
tiple myeloma (48), glioblastoma (49), and liver metastases
(50,51).
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= 34.5%, P<0.001 F = 50.1%, P<0.001

Study TP FP FN TN CancerType Sensitivity (85% CI) Spocificity (95% CI) Sensitivity (5% C)  Specificlty (95% C1)
Ballal et al. 2020 % 0 018 Various  100[0.90,1.000  1.00[0.81, 1.00] e =" We used per-patient data for primary
Cermik el al, 2022 . 0 3 0 Various 083 [0.81, 0.88] MNed estimable —= . .
Chen et al, 2021 B 5 4 4 Varous  OBB[071,096  0.44[0.44,079] —- —=— lesions and per-lesion data for the nodal and
Ghen &t al, 2022 ® 00 0 HNG  1.00(0:90, 1.00) Not estimable - - - -
Fhailispiaes e Gt e i - distant metastatic lesions. The overall pooled
Ebogaatal 2022(8) 10 0 4 0 MulipleMyeloma 071 (042, 0.82) Not estimabla —— sensitivity of FAPI was 0.99 (95% CI, 0.97—
Gundogan et al, 2021 1900 2 0 Gastic. 080 {0.70, 0.99] Not estimable —= o > o
Guo et al. 2021 2 0 1 0 Hepaic D95 [0.78, 1.00] Not estimable —a 1.00; heterogeneity index [I7] = 34.5%),
Hu et al. 2021 2 0 0 0 Various 1.00 [0.85, 1.00] Net estimable —a 0 L L2 = 0
Jiang etal, 2022 B/ 000 Gastic 1,00 [0.81, 1.00] Not estimable = 0.91 (95% CI, 0.81-0.96; I" = 0.0%), and
Jin et al, 2021 72 0 1 0 Lymphoma 0,99 (0.93, 1.00] Not estimable - 0.99 (95% CI, 0.96-1.00; P= 96.8%) for
Kessler et al. 2021 27 0 11 Sarcoma 0.95 [0.82, 1.00] 1,00 [0.03, 1.00] - — . . .
Kuten et al. 2021 00 00 Gasle 100069, 1.00] Not estimable —= the detection of primary, nodal, and distant
Lan etal. 2021 81 2 1 Various  O0BB[082,100]  0:50(0.01,089] - : : : ‘o 2
Lin et al. 2022 5 0 0 0 Gestic  100{0.92, 1.00] Not estimable - metastatic 1§510ns, respectively (Fig. 3; S‘.lp'
k;:ze*a’-lzgzn; : :2 g g 2 " FIlNC 13;:3?1% 1£Toe£ma§$ — plemental Fig. 1). The overall pooled specifi-
na etal, arious 00077, 1. | 03, 1. E— .
Pang et al. 2021 B 00 0 Gastic' .00 (.90, 1.00] Not estimable —-= city of FAPI was 0.84 (95% CI, 0.28-0.99;
Pang &t al. 2022 % 7 0 3 Pancreatic 1.00 {0.67, 1.00] 0.30[0.07, 0.65] - —— 2 _ 0 : .
Qi el al, 2021 5 0 0 0 HNC  1.00{0.78, 1.00] Nol estimable — I =50.1%) for the detection of primary
Qin et al. 2022 “4 0 0 0 Gasiric 1.00[0.77, 1.00] Mot estimabile —= lesions. The forest plot n Figure 3 shows the
Ristau &t &, 2020 70 0 0 HNG  100{0.59, 1.00] Not estimatle — . e n
Rehrich et al, 2020 B 0 0 A9 Pancreafic  1.00 0,81, 1.00] 1,00 [0.03, 1.00] — = pOOled estimates of sensitivity and SpeCIﬁCI‘[y
Sarfling et al. 2020 80 0 0 HNC 100 {063, 1.00] Not estimable — . . .
S, 2t il g Hepac:  100DB0A0N 1000029, 100] . 9w .a for the detection of primary lesions. The
Sipongsatian etal. 2022 21 2 0 0 Hepatic 100084100  0.00(0.00,084] e estimated metastatic pooled per-lesion sensi-
Wang et al. 2022 2 0 0 0 Lung 100 (0,87, 1.00] Not estimabla - Al . .
Wei et al, 2022 2 0 0 0 Various 1.0 [0.86, 1.00] Not estimable = tivity was not reliable because of high het-
Windiisch et al, 2020 5 0 0 0  Globlsstoma 100075, 1.00] Not estimatle —= . 2 _ 0
Zhang et al. 2022 W 000 Pantreafic 1,00 {0.88, 1.00] Net estimabla - erogeneity (I - 96'84)' Forest plOtS for the
Zhao et al, 2021 2.0 0 0 HNC  1.0010.64,1.00] Mot estimable - detection of nodal and distant metastases and
Zhao etal, 2021 (B) B0 00 HNG  1.00[0.91,1.00] Nolestmable , . , , W, . . . . . . . .
Pooled Estimate 099(097-1.00)  0.84(0.28-099)0 0.2 04 05 08 1 0 0.2 0.4 05 0.8 1 summary receiver-operating characteristic

curves are shown in Supplemental Figures 1

FIGURE 3. Forest plot showing random-effects estimates and individual study sensitivity and spe-
cificity for detection of primary lesions by FAPI PET/CT. FN = false-negative; FP = false-positive;

HNC = head and neck cancer; TN = true-negative; TP = true-positive.

PET/CT was used as the index test imaging modality in 34 stud-
ies, PET/MRI was used in 3 studies, and both PET/CT and PET/
MRI were used in 2 studies. The studies used various FAPI ligands
(FAPI-02, FAPI-04, FAPI-42, FAPI-46, DOTA.SA.FAPI, and
DATA ™ SA.FAPI) and isotopes ('°F and °*Ga). The injected
activity of the radiotracer varied among studies (Supplemental
Table 1). The most common acquisition time was 60 min (24 stud-
ies), 5 studies used acquisition times shorter than 60 min, and 10
studies used a range of acquisition times (30—113 min) (Supplemen-
tal Table 1). The FAPI scans were compared with ['*F]FDG in 34
studies, MRI in 3 studies, contrast-enhanced CT in 2 studies, and a
second FAPI ligand in 1 study; 2 studies had no comparator.

and 2, respectively. The limited number of
studies reporting true-negative data reduced
the certainty of the pooled specificity results.

A paired analysis including studies com-
paring both radiotracers showed that sensi-
tivity was higher for FAPI than for ['8F]JFDG in the detection of
primary lesions (1.00 [95% CI, 0.95-1.00] vs. 0.91 [95% CI,
0.81-0.96]), nodal metastases (0.91 [95% CI, 0.81-0.96] vs. 0.78
[95% CI, 0.66—0.87]), and distant metastatic lesions (0.99 [95% CI,
0.96-1.00] vs. 0.73 [95% CI, 0.53-0.87]). There was a significant
difference in sensitivity between FAPI and ['®F]FDG in the detec-
tion of primary lesions (P < 0.001), nodal metastases (P < 0.001),
and distant metastatic lesions (P < 0.001). The study estimates of
sensitivity and specificity for the detection of primary lesions by
['8F]FDG PET/CT are shown in Figure 4, and paired summary
receiver-operating characteristic curves are shown in Figure 5. The
paired analysis for primary lesions had moderate heterogeneity
(I*=29.0% for FAPI; I>=493% for

18 fos
Study TPFR EN. TN CancerTyps: Semsiivity (35% O SpacHlclly 95% C1) -Sensiivity (55% C _ Specifcity 5% .Gl [ F]FDG),. nod;ll metastases had negligible
Ballal et al. 2020 % 0 018 Verous  100[090,100]  1.00[081, 1.00] - —= heterogeneity (I” = 0.0% for both), and met-
Cermik el al. 2022 3B 0 4 0 Various 0.80 [0.77, 0.97] Net estimable - tt- 1 . h d h h ht . Iz _
Chen etal, 2022 ® 0 0 0 HNG  1.00[0.90, 1.00] Not estimable - astatic lesions had high heterogeneity (I° =
Elboga at al. 2022 ® 0010 Gestric 0,97 [0.86, 1.00] Not estimable -= 96.8% for FAPI; I> = 96.6% for ['SFIFDG).
Elboga et al. 2022 (8) & 0 & D MulpleMysloma 057 {029, 0.62] Notestimable ~ —#— [
Gundoganetal 2021 17 0 4 0 Gastic 081 [0.58, 0.95] Nel estimabla — The overall pooled specificity for the detec-
Guo at al. 2021 50 B 0 Hepallc 065 (0.43, 0.84] Not estimable — i £ pri lesi hicher f
Jiang et ), 2022 M 070 Gastic 0.62[0.66,0.92] Not estimable —u ion of primary lesions was higher TIor
Kuten et &), 2021 5 050 Gestic  050{0.19, 0.81] Notestimable ~ —#—— ['|F]FDG than for FAPI (0.95 [95% CI
Lan et al, 2021 73 0213 0 Various  OBS(076,082)  0.00(0.00,084] - — >
Lin et al. 2022 4 0 1 0 Gastic  0.96[0.88, 1.00] Not estimable - 0.05-1.00] vs. 0.87 [95% CI, 0.05-1.00]);

9
Linz &t l, 2021 00 0 0 HNC 100 [0.69, 1.00] Mot estimable —= s :
Nana et a1, 2021 12 o o2 1 Varous  DBE[057,098  100(003, 1.00] — ——————= however, the limited number of studies
Pang et al. 2021 i 0 18 0 Gastric 044 [0.37, 0.66] Mot estimable —— T il’l t -n 1 I th T-
Pang et al. 2022 197 4 6 Pancreatic  083(061,085]  0.46(0.19,0.75] — ePO“ g true egat‘ve data reduced the ce
Qin et al. 2021 B0 00 HNC 100 [0.78, 1.00] Not estimable —= tainty of the specificity analyses. Forest plots
Qin et al. 2022 0 0 4 0O Gasfric 071042, 0.92] Mot estimatle —_— . .
Serfling et al. 2020 B 0 0 0 HAG 1.00 0,63, 1.00] Net estimable —a for the detection of nodal and distant metas-
Shi et al. 2020 10 0 7 3 Hepaic  059(0.33,082]  1.00[0.29, 1.00] = = tases are shown in Supplemental Figure 3.
Sirpongsatinetal 2022 11 1 10 0 Hepaic  052[0.30,074]  0.00[0.00,0.97) = = .
Wang et al. 2022 Z7 00 oo Lung 10007, 1.00] Not estimable - Funnel plot asymmetry (Supplemental Figs.
Weietal, 2022 & 0, 0 Various  0.29{0.43 0.4] Nolestimable ——8— 4.6 s slioh dv bi rticularl
Zhang et al, 2022 0 0 0 Pancreatic  1.00 0.86, 1.00] Not estimable — —6) suggests slight study bias, particularly
Zhen et al, 2021 210 0 0 HNC 100084, 1.00] Not estimable —= for lymph node and metastatic analyses.
Zhao et al, 2021 (B) B 0 10 HNC 087 [0.87,1.00] Mot esli } g T o . .
Pooled Estimata 091(081.095)  0.95(0.08-1.00)0 02 04 06 08 1 0 02 04 06 D& 1 A subgroup analysis comparing FAPI
F=49.3%, P<0.001 F=10.6%, P<0.05 . . .
and ['®F]FDG PET/CT in gastrointestinal

FIGURE 4. Forest plot showing random-effects estimate and individual study sensitivity and speci-
ficity for detection of primary lesions by ['®F]FDG PET/CT. FN = false-negative; FP = false-positive;

HNC = head and neck cancer; TN = true-negative; TP = true-positive.
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cancers demonstrated that FAPI PET/CT
had a higher sensitivity (1.00 [95% CI,
0.84-0.99] vs. 0.81 [95% CI, 0.66-0.90])
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and specificity (0.54 [95% CI, 0.05-0.96] vs. 0.52 [95% CI,
0.26-0.77]) than ['®F]JFDG PET/CT in the detection of primary gas-
trointestinal lesions (Supplemental Fig. 7). There was a significant
difference in sensitivity between ['*F]JFDG and FAPI (P < 0.001),
but not specificity (P = 0.42), and both analyses had high heteroge-
neity (I> = 87.9% and 1> = 87.8%, respectively). FAPI PET/CT had
a higher sensitivity than ['®F]FDG PET/CT in the detection of nodal
[0.90 (95% CI, 0.65-0.98) vs 0.64 (95% CI, 0.43-0.81)] and distant
(0.99 [95% CI, 0.88-0.99] vs. 0.61 [95% CI, 0.43—0.78]) metastatic
lesions in gastrointestinal cancers (Supplemental Figs. 8 and 9).
Both analyses were significant (P < 0.001), and they had moderate
(I = 57.9%) and high (I> = 98.2%) heterogeneity, respectively.

DISCUSSION

This systematic review and metaanalysis showed that FAPI is
highly sensitive in the detection of primary, nodal, and metastatic
lesions. We demonstrated that FAPI is significantly more sensitive
than ['®F]FDG for primary, nodal, and metastatic lesions, across
studies examining both radiotracers. Our analyses showed that
['8F]FDG had a higher specificity than FAPI for the detection of
primary lesions; however, the lack of studies reporting true-
negative data reduces our confidence in pooled specificities.

Several metaanalyses investigated the diagnostic accuracy of
FAPI PET/CT in the detection of oncologic lesions (/3—/6). Com-
pared with previous metaanalyses, our comprehensive analysis pro-
vides an up-to-date evaluation of the diagnostic applicability of FAPI
PET/CT radiotracers and a direct comparison to ['F]JFDG PET/CT
for primary lesions, nodal metastases, and distant metastases.

An early metaanalysis of 14 studies on [*®Ga]FAPI by Sollini
et al. (/3) reported a patient-based pooled sensitivity and specificity
of 0.99 and 0.87, respectively. On a lesion-based analysis, they
reported sensitivities of 1.00 and 0.93 for the detection of primary
and distant metastases, respectively. However, the results were
highly heterogeneous, and the study design of the included papers
prevented the calculation of pooled specificity for both primary
tumors and metastases. Our lesion-based analysis for the detection
of distant metastases was also heterogeneous (I* = 96.6%). Sollini
et al., however, did not report or compare [**Ga]FAPI PET/CT with
['8F]FDG PET/CT or other imaging modalities (/3). A metaanaly-
sis by Roustaei et al. directly compared the detection rates of
[*3Ga]FAPI and ['®F]FDG PET using odds ratios (OR) and risk dif-
ferences for various cancers across 9 studies (/4). They found that
gastrointestinal tumors had the highest estimated OR (32.079; 95%
Cl, 4.001-257.212; P = 0.001) for the detection of primary tumors
(14). For nodal and distant metastases, they found that hepatobiliary
tumors (OR, 11.609) and nasopharyngeal carcinomas (OR, 77.451)
had the highest ORs, respectively (/4). Their analysis of different
cancer types had high heterogeneity, similar to our analysis of dis-
tant metastases across various cancer types (/4). Gege et al. com-
pared [*®Ga]FAPI and ['®F]FDG PET/CT for the detection of
peritoneal metastases, showing [*®Ga]FAPI to have superior sensi-
tivity in both patient-based analysis (98.2% vs. 55.9%, 9 studies)
and lesion-based analyses (99.9% vs. 27.35, 4 studies) (15). Finally,
Huang et al. analyzed the detection rates of [**Ga]FAPI in digestive
system tumors in 18 studies (16), reporting a patient-based sensitiv-
ity of 0.98 and a lesion-based sensitivity of 0.97 (16), as well as a
pooled sensitivity of 0.94 for the detection of nonprimary (lymph
node and distant metastases) lesions (/6). Specificity was statisti-
cally pooled by neither Gege et al. nor Huang et al. because of a
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lack of true-negative data, a common limitation in these diagnostic
studies (15,16).

FAPI PET/CT appears to be a promising diagnostic radiotracer
for tumors and lesions that are inconclusive on ['®F]FDG imaging,
such as tumors in the gut and liver with variable ['*F]FDG uptake
due to metabolic alterations (24). A study by Chen et al. (9)
showed that [*3Ga]DOTA-FAPI PET/CT had higher tumor uptake
and a more favorable tumor-to-background ratio in tumors with
inconclusive ['®F]FDG findings.

Our metaanalysis has some limitations. First, because of the lim-
ited number of studies available on FAPI PET/CT, we included all
studies that used FAPI PET/CT in an oncologic setting. These stud-
ies were heterogeneous, with various cancers and patients. As study
of FAPI PET/CT continues, further analyses can be conducted on
specific cancer types to better determine its diagnostic utility. Sec-
ond, a small number of studies reporting true-negative data resulted
in wide pooled ClIs for specificity and limited conclusions on over-
all diagnostic accuracy. The fact that some studies also excluded
patients with benign disease or included only patients who already
had a confirmed malignancy highlights the need for adequate stud-
ies on patients who do not have histologic confirmation of cancer.
Third, in terms of the detection of nodal and metastatic lesions,
patients in some studies had already undergone treatment whereas
others were treatment-naive, which may underestimate FAPI’s abil-
ity to detect these treated lesions. Finally, many of the included
studies were retrospective or focused on tumors with suboptimal
['®F]FDG sensitivity, resulting in a risk of pretest selection bias.

CONCLUSION

This systematic review demonstrates that FAPI has high sensitiv-
ity in the detection of primary and nodal lesions. Additionally, the
sensitivity of FAPI in the detection of primary, nodal, and meta-
static lesions was significantly higher than that of ['®F]JFDG across
various cancers. However, our findings on distant metastases were
biased by high heterogeneity. Although FAPI is a promising radio-
tracer, the high risk of bias and study heterogeneity suggest that
further trials are required to evaluate the role of FAPI in an onco-
logic setting and its utility alongside or over ['®F]FDG PET/CT.
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KEY POINTS

QUESTION: What is the diagnostic accuracy of FAPI PET/CT
alone and compared with ['®F]FDG PET/CT for the detection of
primary and metastatic lesions?

PERTINENT FINDINGS: This systematic review and metaanalysis
found that FAPI has high sensitivity in the detection of primary
lesions (0.99; 95% ClI, 0.97-1.00), nodal metastases (0.91; 95%
Cl, 0.81-0.96), and distant metastases (0.99; 95% CI, 0.96-1.00).
In a paired analysis, the sensitivity of FAPI was superior to that of
['®F]FDG PET/CT, with statistical significance.

IMPLICATIONS FOR PATIENT CARE: These findings show that
FAPI is a promising radiotracer in oncology, but further studies are
required to better evaluate its indications and role.
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The "8F-labeled fibroblast activation protein inhibitor (FAPI) ['®F]FAPI-
74 has the benefit of a higher synthetic yield and better image resolu-
tion than %8Ga-labeled FAPI. We preliminarily evaluated the diagnostic
performance of ['®F]FAPI-74 PET in patients with various histopatho-
logically confirmed cancers or suspected malignancies. Methods: We
enrolled 31 patients (17 men and 14 women) with lung cancer (n = 7),
breast cancer (n = 5), gastric cancer (n = 5), pancreatic cancer (n = 3),
other cancers (n = 5), and benign tumors (n = 6). Twenty-seven of the
31 patients were treatment-naive or preoperative, whereas recurrence
was suspected in the remaining 4 patients. Histopathologic confirma-
tion was obtained for the primary lesions of 29 of the 31 patients. In the
remaining 2 patients, the final diagnosis was based on the clinical
course. ['®F]FAPI-74 PET scanning was performed 60 min after the
intravenous injection of ['®F]FAPI-74 (240 = 31 MBq). The ['®F]FAPI-74
PET images were compared between the primary or local recurrent
lesions of malignant tumors (n = 21) and nonmalignant lesions (n = 8:
type-B1 thymomas, granuloma, solitary fibrous tumor, and postopera-
tive or posttherapeutic changes). The uptake and number of detected
lesions on ['®F]FAPI-74 PET were also compared with those on
['®FIFDG PET for available patients (1 = 19). Results: ['®F]FAPI-74
PET showed higher uptake in primary lesions of various cancers than
in nonmalignant lesions (median SUV 4, 9.39 [range, 1.83-25.28] vs.
3.49 [range, 2.21-15.58]; P = 0.053), but some of the nonmalignant
lesions showed high uptake. ['®F]FAPI-74 PET also showed signifi-
cantly higher uptake than ['®F]FDG PET (median SUVpax, 9.44 [range,
2.50-25.28] vs. 5.45 [range, 1.22-15.06] in primary lesions [P =
0.010], 8.86 [range, 3.51-23.33] vs. 3.84 [range, 1.01-9.75] in lymph
node metastases [P = 0.002], and 6.39 [range, 0.55-12.78] vs. 1.88
[range, 0.73-8.35] in other metastases [P = 0.046], respectively). In
6 patients, ['®F]JFAPI-74 PET detected more metastatic lesions than
['®F]FDG PET. Conclusion: ['®F]FAPI-74 PET showed higher uptake
and detection rates in primary and metastatic lesions than did
['®FIFDG PET. ['®F]FAPI-74 PET is a promising novel diagnostic
modality for various tumors, especially for precise staging before
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treatment, including characterization of tumor lesions before surgery.
Moreover, '8F-labeled FAPI ligand might serve a higher demand in
clinical care in the future.

Key Words: fibroblast activation protein; ['®F]FAPI-74; cancer-associ-
ated fibroblast; PET; oncology
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Cancer-associated fibroblasts are major components of the
cancer stroma and play an important role in cancer invasion and
metastasis in the tumor microenvironment (/). Cancer-associated
fibroblasts interact with cancer cells by secreting numerous che-
mokines and cytokines, such as transforming growth factor (3,
inducing immunosuppression in the tumor microenvironment (7).
Cancer-associated fibroblasts express fibroblast activation protein
(FAP), and the expression levels of FAP have been reported to
correlate with the prognosis in patients with cancer (/). In addi-
tion, FAP expression has been confirmed in various cancer types,
with minimal expression observed in normal organs (2,3). The
FAP inhibitor (FAPI) has gained attention as an excellent PET
probe that can accurately detect many types of cancer compared
with the conventional glucose analog ['8F]FDG. %Ga-labeled FAPI
([*®Ga]FAPI-04 or [**Ga]FAPI-46) and '®F-labeled FAPI (['*F]FAPI-
74) are most commonly available for clinical use (4-6). Recently, the
number of published papers reporting the excellent performance of
FAPI PET has increased, and clinical trials are being conducted
(NCT05262855 and NCT05641896). FAPI PET is expected to be
used increasingly in cancer diagnosis and treatment planning for opti-
mized patient management.

However, the short half-life of **Ga (68 min) can cause problems
in production and delivery. It requires onsite production by a 8Ga
generator or cyclotron production using a solid target of %Zn.
It also has a limitation in that one production cycle of *3Ga allows
the acquisition of only 2-3 patient scans because of the relatively
low yield and short half-life. Labeling with '®F (half-life, 110 min),
such as ['®F]FDG, will enable more practical large-scale produc-
tion. For prostate-specific membrane antigen PET, [*3Ga]PSMA-11
is being replaced by '8F-labeled prostate-specific membrane antigen
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probes, such as ['®F]DCFPyL, because of the increasing cost of
%8Ga generators. Thus, '®F-labeled FAPI ligands, such as ['*F]FAPI-
74, may be the best option for widespread use in the global market
with the added benefit of a higher synthetic yield and delivery from
centralized large-scale production (35).

In this study, we preliminarily evaluated the diagnostic perfor-
mance of ['®F]FAPI-74 PET in patients with various histopathol-
ogically confirmed cancers or suspected malignancies.

MATERIALS AND METHODS

Patients

We enrolled 31 patients (age range, 38-83 y; 17 men and 14 women)
in this prospective study. The inclusion criteria were as follows:
patients who had been diagnosed with a malignant tumor or suspected
malignancy before treatment and had undergone CT or ['*F]JFDG PET,
patients who had been diagnosed with a malignant tumor and had
undergone or were to undergo chemotherapy or radiotherapy, and patients
with suspected recurrence based on the clinical findings or other diagnos-
tic imaging, such as CT or ['FIFDG PET, after treatment. The patient
characteristics are summarized in Table 1. The study included patients
with lung cancer (n = 7), breast cancer (n = 5), gastric cancer (n = 5),
pancreatic cancer (n = 3), other cancers (n = 5), and benign tumors
(n = 6). Twenty-seven of the 31 patients were treatment-naive or pre-
operative, whereas recurrence was suspected in the remaining 4 patients.
Patients who were pregnant or suspected to be pregnant, pediatric
patients who required sedation, and patients considered unsuitable for
participation in the study were excluded. Histopathologic confirmation
was obtained for the primary lesions of 29 of the 31 patients (94%) and
for the metastatic lesions of 10 patients who underwent surgical resec-
tion. In 2 patients (2/31), the final diagnosis was based on the clinical
course, including the results of follow-up imaging. Postoperative fibro-
sis was suspected in 1 patient because no remarkable changes were
observed on the follow-up MRI. In another case, the patient had been
followed up for more than 10 y after surgery for breast cancer. Multiple
metastases in the lymph nodes (LNs), liver, and bone were detected on
CT and ['®F]FDG PET in this patient. Among the patients with LN
metastasis (n = 12), the histopathology of the LN was confirmed via
surgical resection or biopsy in 6 patients and was based on comprehen-
sive interpretation by a nuclear medicine specialist who reported a high
possibility of metastasis in the other 6 patients.

The study protocol was approved by the Institutional Review Board
of the Osaka University Hospital (approval 21472-4), and the study

was performed in accordance with the ethical standards laid down in
the 1964 Declaration of Helsinki. Written informed consent was
obtained from all patients before their inclusion in the study.

Synthesis of ['®F]FAPI-74 and ['®F]FDG

['8F]FAPI-74 solution was synthesized using CFN-MPS200 (Sumi-
tomo Heavy Industries), according to a previous study (6). ['*F]fluo-
ride eluted with 0.5 M sodium acetate buffer and precursor solution
(a mixture of dimethyl sulfoxide, 10 mM aluminum chloride, 20% w/v
ascorbic acid, and 4 mM FAPI-74 precursor) was mixed and fluori-
nated for 5 min at room temperature, followed by 15 min at 95°C.
['®F]FAPI-74 was purified from the reaction solution using an hydro-
philic-lipophilic balance cartridge and ethanol. Finally, the ['®F]FAPI-
74 solution was obtained by diluting with 10 mM phosphate-buffered
saline (pH 6.7) containing 100 mg of sodium ascorbate and filtering
through a sterile 0.22-pm Millex GV filter. The radioactivity of the
['®F]FAPI-74 solution was 10,201 + 593 MBq at the end of synthesis
by the irradiation condition at 25 A for 30-35 min. The radiochemi-
cal purity was 97.3% = 0.3%.

The ['®F]FDG solution was synthesized using the F200 synthesizer
(Sumitomo Heavy Industries). After eluting ['®F]fluoride with Krypto-
fix 222 (Merck KGaA) and potassium carbonate solution and drying
completely, we fluorinated ['*F]JFDG with mannose triflate and then
deprotected with 0.3 M NaOH. ['8F]FDG was subsequently purified
using solid-phase extraction cartridges (IC-H, PS-2, and Alumina N)
and passed through a sterile 0.22-um vented Millex GS filter. The radio-
chemical purity of ['*F]JFDG was more than 95%.

PET/CT Scanning

PET/CT scanning was performed 60 min after the intravenous
injection of ['®F]JFAPI-74 (240 = 31 MBq). The patients were moni-
tored for adverse events from the time of administration to the end of
the PET scan. PET/CT images were acquired using a Biograph Vision
600 (Siemens Healthineers) in continuous bed motion (matrix, 440 X
440; pixel size, 1.65 mm) at 3.5 mm/s for 4 frames. The PET images
were reconstructed to a slice thickness of 3 mm with an increment of
3 mm using ordered-subset expectation maximization with 3 iterations
per 5 subsets and was gauss-filtered to a transaxial resolution of 3 mm in
full width at half maximum. Attenuation was corrected using unenhanced
low-dose CT data (effective dose, 50 mAs). The CT scans were recon-
structed to a slice thickness of 3 mm in increments of 3 mm. ['*F]FDG
PET scanning was performed 60 min after the intravenous injection of
["®F]FDG (3.7 MBg/kg) according to the institutional protocol.

TABLE 1
Patient Characteristics
Characteristic Data
Number of patients 31
Sex
Male 17
Female 14

Age range (y)
Diagnosis

38-83 (median, 68)

Lung cancer (adenocarcinoma [n = 6] and squamous cell carcinoma [n = 1]), breast cancer (invasive

ductal carcinoma [n = 5]), gastric cancer (n = 5), pancreatic cancer (adenocarcinoma [n = 3]),
oropharyngeal cancer (n = 1), thyroid cancer (papillary carcinoma [n = 1]), thymic cancer and
thymoma (type B3) (n = 3), and benign tumors (n = 6)

Patient status

Before treatment or surgery (n = 27, including after chemotherapy [n = 5] or after chemoradiation

therapy [n = 1]); suspected recurrence (n = 4)

Histologic findings

of benign tumors changes (n = 2)

Thymoma (type B1 [n = 2]), granuloma (n = 1), solitary fibrous tumor (n = 1), and postoperative
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Image Analysis

SUV measurements were performed via volume-of-interest analysis
of the ['®F]FAPI-74 PET images using Syngovia software (Siemens
Healthineers). SUV ., and the tumor—to—normal background (T/N) ratio
were compared between the primary or local recurrent lesions of malig-
nant tumors (n = 21) and nonmalignant lesions (» = 8). Volumes of
interest of normal background were placed on the normal areas surround-
ing each tumor lesion where physiologic accumulation did not overlap.
We defined nonmalignant lesions as postoperative/therapeutic changes
and benign/low-malignancy tumors, such as thymoma (type B1), gran-
uloma, and solitary fibrous tumor (intermediate lesion with low malig-
nancy potential). The SUV,,,, of the primary lesions, LN metastases,
and other metastases, as well as the number of detected metastatic
lesions on [!8F]FAPI-74 PET, were compared with those of ['*F]FDG
PET (within 8 wk) for available cases of malignant tumors (n = 19).
The median interval between [!*F]FAPI-74 PET and ['SF]FDG PET
was 18 d (range, 6 — 56 d). ['®F]JFDG PET images obtained using dif-
ferent PET scanners (n = 12) were also included.

Statistical Analyses

Comparisons between the 2 groups were performed using the
Wilcoxon signed-rank test for paired data or Mann—Whitney U test
for unpaired data by SPSS (version 25.0; IBM Corp.). The differences
were considered statistically significant at a P value of less than 0.05.

RESULTS

All patients were monitored for adverse or serious adverse events
due to the ['®F]FAPI-74 injection. The symptoms were monitored
after injection until the end of the PET scan, and no adverse events
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FIGURE 1. Comparison of uptake on ['®F]FAPI-74 PET between malig-
nant tumors and nonmalignant lesions: SUV,,ox (A) and T/N ratio (B) (with
P value by Mann-Whitney U test).
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occurred due to its administration. No clinically significant changes
were observed in heart rate, oxygen saturation, or body temperature
before or after administration of the ['®F]FAPI-74 solution (Sup-
plemental Table 1; supplemental materials are available at http://
jnm.snmjournals.org).

In the comparison between malignant tumors and nonmalignant
lesions, ['8F]FAPI-74 PET showed higher uptake in primary lesions
of various cancers (median SUV,,,,, 9.39 [range, 1.83-25.28];
median T/N ratio, 9.36 [range, 1.87-35.61]) than that in nonmalig-
nant lesions (median SUV ,,,, 3.49 [range, 2.21-15.58]; T/N ratio,
4.27 [range, 1.67-10.74]) (P = 0.053 and P = 0.008, respectively)
(Figs. 1A and B). However, some of the benign tumors and
treatment-related changes showed high uptake on ['8F]FAPI-74 PET,
such as granuloma, postoperative changes, and radiation pneu-
monitis (Supplemental Table 2). Compared with ['3F]FDG PET,
['8F]FAPI-74 PET also showed significantly higher uptake in
the primary lesions (median SUV .y, 9.44 [range, 2.50-25.28]
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FIGURE 2. Comparison of uptake between ['®F]FAPI-74 PET and
['®FIFDG PET: SUVqax in primary lesions, LN metastases, and other
metastases (A) and number of detected metastatic lesions on ['®FJFAPI-74
PET compared with ['®F]FDG PET (B) (with P value by Wilcoxon signed-
rank test).
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vs. 5.45 [range, 1.22-15.06]; P = 0.010), LN metastases (median
SUV hax 8.86 [range, 3.51-23.33] vs. 3.84 [range, 1.01-9.75]; P =
0.002), and other metastases (median SUV ., 6.39 [range, 0.55—
12.78] vs. 1.88 [range, 0.73-8.35]; P = 0.046) (Fig. 2A; Table 2).
The number of metastatic lesions detected on ['*F]FAPI-74 PET
was significantly higher than that on ['*F]FDG PET (Fig. 2B).
In 6 patients, ['®FJFAPI-74 PET detected more metastatic lesions
than ['®F]JFDG PET, especially LN and peritoneal metastases in
pancreatic cancer and LN metastases in breast cancer (Figs. 3 and 4).
['8F]FAPI-74 PET showed clearer uptake in patients with lung ade-
nocarcinoma (n = 2), even when ['*F]JFDG PET showed only faint
uptake (Fig. 5).

DISCUSSION

In this study, we evaluated patients with various histopathologi-
cally confirmed cancers and benign lesions using ['*F]JFAPI-74 PET
as an initial evaluation for a prospective clinical trial. ['*F]FAPI-74
PET showed higher uptake in cancerous lesions than in nonmalig-
nant lesions. ['®F]FAPI-74 PET also showed significantly higher
uptake in primary and metastatic lesions than did ['*F]FDG PET.
Reporting the superiority of ['®F]FAPI-74 PET as an initial evalua-
tion would aid the research community since the number of reports
on ['8F]FAPI-74 remains very limited.
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FIGURE 3. A 68-y-old man with multiple LN and peritoneal metastases of
pancreatic cancer. (A) Comparison of maximum-intensity projection images:
image on right shows fusion with positive lesions on ['®FJFAPI-74 PET (red
area) and ["®F]FDG PET (blue area). (B) PET/CT images on ['®F]FAPI-74 PET
and ["®FIFDG PET (arrows indicate metastatic lesions). ['®F]FAPI-74 PET
detected more metastatic lesions than [®FIFDG PET (SUVmax Of primary
lesion is 9.4 and 3.2, respectively). Brain uptake is decreased on ['®FIFDG
PET because of high blood glucose level (277 mg/dL).
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FIGURE 4. A 59-y-old woman with multiple LN metastases of breast
cancer. (A) Comparison of maximum-intensity projection images: image
on right shows fusion with positive lesions on ['®FIFAPI-74 PET (red area)
and ["®F]FDG PET (blue area), (B) PET/CT images on ['®F]FAPI-74 PET
and ['®FJFDG PET (arrows indicate metastatic lesions). ['®FJFAPI-74 PET
detected more metastatic lesions than ["®FJFDG PET (SUVax of primary
lesion is 19.6 and 13.0, respectively).

Previous studies reported higher uptake of FAPI PET than of
['8F]FDG in many types of cancers, including gastric, pancreatic,
ovarian, and head and neck (7-10). It has been reported that

o3[ed

suv
5

'l l §

['FIFDG PET ['8FIFAPI-74 PET

FIGURE 5. Comparison of PET/CT images on ['®FIFAPI-74 PET and
['®FIFDG PET of 80-y-old man with lung adenocarcinoma with ground-
glass opacity (arrows indicate primary lesions). ['®F]FAPI-74 PET showed
clearer uptake than ["®F]FDG PET (SUVmax Of primary lesion is 2.5 and 1.2,
respectively).
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FAPI PET detected a higher number of metastatic lesions than
['8F]FDG PET did in patients with various types of cancers pre-
senting with inconclusive ['®F]FDG PET findings (7). The num-
ber of positive lesions was significantly higher in patients with
gastric, lung, liver, and nasopharyngeal cancers. FAPI PET
showed excellent sensitivity for peritoneal carcinomatosis of
gastric, pancreatic, and ovarian cancers (8—/0). We also
observed peritoneal carcinomatosis in patients with pancreatic
cancer, which could not be detected on ['®F]JFDG PET (Fig. 3).
FAPI PET, including ['®F]FAPI-74 PET, will contribute to accu-
rate clinical staging and lead to proper patient management.

Two studies compared the uptake between FAPI PET and
['8F]FDG PET in patients with histopathologically confirmed
non-small cell lung cancer (//,12). Both studies reported that
there was no statistically significant difference in the primary
lesions in terms of SUV,,,,, T/N ratio, or lesion detection. However,
FAPI PET was significantly superior to ['*F]JFDG PET in the detec-
tion of LN, pleural, and bone metastases. In our cohort, we enrolled
mainly preoperative patients without metastatic lesions. Although pri-
mary lesion detectability was similar in larger tumors, consistent with
previous reports, ['8F]FAPI-74 PET showed higher uptake in the
ground-glass opacity lesions than did ['®F]FDG PET, as shown in
Figure 5.

FAPI PET is reported to be superior to ['*F]JFDG PET in detect-
ing primary tumors, with high sensitivity in patients with breast
cancer, as well as in detecting LN, hepatic, bone, and cerebral
metastases because of its lower background activity (/3—16). In
our cohort, ['"®F]FAPI-74 PET showed a higher uptake than
['8F]FDG, as shown in Figure 4. Additional LN metastasis was
detected on ['F]FAPI-74 PET with histologic confirmation, which
was not detected on ['®F]FDG PET.

FAPI PET images must be interpreted carefully in terms of spe-
cificity. There are several pitfalls of noncancer uptake in benign
lesions. A previous study reported that benign uptake occurs in
bone degeneration, wound healing, the endometrium, and inflamma-
tion, including pancreatitis and pneumonia (/7,18). Benign tumors
sometimes show high FAPI uptake in renal angiomyolipomas, thy-
roid adenomas, necrotizing granulomas, and splenic hemangioma
(18). Therefore, it is necessary to carefully interpret the possibility of
benign or inflammatory uptake on ['*F]FAPI-74 PET.

In this study, we observed a high uptake in postoperative changes
or scars, granulomas, and radiation pneumonitis. One case study
reported that FAPI PET showed high uptake in tuberculous granu-
loma (19). Although there have been no systematic reports of FAP
expression in granulomas, granulomatous lesions may show high
FAP expression. Regarding radiation pneumonitis, Qin et al.
reported increased FAP expression and FAPI uptake in a rat model
of radiation-induced lung damage (20). Further, Rohrich et al.
reported increased uptake in fibrotic lung disease (27). In our study,
there were no residual tumors among the high-uptake lesions on
FAPI PET in a patient with lung cancer after chemoradiation ther-
apy. It has been suggested that FAP expression is associated with
radiation-induced fibrotic changes. Therefore, caution is required
when using ['8F]JFAPI-74 PET to assess the therapeutic efficacy in
lung cancer after radiation therapy.

Compared with [*3Ga]-labeled FAPI PET probes, ['*F]FAPI-74
might have the advantage of the shorter positron range of *F (mean
range in water, 0.6 mm) than of *®Ga (3.5 mm), thereby yielding a
better image resolution, especially in small lesions (22). However,
hepatobiliary excretion might affect the detectability of biliary tract
cancer on ['8F]FAPI-74 PET.
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This study had some limitations. First, the number of patients
was small, which should be finalized in the final report with a cer-
tain number of patients for each cancer type. Second, we performed
['8F]FAPI-74 PET after ['8F]FDG PET with a median interval of
18 d, and some ['®F]FDG PET images were acquired using differ-
ent PET scanners; thus, there may have been some resulting bias in
the comparison. Third, we did not perform a comparison between
immunohistochemical staining and FAP. Such a comparison should
be included in future studies to confirm the specific uptake of
['8F]FAPI-74 on PET and elucidate the FAP pathology in cancer-
associated fibroblasts in greater detail.

CONCLUSION

['8F]FAPI-74 PET showed higher uptake and detection rates in
primary and metastatic lesions than did ['®F]FDG PET. ['*F]FAPI-
74 PET is a promising novel diagnostic modality for various tumors,
especially for precise staging before treatment, including characteri-
zation of tumor lesions before surgery. Moreover, '8F-labeled FAPI
ligand might serve a higher demand in clinical care in the future.
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KEY POINTS

QUESTION: Does ['®F]FAPI-74 PET have higher uptake
and detection rates in primary and metastatic lesions than
["8FIFDG PET?

PERTINENT FINDINGS: ['*FJFAPI-74 PET showed significantly
higher uptake in primary and metastatic lesions of various
histopathologically confirmed cancers than did ['®FJFDG PET.

IMPLICATIONS FOR PATIENT CARE: The '®F-labeled FAPI
ligand ['®F]FAPI-74 PET is a promising novel diagnostic probe
for various tumors that can serve a future higher demand with
large-scale production.

REFERENCES

1. Kobayashi H, Enomoto A, Woods SL, Burt AD, Takahashi M, Worthley DL. Cancer-
associated fibroblasts in gastrointestinal cancer. Nat Rev Gastroenterol Hepatol.
2019;16:282-295.

2. Giesel FL, Kratochwil C, Lindner T, et al. ®*Ga-FAPI PET/CT: biodistribution and
preliminary dosimetry estimate of 2 DOTA-containing FAP-targeting agents in
patients with various cancers. J Nucl Med. 2019;60:386-392.

3. Kratochwil C, Flechsig P, Lindner T, et al. %8Ga-FAPI PET/CT: tracer uptake in 28
different kinds of cancer. J Nucl Med. 2019;60:801-805.

THE JoURNAL OF NUCLEAR MEDICINE * Vol. 64 + No. 8 + August 2023



w

(=2

=

o0

Nl

. Loktev A, Lindner T, Burger EM, et al. Development of fibroblast activation protein-

targeted radiotracers with improved tumor retention. J Nucl Med. 2019;60:1421-1429.

. Giesel FL, Adeberg S, Syed M, et al. FAPI-74 PET/CT using either '*F-AIF or

cold-kit **Ga labeling: biodistribution, radiation dosimetry, and tumor delineation
in lung cancer patients. J Nucl Med. 2021;62:201-207.

. Naka S, Watabe T, Lindner T, et al. One-pot and one-step automated radio-

synthesis of ['*F]AIF-FAPI-74 using a multi purpose synthesizer: a proof-of-concept
experiment. EJNMMI Radiopharm Chem. 2021;6:28.

Chen H, Zhao L, Ruan D, et al. Usefulness of [°*Ga]Ga-DOTA-FAPI-04 PET/CT
in patients presenting with inconclusive ['*FIFDG PET/CT findings. Eur J Nucl Med
Mol Imaging. 2021;48:73-86.

. Zhao L, Pang Y, Luo Z, et al. Role of [**Ga]Ga-DOTA-FAPI-04 PET/CT in the

evaluation of peritoneal carcinomatosis and comparison with ['*F]-FDG PET/CT.
Eur J Nucl Med Mol Imaging. 2021;48:1944-1955.

. Pang Y, Zhao L, Luo Z, et al. Comparison of %8Ga-FAPI and '*F-FDG uptake in

gastric, duodenal, and colorectal cancers. Radiology. 2021;298:393-402.

. Chen H, Pang Y, Li J, et al. Comparison of [**Ga]Ga-FAPI and ['*F]FDG uptake

in patients with gastric signet-ring-cell carcinoma: a multicenter retrospective study.
Eur Radiol. 2023;33:1329-1341.

. Wu J, Deng H, Zhong H, et al. Comparison of **Ga-FAPI and '*F-FDG PET/CT

in the evaluation of patients with newly diagnosed non-small cell lung cancer.
Front Oncol. 2022;12:924223.

. Can C, Kepenek F, Komek H, et al. Comparison of 8F_FDG PET/CT and **Ga-

FAPI-04 PET/CT in patients with non-small cell lung cancer. Nucl Med Commun.
2022;43:1084-1091.

['®*F]JFAPI-74 PET ror VArious CANCERs + Watabe et al.

2

—

22.

. Kémek H, Can C, Giizel Y, et al. %8Ga-FAPI-04 PET/CT, a new step in breast cancer

imaging: a comparative pilot study with the '*F-FDG PET/CT. Ann Nucl Med. 2021;
35:744-752.

. Eshet Y, Tau N, Apter S, et al. The role of %8Ga-FAPI PET/CT in detection of met-

astatic lobular breast cancer. Clin Nucl Med. 2023;48:228-232.

. Dendl K, Koerber SA, Finck R, et al. ®®Ga-FAPI-PET/CT in patients with var-

ious gynecological malignancies. Eur J Nucl Med Mol Imaging. 2021;48:
4089-4100.

. Backhaus P, Burg MC, Roll W, et al. Simultaneous FAPI PET/MRI tar-

geting the fibroblast-activation protein for breast cancer. Radiology. 2022;302:
39-47.

. Kessler L, Ferdinandus J, Hirmas N, et al. Pitfalls and common findings in **Ga-

FAPI PET: a pictorial analysis. J Nucl Med. 2022;63:890-896.

. Hotta M, Rieger AC, Jafarvand MG, et al. Non-oncologic incidental uptake on

FAPI PET/CT imaging. Br J Radiol. 2023;96:20220463.

. Liu W, Gong W, Yang X, Xu T, Chen Y. Increased FAPI activity in pulmonary

tuberculosis. Clin Nucl Med. 2023;48:188-189.

. Qin X, Wang S, Liu X, et al. Diagnostic value of '*F-NOTA-FAPI PET/CT in a

rat model of radiation-induced lung damage. Front Oncol. 2022;12:879281.

. Rohrich M, Leitz D, Glatting FM, et al. Fibroblast activation protein-specific

PET/CT imaging in fibrotic interstitial lung diseases and lung cancer: a translational
exploratory study. J Nucl Med. 2022;63:127-133.

Braune A, Ochme L, Freudenberg R, et al. Comparison of image quality and spatial
resolution between '*F, ®®Ga, and ®*Cu phantom measurements using a digital
Biograph Vision PET/CT. EJNMMI Phys. 2022;9:58.

1231
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Correct and timely diagnosis of pancreatic cancer (PC) is essential for
treatment selection but is still clinically challenging. Standard-of-care
imaging methods can sometimes not differentiate malignancies from
inflammatory lesions or detect malignant transformation in premalig-
nant lesions. This interim analysis of a prospective clinical trial aimed
to evaluate the diagnostic accuracy of [(®Gal]fibroblast activation pro-
tein inhibitor (FAPI)-46 PET/CT for PC and determine the sample size
needed to demonstrate whether this imaging technique improves the
characterization of equivocal lesions detected by standard-of-care
imaging methods. Methods: [®®Ga]FAPI-46 PET/CT imaging was per-
formed on 30 patients scheduled for surgical resection of suspected
PC. Target lesions were delineated, SUV,ox and SUV,ean Were deter-
mined, and the results were compared with those of standard-of-care
imaging. Receiver operating characteristics were calculated for the
whole cohort and a subcohort of 11 patients with an equivocal clinical
imaging work-up preoperatively. Postoperative histopathologic find-
ings served as a reference standard, and the statistical power was
determined. Results: Histopathologic examination revealed malig-
nancy in 20 patients and benign lesions in 10 patients. Significantly
elevated [*8Ga]FAPI-46 uptake was observed in malignant tumors
compared with benign lesions (P < 0.001). Receiver-operating-
characteristic analyses established optimal cutoffs for both SUVs for
differentiation of malignant from nonmalignant pancreatic tumors.
The optimal SUV, o« cutoff was 10.2 and showed 95% sensitivity and
80% specificity for the whole cohort, as well as 100% diagnostic
accuracy when considering the subcohort with equivocal imaging
work-up only. For sufficient statistical power, 38 equivocal observa-
tions are needed. Conclusion: We conclude that [(®Ga]FAPI-46
PET/CT can accurately differentiate malignant from benign pancre-
atic lesions deemed equivocal by standard-of-care imaging. This trial
will therefore continue to recruit a total of 120 patients to reach those
38 equivocal observations needed for sufficient statistical power. On
the basis of our findings, we propose that [?®Ga]FAPI-46 PET/CT not
only can be clinically applied as a complement but also could become
a necessary tool when standard-of-care imaging is inconclusive.

Key Words: fibroblast activation protein; PET/CT; pancreatic cancer;
88Ga-FAPI-46
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Pancreatic cancer (PC) is a leading cause of cancer-related
deaths worldwide, with a 5-y relative survival rate of 11% for all
stages combined (/). Among the reasons for this dismal outcome
is the challenge of establishing a correct and timely diagnosis (2).
Most patients are diagnosed in advanced stages of disease (3), and
surgical resection combined with chemotherapy is the only poten-
tially curative therapy.

Imaging plays an essential role in several aspects of PC manage-
ment, including diagnosis and evaluation of resectability. Multiphase
contrast-enhanced CT (CECT) is the current preferred standard-of-
care imaging modality for diagnosis of PC and is recommended as
the primary imaging modality by the guidelines of both the National
Comprehensive Cancer Network and the European Society for
Medical Oncology (4,5). The differential diagnosis of a pancreatic
mass, however, does encompass a range of clinical entities, includ-
ing benign lesions, such as mass-forming chronic, autoimmune, or
paraduodenal pancreatitis (6), all of which may mimic PC on CECT,
making correct characterization challenging (7). Additionally, small
isoattenuating adenocarcinomas can be overlooked on CECT (§).
Correct preoperative diagnosis is crucial, as misinterpretation may
lead to a major pancreatic resection for benign disease, failure to
operate on a potentially curable lesion, or even surgery in patients
with disseminated disease, in whom systemic treatment would have
been more appropriate. Previous studies show that inflammation
accounts for 5%—-10% of surgical resection for clinically suspected
cancer (9).

For detection of malignant transformation within pancreatic intra-
ductal papillary mucinous neoplasia (IPMN), 3 current international
guidelines recommend both CECT and MRI in the diagnostic
work-up, with MRI being the preferred method (/0—12). The accu-
racy of either method, or even both combined, for a specific diag-
nosis is, however, relatively low (61%) (/3). Approximately 10%
of all pancreatectomies performed in the United States are for
IPMN (/4). As a significant number of these operated IPMNs do
not show invasive or high-grade histology, and since the morbidity
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associated with resection is similar regardless of pathology, im-
proved diagnostic accuracy is needed to aid in surgical selection.
%8Ga-labeled fibroblast activation protein inhibitor (FAPI), a new
tracer for PET, targets fibroblast activation protein expressed on
the surface of cancer-associated fibroblasts (/5,/6). As cancer-
associated fibroblasts represent the most abundant cell type in the
tumor stroma (/7), application of FAPI-based tracers in PET imag-
ing of various types of cancers with a high stromal content, includ-
ing PC, has been proven successful (18,19). The purpose of this
interim analysis, part of a prospective clinical trial, was to evaluate
the diagnostic accuracy of [*®Ga]FAPI-46 PET/CT for PC and to
determine the sample size needed to demonstrate the superiority of
this imaging technique in characterizing equivocal lesions detected
by standard-of-care imaging methods. We tested this hypothesis by
performing [®Ga]FAPI-46 PET/CT imaging on patients with sus-
pected PC who were scheduled for surgery, comparing the results
with those of standard-of-care imaging, using postoperative histo-
pathology as a reference standard.

MATERIALS AND METHODS

Clinical Study Design and Patient Cohort

The presented study was part of an ongoing phase II exploratory
trial approved by the Swedish Ethical Review Authority (diarienummer
2020-03400) and Medical Products Agency (EudraCT 2020-002568-
30) and registered on ClinicalTrials.gov (NCT05172310). All patients
provided written informed consent. As the origin of the cancer is some-
times difficult to determine before surgery (20), we enrolled subjects
with suspected periampullary tumors other than PC as part of the con-
secutive patient group. These include duodenal and ampullary cancers
as well as distal cholangiocarcinoma. Patients scheduled for surgical
resection of the primary tumor were screened for eligibility during mul-
tidisciplinary conferences according to the inclusion and exclusion crite-
ria listed in Supplemental Table 1 (supplemental materials are available
at http://jnm.snmjournals.org). Subjects with nonmalignant tumors on
postoperative histopathology served as a comparator group. [**Ga]FAPI-
46 PET/CT imaging was performed within 2 wk before surgery. The
surgery was performed at Karolinska University Hospital, with an indi-
vidual treatment strategy decided for every patient at multidisciplinary
conferences according to clinical routine and the Swedish National Can-
cer Control Program. The diagnosis for the primary tumor and resected
regional lymph nodes was confirmed after surgery as per the clinical
routine. Operating surgeons did not know the [*®Ga]FAPI-46 PET/CT
imaging results until after surgery, preventing any impact on choice
of therapy. A CECT or MRI including MR cholangiopancreatography
was performed on all patients as per the clinical routine and before inclu-
sion in this study.

Radiopharmaceuticals and Image Acquisition

[*3Ga]FAPI-46 was radiosynthesized at the Karolinska Radiophar-
macy facilities on an Eckert & Ziegler Modular-Lab PharmTracer syn-
thesis module, using *®GaCl; eluate from a °®Ge/*®Ga generator, as
earlier described (27). FAPI-46 precursor was acquired from Sofie
Biosciences. The amount of radioactivity injected depended on labeling
yield and patient weight (4.0 MBg/kg if possible; minimum, 50 MBg;
maximum, 370 MBq). Whole-body scanning was performed 1 h after
injection, previously shown to be a suitable time point for tumor
imaging with [**Ga]FAPI-46 (18,22-24). A Biograph mCT PET/CT
scanner (Siemens) and a Discovery MI scanner (GE Healthcare)
were used.

Preceded by a low-dose non-CECT scan for attenuation correction,
PET images were acquired from vertex to mid thigh (4 min/bed posi-
tion). The obtained emission data were corrected for scatter, randoms,

[®®GAJFAPI-46 PET IN PancreaTic TuMOrs -« Rasinski et al.

and decay and were reconstructed with an ordered-subset expectation
maximization algorithm. The reconstruction parameters were carefully
designed to ensure equivalent (within = 10% variation) SUV and contrast
in a PET body phantom with spheres. Finally, diagnostic CECT was per-
formed for anatomic correlation of PET findings and diagnostic-quality
image fusion.

Image Analysis and Interpretation

[*®Ga]FAPI-46 PET/CT images were analyzed using Syngo.via
(Siemens) individually by 2 readers, both board-certified radiologists,
one of whom was a board-certified nuclear medicine specialist and the
other a specialist in training. Both readers had access to patients’ clinical
imaging workup to facilitate localization of the target lesion. However,
neither knew the histopathologic results. Differences in opinion were
resolved by consensus, and previously described pitfalls in [*3Ga]FAPI
PET/CT imaging were taken into consideration (25).

Lesions suspected of representing malignancy, with focal tracer
uptake exceeding that of the surrounding background, were regarded
as positive. SUV parameters were extracted from volumes of interest,
defined using 40% threshold isocontouring. These were used for
receiver-operating-characteristic (ROC) analyses. Positive [*®Ga]FAPI-
46 PET/CT findings were defined as either an SUV ,, or an SUV can
at or above the respective optimal cutoff. Anatomic information from
CT images was used to avoid inclusion of activity from adjacent nontu-
moral tissues and to exclude other potential causes of tracer uptake.

The clinical imaging work-up was interpreted by board-certified
radiologists specialized in abdominal radiology and presented at multi-
disciplinary conferences as per the clinical routine. For this study, an
additional reading was performed retrospectively by a board-certified
radiologist who was specialized in abdominal radiology and did not
know either the [*®Ga]FAPI-46 PET/CT or the histopathology results,
and the results were classified as either positive, negative, or equivocal.
To compare the performance of [**Ga]FAPI-46 PET/CT with that of
standard-of-care imaging in characterizing pancreatic tumors, SUV .«
and SUV .., were analyzed individually.

Statistical Analysis

For all statistical analyses, R software, version 4.2.1., was used,
including the “pROC” and “cutpointr” packages for ROC analyses
and cutoff determination for both PET parameters. Values below the
cutoff were coded as [*®Ga]FAPI-46 PET-negative, whereas values
equal to or above were coded as [*®Ga]FAPI-46 PET—positive. True-
positive patients were defined as [*®Ga]FAPI-46 PET—positive with
malignant histopathology; false-positive, as [**Ga]FAPI-46 PET—posi-
tive with benign histopathology; false-negative, as [®Ga]FAPI-46
PET-negative with malignant histopathology; and true negative, as
[*3Ga]FAPI-46 PET-negative with benign histopathology. Accuracy,
sensitivity, specificity, and positive and negative predictive values,
including corresponding 95% Cls, were calculated using the “epiR”
package. Power calculation was performed using the package “pwr,”
with CECT specificity set to 0.9 (26), the statistical significance level
set to 0.05, and power set to 0.8. In all statistical tests, P values of less
than 0.05 were considered statistically significant.

RESULTS

Patient Cohort and Imaging Acquisition

Thirty patients were recruited between September 2021 and
May 2022 (17 men and 13 women; mean age, 66.9 * 12.4y; range,
27-85y) with suspected pancreatic or periampullary cancer. All
underwent [®Ga]FAPI-46 PET/CT and subsequent surgery after
a median of 5.5 d (interquartile range, 2.3-12.8 d). The mean
injected activity was 272.5 = 74.8 MBq, and the mean uptake time
was 60.5 = 2.5 min (range, 56-67 min). Six patients were reported
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TABLE 1
Patient Demographics and Clinical Characteristics

Patient Age Clinical imaging  Clinical work- [®8Ga]FAPI-46

no. Sex (y) work-up up findings PET/CT findings  SUViax  SUVimean Histologic diagnosis
1 M 62 CECT Positive Positive 18.4 10.9 Cholangiocarcinoma
2 F 69 CECT Positive Positive 15.1 9.9 PC

3 7 85 CECT Positive Positive 23.9 14.4 PC

4 F 74 CECT + MRI Positive Positive 19.0 10.7 PC

5 M 60 CECT Equivocal Negative 71 4.0 Distal choledocholithiasis
6 F 72 CECT Positive Positive 249 15.0 PC

7 F 80 CECT Positive Positive 18.5 1.1 Ampullary carcinoma
8 M 66 CECT Positive Positive 22.0 12.4 PC

9 M 64 CECT + MRI Positive Positive 15.0 8.4 PC

10 F 49 MRI Positive Positive 18.5 11.4 PC

11 M 75 CECT Positive Positive 10.5 6.2 Autoimmune pancreatitis
12 F 27 CECT Equivocal Negative 1.0 0.7 Duodenal adenoma
13 F 80 CECT + MRI Positive Positive 17.4 10.9 PC

14 M 83 CECT Equivocal Positive 15.4 8.5 Ampullary carcinoma
15 M 63 CECT + MRI Negative Positive 15.4 8.2 Chronic pancreatitis
16 F 58 CECT Positive Positive 16.6 9.8 PC

17 M 73 CECT Equivocal Negative 2.2 1.3 IPMN

18 M 53 CECT Positive Positive 10.4 6.0 Cholangiocarcinoma
19 M 78 CECT Equivocal Positive 10.2 5.9 Duodenal carcinoma
20 M 57 CECT + MRI Equivocal Negative 3.7 2.2 PanIN

21 M 73 CECT + MRI Positive Positive 12.1 7.3 PC

22 F 69 MRI Equivocal Negative 2.2 15 IPMN

23 M 74 CECT Positive Positive 18.8 11.5 PC

24 M 65 CECT Positive Positive 15.6 9.0 PC

25 M 69 CECT + MRI Equivocal Negative 1.1 0.5 PanIN

26 F 59 CECT + MRI Equivocal Positive 114 7.9 Ampullary carcinoma
27 F 47 MRI Equivocal Negative 1.4 1.0 IPMN

28 M 66 CECT + MRI Equivocal Negative 5.3 29 IPMN

29 B 79 CECT Positive Positive 9.9 6.3 PC

30 M 78 CECT Positive Positive 22.5 13.6 PC

PanIN = pancreatic intraepithelial neoplasia.

as unresectable because of macroscopic peritoneal carcinomatosis — perioperative core-needle biopsy or endoscopic ultrasound-guided
(n = 3), extensive venous involvement (n = 1), excessive inflamma-  fine-needle biopsy in the remaining cases deemed irresectable.

tion and fibrosis (n = 1), or significant celiac trunk stenosis (n = 1). Histopathologic analysis revealed carcinoma in 20 patients and
The diagnosis in these patients was confirmed either by periopera-  benign lesions in 10 patients. The demographics and clinical char-
tive cryosection in the case of peritoneal carcinomatosis or by acteristics of the participants are presented in Table 1.

TABLE 2
SUVimax and SUV,ean in Pancreatic Lesions with Malignant Vs. Benign Histopathology

Malignant Benign
Parameter Mean = SD Range Mean = SD Range P
SUVmax 17.0=5.0 9.9-24.9 5.0£5.0 1.0—-15.4 <0.001
SUVmean 10.0x2.7 5.9—-15.0 2.8+2.6 0.5—-8.2 <0.001
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FIGURE 1. ROC curves depicting sensitivity and specificity of SUVnax
(A) and SUV pean (B) for diagnosis of PC. Graphs to right show optimum
for different potential cutoffs; arrow indicates optimal cutoff for each
parameter. AUC = area under curve.

Patient Safety

All subjects were monitored during examination, with blood
pressure, heart rate, and body temperature registered before
[*3Ga]FAPI-46 injection and after examination (~1.5-h interval).
No related pharmacologic or physiologic effects were recorded,
and none of the participants reported any new symptoms.

Image Interpretation and Diagnostic Performance

Visual assessment showed high tracer activity in primary tumors
and low background tracer activity, especially in the brain, but also in
the uninvolved parts of the pancreatic parenchyma and in the liver,
heart, and gastrointestinal tract, yielding a purposive image contrast.
All 20 malignant lesions showed intense [*Ga]FAPI-46 uptake
(Table 2). At the same time, 2 of the benign lesions also showed
tracer uptake above the cutoffs (Supplemental Fig. 1). ROC analyses
rendered optimal cutoffs of 10.2 for SUV . and 5.9 for SUV pean as
presented in Figure 1. Table 3 provides the diagnostic performance
data with corresponding 95% ClIs for both parameters, regarding

differentiation of malignancies from benign lesions, in the whole
cohort and in the subcohort with equivocal clinical imaging work-up.

Comparison with Standard-of-Care Imaging

All patients classified as equivocal on standard-of-care imaging
(n = 11) were correctly classified as either positive or negative for
PC by [*®Ga]FAPI-46 PET/CT, for both SUV,., and SUV ean
(P < 0.001) (Table 1; Fig. 2).

Power Analysis

At trial initiation, power analysis was not possible because of a
lack of published data. An interim analysis was therefore included
in this study to serve as a basis for calculating the sample size needed
to detect a significant difference in specificity between CECT and
[®3Ga]FAPI-46 PET/CT. On the basis of a recently reported CECT
specificity of 90% (26) and that of [*®Ga]FAPI-46 PET/CT for the
whole cohort (80%), 195 observations are needed. When consider-
ing the equivocal cohort only, with [*®Ga]FAPI-46 PET/CT specifi-
city of 100%, 38 observations are needed.

DISCUSSION

The differential diagnosis of pancreatic masses remains a challenge
for diagnostic imaging despite modern cross-sectional techniques
with CECT and MRI. To improve the diagnostic yield, we applied
a new tracer with high affinity for epithelial cancers, FAPI. In this
interim analysis, we evaluated the accuracy of [*®Ga]FAPI-46
PET/CT for the diagnosis of pancreatic tumors and determined the
sample size needed for sufficient power. We observed a significantly
higher [*®Ga]FAPI-46 uptake in malignant tumors than in benign
lesions (Table 2), demonstrating high accuracy for diagnosis of PC,
for both SUV .« and SUV ., (Table 3). In patients with equivocal
standard-of-care imaging results, sample size calculations show
that 38 observations are needed for sufficient statistical power. This
trial will therefore continue to recruit a total of 120 patients to reach
38 equivocal observations by standard-of-care imaging.

CECT has a reported sensitivity of 89%-91% and a specificity
of 85%-90% for the diagnosis of PC in recent metaanalyses
(26,27). Our data indicate that [*®Ga]FAPI-46 PET/CT has at least
an equally high diagnostic accuracy as CECT for the diagnosis of
primary PC, within a 95% CI. In fact, in all 11 cases in which the
clinical imaging workup findings were equivocal, [*®Ga]FAPI-46
PET/CT correctly differentiated malignant from benign lesions,
yielding a diagnostic accuracy of 100%. SUV ,e., had a slightly
larger area under the ROC curve than SUV . (96.5% vs. 94.8%),

TABLE 3
Diagnostic Performance of SUV,.x with Cutoff of 10.2 and SUVean With Cutoff of 5.9 in Diagnosis of PC

Whole cohort (n = 30)

Subcohort with equivocal
clinical imaging (n = 11)

Parameter SUVhax SUVihean SUVhax SUVhean

Sensitivity 95 (75-100) 100 (83-100) 100 (29-100) 100 (29-100)
Specificity 80 (44-97) 80 (44-97) 100 (63-100) 100 (63-100)
Positive predictive value 90 (70-99) 91 (71-99) 100 (29-100) 100 (29-100)
Negative predictive value 89 (52-100) 100 (63-100) 100 (63-100) 100 (63-100)
Overall accuracy 90 (73-98) 93 (78-99) 100 (72-100) 100 (72-100)

Data are percentages, with 95% Cls in parentheses.
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FIGURE 2. CECT, axial PET, and fused images of malignant (left) and
benign (right) periampullary lesion obstructing bile duct (arrow).

suggesting that the parameter might be somewhat more accurate
(Fig. 1). However, both parameters are convincing because of
their high diagnostic accuracy, and as more data are collected,
new ROC analyses will be performed. In the subanalysis of patients
with an equivocal imaging work-up, both parameters showed 100%
accuracy. To our knowledge, we are the first to report such high
accuracy for the method in the diagnosis of PC, and on the basis
of these results, we expect [*®Ga]FAPI-46 PET/CT imaging
to have a significant impact on the diagnostic work-up of PC
patients. The wide span of the 95% CI for [**Ga]FAPI-46 PET/CT
is probably due to the relatively few cases in our study and
should narrow as more subjects are included.

The high [*®Ga]FAPI-46 uptake in malignant lesions and the
significantly lower uptake in benign lesions, together with negligible
background activity, gave satisfactory image contrast and is consis-
tent with the results of previous [**Ga]Ga-FAPI PET/CT studies on
pancreatic and other cancers (28,29). Rohrich et al. evaluated the
clinical impact of PET/CT using [*®Ga]FAPI-4 and [**Ga]FAPI-46
in the staging of primary and recurrent pancreatic ductal adenocar-
cinoma, reporting clinically meaningful changes in the staging of
both groups (30). Similarly, Pang et al. observed that [**Ga]FAPI-
4 PET/CT improves tumor detection and staging in PC (3/). Lang
et al. also concluded that [*®Ga]FAPI-74 PET/CT could predict
malignant transformation within IPMN with high accuracy (32). Our
study sets itself apart from these studies because our findings were
histologically validated and inclusion of nonmalignant conditions
allowed the accuracy of [*3Ga]FAPI-46 PET/CT for the diagnosis of
PC to be determined, an essential step for application to clinical
practice. The high sensitivity suggests that no malignancy would be
missed and that the specificity we assessed is acceptable and compa-
rable to that of the current best standard. The 2 false-positive cases
represented inflammation (Supplemental Fig. 1). However, this issue
has been addressed in previous publications, showing that the addi-
tion of multiple-time-point and dynamic imaging techniques facili-
tates differentiation of malignancy from pancreatitis (30,37,33).
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A major limitation of this study is the small sample size, especially
with regard to patients with equivocal results on standard-of-care
imaging, and conclusions from these data should therefore be drawn
with caution. Larger exploratory studies are needed as our power cal-
culations suggest. Furthermore, even though small (£10%), the var-
iations in image quality and SUV measurements resulting from the
use of different cameras could have affected the results, especially in
patients with an SUV in the vicinity of the cutoffs.

CONCLUSION

Characterization of pancreatic mass lesions remains clinically
challenging because various inflammatory tumors may mimic PC
on imaging, leading to major pancreatic surgery for benign disease
in a substantial number of patients (6—9,34). Such surgery is asso-
ciated with high costs, high morbidity rates, and a significant
decline in quality of life (35-39) and should therefore be avoided
if possible. Our results show that [*®Ga]FAPI-46 PET/CT can
accurately differentiate malignant from benign pancreatic lesions
deemed equivocal by standard-of-care imaging. For this differenti-
ation, we propose semiquantitative cutoffs for both SUV,,, and
SUV,hean. In this trial, we will therefore continue to recruit a total
of 120 patients to reach those 38 equivocal observations needed for
sufficient statistical power. On the basis of our findings, we con-
clude that [*®Ga]FAPI-46 PET/CT not only might represent a new
complementary imaging technique in primary diagnosis of PC but
also could become a necessary tool when standard-of-care imaging
results are inconclusive. A prospective clinical trial is currently
ongoing in our department, but even larger, multicenter trials will
be needed for clinical translation of [*®Ga]FAPI-46 PET/CT in PC.
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KEY POINTS

QUESTION: Can [*®Ga]FAPI-46 PET/CT improve characterization
of equivocal pancreatic lesions detected by standard-of-care
imaging, and how many observations are needed for sufficient
statistical power?

PERTINENT FINDINGS: In this interim analysis of a prospective
clinical trial, analysis of 30 surgical patients showed that
[®®GalFAPI-46 PET/CT can accurately differentiate malignant from
benign pancreatic lesions deemed equivocal by standard-of-care
imaging. For sufficient statistical power, this trial will continue to
recruit a total of 120 patients to reach 38 equivocal observations
by standard-of-care imaging.

IMPLICATIONS FOR PATIENT CARE: Our findings suggest that
[®8Ga]FAPI-46 PET/CT not only can be clinically applied as a
complement but also could become a necessary tool when
standard-of-care imaging on PC is inconclusive.
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The Diagnostic Value of PSMA PET/CT in Men with Newly
Diagnosed Unfavorable Intermediate-Risk Prostate Cancer
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Our objective was to determine the diagnostic value of prostate-specific
membrane antigen (PSMA) PET/CT in staging men with newly diag-
nosed unfavorable intermediate-risk prostate cancer (PCa). Methods:
Patients with newly diagnosed unfavorable intermediate-risk PCa, in
whom PSMA PET/CT was performed as a primary staging modality,
were retrospectively studied. PSMA PET/CT was performed at several
diagnostic centers and reported by expert nuclear medicine physicians
within 2 high-volume PCa centers. A multivariate logistic regression
analysis, taking into account clinical, biochemical, pathologic, and radio-
logic variables, was performed to identify potential independent pre-
dictors for metastatic disease on PSMA PET/CT. Results: In total, 396
men with newly diagnosed unfavorable intermediate-risk PCa were
studied. Metastatic disease was observed in 37 (9.3%) men, of whom
29 (7.3%) had molecular imaging locoregional lymph node metastases
(miN1) and 16 (4.0%) had distant metastases (miM1). A radiologic tumor
stage of at least T3 on MRI (odds ratio, 2.72 [95% Cl, 1.27-5.83]; P =
0.01) and more than 50% positive prostate biopsies (odds ratio, 3.87
[95% Cl, 1.74-8.62]; P = 0.001) were found to be independently associ-
ated with metastatic disease on PSMA PET/CT. Conclusion: Given that
metastatic disease was observed in nearly 1 in 10 men with newly diag-
nosed unfavorable intermediate-risk PCa, PSMA PET/CT is considered
to be of diagnostic value within this population. Further stratification
using the radiologic tumor stage and the percentage of positive prostate
biopsies could aid in identifying those patients at risk of having meta-
static disease on PSMA PET/CT.

Key Words: prostate cancer; unfavorable intermediate-risk; diagnostic
value; PSMA PET/CT
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Metastatic screening using prostate-specific membrane antigen
(PSMA) PET/CT in men with prostate cancer (PCa) is increasingly
being adopted in urologic practice. Compared with conventional
imaging techniques (such as CT and bone scintigraphy), PSMA
PET/CT appears to have greater accuracy in detecting metastases, is
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more likely to lead to management changes, produces fewer equivocal
findings, and has lower radiation exposure (I-3).

To avoid overdiagnosis, adequate selection of patients at risk of
having metastatic disease is of paramount importance. The presence
of metastases on PSMA PET/CT has been shown to be directly asso-
ciated with prostate-specific antigen (PSA) levels, clinical tumor
stages, and biopsy International Society of Urological Pathology
(ISUP) grade groups (GGs) (3—6). Therefore, the decision on whether
to perform PSMA PET/CT is based on the stratification of patients
according to the American Urological Association risk groups (i.e.,
low, favorable intermediate, unfavorable intermediate, and high risk;
Table 1) (7,8). Consequently, the Society of Nuclear Medicine and
Molecular Imaging recommends performing metastatic screening
using PSMA PET/CT in patients with unfavorable intermediate-risk
and high-risk PCa (9).

Even though the diagnostic value of PSMA PET/CT in men
with high-risk PCa has already been demonstrated, the clinical ben-
efit of PSMA PET/CT in men with newly diagnosed unfavorable
intermediate-risk PCa remains questionable and literature on this
topic is scarce (3,4,10). Therefore, this study aimed to determine
the diagnostic value of PSMA PET/CT for metastatic screening
within the largest known dataset of newly diagnosed unfavorable
intermediate-risk PCa patients.

MATERIALS AND METHODS

Study Design and Patient Population

A retrospective cohort study was performed at The Netherlands
Cancer Institute and the Amsterdam University Medical Center. The
institutional review board approved this retrospective study and
waived the requirement to obtain informed consent.

Patients found to have unfavorable PCa on diagnostic prostate biop-
sies and on whom PSMA PET/CT was performed between January
2018 and December 2021 as a primary staging modality were retro-
spectively studied. Excluded from the analysis were patients with any
high-risk factors, such as a PSA level of at least 20 ng/mL or a clinical
tumor stage of at least T3a on digital rectal examination. Patients who
had received prior PCa treatments were excluded as well.

Patient characteristics were collected from patient charts, and
PSMA PET/CT results were collected from nuclear medicine reports.

MRI Acquisition and Analysis

Before undergoing prostate biopsies, the men underwent MRI. Pros-
tate MRI was performed using a 3.0-T scanner according to the Euro-
pean Society of Urological Radiology MRI protocol in high-volume

THE JOURNAL OF NUCLEAR MEDICINE * Vol. 64 + No. 8 + August 2023



TABLE 1
American Urological Association Risk Groups for Localized PCa

Risk group

Description

Low risk
Intermediate risk
Favorable
Unfavorable
High risk

cT stage = clinical tumor stage.

PSA < 10ng/mL and Gleason score < 7 (ISUP GG1) and cT1-2a

PSA 10-20 ng/mL or Gleason score 7 (ISUP GG2) or cT2b-c
PSA 10-20 ng/mL or Gleason score 7 (ISUP GG3) or cT2b—c
PSA > 20 ng/mL or Gleason score > 7 (ISUP GG4-5) or cT3-4

diagnostic PCa centers (/7). All MRI scans were reviewed by experi-
enced radiologists according to the standardized Prostate Imaging
Reporting and Data System (PI-RADS) classification system, version
2.1 (12). Following Dutch guidelines, all radiologists were experienced
enough to independently read prostate MR images (/3).

Prostate Biopsies and Histopathologic Assessment

All prostate biopsies took place in high-volume diagnostic PCa cen-
ters within the Prostate Cancer Network Netherlands by experienced
urologists with at least 5 y of experience performing prostate biopsies.
The biopsies were performed transrectally or transperineally, using
either MRI/transrectal ultrasound fusion software or cognitive fusion. If
an MRI-positive lesion (defined as PI-RADS classification 3-5) was
visible, systematic prostate biopsies were preceded by targeted prostate
biopsies. If MRI had negative findings (defined as PI-RADS classifica-
tion 1-2) or was not performed, only systematic prostate biopsies were
obtained. Given the fact that not all hospitals were yet performing tar-
geted prostate biopsies, some MRI-positive patients underwent only
systematic prostate biopsies. Prostate biopsies were processed and
reported according to the ISUP protocol by specialized uropathologists
with at least 5 y of experience in assessing prostate biopsies (/4). MRI-
directed targeted prostate biopsies were pooled and reported as 1 biopsy
core in a systematic biopsy set. Before PSMA PET/CT was performed,
prostate biopsies were not reassessed. If the presence of a cribriform
growth pattern was reported, then it was considered.

PSMA PET/CT Imaging and Analysis

Although PSMA PET/CT was performed at several diagnostic cen-
ters, all scans were revised and reported by expert nuclear medicine
physicians within 2 high-volume PCa centers (Netherlands Cancer
Institute and Amsterdam University Medical Center). PSMA PET/CT
images were analyzed and classified according to the European Asso-
ciation of Nuclear Medicine PSMA guidelines (15). A PSMA PET/CT
scan was reported as positive when the lesion was compatible with or
suggestive of PCa. According to the molecular imaging classification
(mi), locoregional lymph node metastases (miN1) were defined as
lymph node metastases in the pelvic region, whereas distant metasta-
ses (miM1) were defined as either extrapelvic lymph node (miM1a),
bone (miM1b), or visceral metastases (miMIc).

For logistic reasons, several PSMA radiotracers were used for metastatic
screening during the study time frame: ['SFJDCFPyL, ['®FIPSMA-1007,
['"*F]PSMA-JK7, and [®*Ga]PSMA-11. PET images were acquired from
mid thigh to skull base or vertex. Incubation times and doses differed
among tracers and sites, according to local protocols: a median of 99 min
(interquartile range [IQR], 60-120 min) after a median dose of 280 MBq
(IQR, 198-313 MBq) for ['®F]DCFPyL, a median of 90 min (IQR,
90-120 min) after a median dose of 258 MBq (IQR, 208-293 MBq) for
['®*F]PSMA-1007, a median of 77 min (IQR, 60-90 min) after a median

PSMA IN UNFAVORABLE INTERMEDIATE PCa  *

dose of 201 MBq (IQR, 194265 MBq) for ['|FIPSMA-JK7, and a
median of 49 min (IQR, 45-60 min) after a median dose of 133 MBq
(IQR, 103-154 MBq) for [®Ga]PSMA-11. PET images were combined
with either a low-dose CT scan (120-140 kV, 40-80 mAs) or a diagnostic
CT scan (130 kV, 110 mAs) for anatomic correlation and attenuation
correction.

Statistical Analysis

Categoric variables were reported as frequency distributions and per-
centages, and continuous variables were expressed as medians with IQR.

To study the diagnostic value of PSMA PET/CT, the number needed
to image (NNI) was assessed. The NNI was defined as the number of
PSMA PET/CT imaging examinations performed for every PSMA
PET/CT scan with metastatic disease (i.e., miN1 and higher) (/6). Uni-
variate and multivariate logistic regression analyses were performed to
identify possible predictive variables for metastatic disease on PSMA
PET/CT imaging. First, univariate analyses were performed to assess
the association between clinical, biochemical, pathologic, and radio-
logic variables and metastatic disease on PSMA PET/CT imaging.
Variables included in the model were age, PSA level, prostate volume,
PSA density, radiologic tumor stage on MRI, PI-RADS assessment cat-
egory, percentage of positive prostate biopsies, percentage of ISUP
GG3 PCa in prostate biopsies, and cribriform growth. Univariate statis-
tically significant variables were applied in the multivariate conditional
logistic regression analysis using a backward stepwise variable selec-
tion method. For clinical applicability, the percentage of positive pros-
tate biopsies and the percentage of ISUP GG3 in prostate biopsies were
used as binary (=50% and >50%) and categoric (=25%, 25%—50%,
50%—75%, and >75%) variables. Subsequently, through further stratifi-
cation in subgroups, precisely those patients at risk for metastatic dis-
ease on PSMA PET/CT were identified.

A P value of less than 0.05 was considered to indicate statistical
significance. All statistical analyses were performed with the statistical
package SPSS, version 27 (IBM), for MacOS (Apple).

RESULTS

In total, 396 men with newly diagnosed unfavorable intermediate-
risk PCa were studied. Patient characteristics and PSMA PET/CT
results are presented in Tables 2 and 3, respectively. PSMA-
expressing metastases were observed in 37 (9.3%) men, resulting in
an NNI of approximately 10. No patients were found to have
miMI1c. Metastatic disease was observed significantly more often in
men undergoing PSMA PET/CT scans using ['*F]PSMA-1007 than
using the other PSMA tracers (P = 0.01; Table 3). No statistically
significant differences regarding clinical variables were observed
among the applied PSMA radiotracers.
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TABLE 2
Patient Characteristics of Both Entire Study Population and Subgroups With and Without PSMA-Expressing Metastases

Patients without

Patients with metastases

Characteristic Overall (n = 396) metastases (n = 359) (n =37) P
Age (y) 69 (63-73) 68 (63-73) 70 (66-75) 0.16
Clinical tumor stage 0.30
cTic 162 (40.9%) 50 (41.8%) 2 (32.4%)
cT2 234 (59.1%) 09 (58.2%) 5 (67.6%)
PSA (ng/mL) 5 (6.2-11.3) 3 (56.9-11.0) 10.0 (7.3-14.8) 0.001
Prostate volume (mL) 1 (31-53) 0 (31-52) 7 (31-63) 0.13
PSA density (ng/mL/cm?) 0.20 (0.13-0.30) 0.19 (0.13-0.29) 0.22 (0.13-0.35) 0.16
Prebiopsy MRI 381 (96.2%) 349 (97.2%) 2 (86.5%) 0.01
PI-RADS category 0.54
=2 2 (3.1%) 2 (3.4%) —
8 2 (5.6%) 1 (5.8%) 1(2.7%)
4 154 (38.9%) 43 (39.8%) 11 (29.7%)
&) 186 (47.0%) 66 (46.2%) 20 (54.1%)
Missing 2 (5.6%) 7 (4.7%) 5 (13.5%)
Radiologic tumor stage 0.001
rTic 2 (3.0%) 2 (3.3%) —
rT2 267 (67.4%) 52 (70.2%) 16 (42.1%)
rT3a 3 (18.4%) 1(17.0%) 12 (32.4%)
rT3b 7 (6.8%) 2 (6.1%) 5 (13.5%)
Missing 7 (4.3%) 2 (3.3%) 5 (13.5%)
Biopsy approach 0.93
SBx 168 (42.4%) 51 (42.1%) 17 (45.9%)
TBx 7 (6.8%) 5 (7.0%) 2 (5.4%)
SBx+TBx 199 (50.3%) 81 (50.4%) 18 (48.6%)
Missing 2 (0.5%) 2 (0.6%) -
Type of core ISUP GG3 0.47
was found in ...
TBx 123 (31.1%) 114 (31.9%) 9 (24.3%)
SBx 200 (50.5%) 181 (50.7%) 19 (51.4%)
TBx and SBx 1 (17.9%) 2 (17.4%) 9 (24.3%)
Missing 2 (0.5%) 2 (0.6%) —
Percentage of positive 41.7 (23.1-62.5) 40.0 (22.2-59.2) 70.0 (40.7-88.1) <0.001
biopsies
Percentage of ISUP GG3 26.7 (14.3-44.4) 25.0 (13.8-43.7) 40.8 (28.0-74.1) 0.001
in biopsies
Cribriform growth 220 (55.6%) 194 (54.3%) 5 (65.8%) 0.16

Radiologic tumor stage refers to tumor stage indicated on MRI. Prostate volume was manually assessed on MRI following suggested
measurements for ellipsoid formula in PI-RADS, version 2.1. Continuous variables are shown as median with IQR, and categoric variables

are shown as numbers and percentages.

Univariate and Multivariate Logistic Regression Analysis
Univariate logistic regression analyses showed that initial PSA
level (P = 0.001), radiologic tumor stage on MRI (P = 0.001),
percentage of positive prostate biopsies (P < 0.001), and percent-
age of ISUP GG3 PCa in prostate biopsies (P = 0.001) were
associated with the presence of metastatic disease on PSMA
PET/CT (Table 2). After backward selection, 2 variables remained
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independently statistically significantly associated with the pres-
ence of PSMA-expressing metastases (Table 4). More precisely,
a radiologic tumor stage of at least T3 (odds ratio, 2.72 [95%
Cl, 1.27-5.83]; P = 0.01) and more than 50% posmve prostate
biopsies (odds ratio, 3.87 [95% CI, 1.74-8.62]; P = 0.001)
were found to be associated with metastatic disease on PSMA
PET/CT.
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PSMA PET/CT Results for All Unfavorable Intermediate-Risk PCa Patients by Applied PSMA Radiotracer

TABLE 3

Overall ['®FIDCFPyL ['®F]IPSMA-JK7 ['®FIPSMA-1007 [f8Ga]PSMA-11
Result (n = 396) (n = 182) (n = 45) (n = 24) (n = 145) P
Positive scan 378 (95.5%) 174 (95.6%) 42 (93.3%) 24 (100.0%) 138 (95.2) 0.65
Metastatic disease 37 (9.3%) 10 (5.5%) 4 (8.9%) 6 (25.0%) 17 (11.7) 0.01
miN1 29 (7.3%) 9 (4.9%) 4 (8.9%) 3 (12.5%) 13 (9.0%) 0.36
miM1a 3 (0.8%) 2 (1.1%) — — 1 (0.7%) 0.41
miM1b 14 (3.5%) 5 (2.7%) — 5 (20.8%) 4 (2.8%) 0.02
The Prostate Cancer Network Netherlands Subclassification DISCUSSION

PSMA-expressing metastases were particularly common in men
with a radiologic tumor stage of at least T3a and higher propor-
tions of positive prostate biopsies. Especially men with more than
75% positive prostate biopsies were at increased risk of having
metastatic disease on PSMA PET/CT (odds ratio, 3.88 [95% CI,
1.23-12.21]; P = 0.02; Supplemental Table 1; supplemental mate-
rials are available at http://jnm.snmjournals.org). Therefore, fur-
ther risk stratification was investigated.

By further stratification, according to radiologic tumor stage and
percentage of positive prostate biopsies, patients at higher risk of
metastatic disease on PSMA PET/CT could be identified. Three
subgroups were created: low, moderate, and high metastatic poten-
tial (Table 5). The NNIs were 32, 10, and 5 for patients with low,
moderate, and high metastatic potential, respectively. Patients with
high metastatic potential might benefit most from metastatic screen-
ing with PSMA PET/CT. The incidence of PSMA-expressing
metastases was significantly higher in patients with high metastatic
potential than in those with low metastatic potential (18.5% vs.
3.0%; P < 0.001). No significant difference was observed between
patients with moderate and high metastatic potential (9.4% vs.
18.5%; P = 0.18).

TABLE 4
Detection of PSMA-Expressing Locoregional Lymph Node
or Distant Metastases on PET/CT Multivariate Logistic
Regression Analysis

Result Odds ratio P
Positive needle -

biopsy cores (%)

=50 Reference

>50 3.87 (95% ClI, 1.74-8.62) 0.001
Radiologic tumor —

stage

rT1-2 Reference

rT3 2.72 (95% ClI, 1.27-5.83) 0.01

Univariate significant variables added to analysis: PSA level
(P = 0.001), radiologic tumor stage on MRI (P = 0.001), percentage
of positive prostate biopsies (P < 0.001), and percentage of ISUP
GG3 in prostate biopsies (P = 0.001). Percentage of positive
prostate biopsies (=50% and >50%) and percentage of ISUP
GG8 in prostate biopsies (=50% and >50%) were included as
ordinal variables for clinical relevance.

PSMA IN UNFAVORABLE INTERMEDIATE PCa  *

We evaluated the diagnostic value of PSMA PET/CT within the
largest known dataset of newly diagnosed unfavorable intermediate-
risk PCa patients. Given that 9.3% of patients had PSMA-expressing
metastases, resulting in an NNI of approximately 10, this study sup-
ports the diagnostic value of PSMA PET/CT within this specific yet
important patient population. However, as a relatively expensive
diagnostic tool with only limited availability, careful consideration
should be given to who will benefit most from PSMA PET/CT (7).
In this study, we showed that a radiologically more advanced stage
of disease on MRI and a higher proportion of positive prostate biop-
sies were independently associated with metastatic disease on PSMA
PET/CT.

Even though the proPSMA study has demonstrated the diagnostic
value of PSMA PET/CT in men with newly diagnosed ISUP GG3
PCa, data on its diagnostic value within the intermediate-risk group,
and in particular the unfavorable intermediate-risk group, are lacking
(I). There are only a few reports on the incidence of PSMA-
expressing metastases within the intermediate-risk PCa population,
which do not elaborate on the incidence of metastases within the dif-
ferent prognostic subgroups (3,6,18-21). In the retrospective cohort
study by Yaxley et al., the incidence of PSMA-expressing metastases
was studied in 638 intermediate-risk PCa patients. Metastatic disease
was identified in 5.2% of the patients (3). On the other hand, Chika-
tamarla et al. found higher incidence rates for metastatic disease (6).
Within their intermediate-risk PCa population, 8.5% (6/71) of men
had bone metastases on PSMA PET/CT. Their higher metastatic
rates may be attributed to the PSMA radiotracer used, namely
['®F]PSMA-1007, which is known to have higher rates of nonspe-
cific bone lesions (22—24). This was likewise observed in our cohort,
as 20.8% of men with unfavorable intermediate-risk PCa had bone
metastases. Their lower observed incidence of metastatic disease,
compared with our study, may be explained by the fact that Yaxley
et al. and Chikatamarla et al. included both favorable and unfavor-
able intermediate-risk PCa patients. Therefore, the incidence of meta-
static disease in their unfavorable intermediate-risk populations
might be higher and hence similar to ours.

In our study, a radiologic stage of at least T3 was found to be a
statistically independent prognostic factor for PSMA-expressing
metastases. Similar outcomes were shown by Yaxley et al. as they
reported metastatic disease in 35.2% of men with radiologic stages
of at least T3a (2). However, this increased incidence was observed
in a population with low-, intermediate- and high-risk patients, and
specific data regarding the unfavorable intermediate-risk PCa popu-
lation were lacking. The clinical benefit of the radiologic tumor
stage for stratification of patients before metastatic screening
may be partially explained by the improved ability of local staging
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TABLE 5
Incidence of Metastatic Disease and NNI According to Prostate Cancer Network Netherlands Subclassification

Low metastatic potential: rT1-2
and =50% positive

Result prostate biopsies

Moderate metastatic potential:
rT1-2 and >50% and <75%

High metastatic potential:
rT3-4 or >75% positive

positive prostate biopsies prostate biopsies

Metastatic disease 6/197 (3.0%)

miN1 4/6 (66.7%)
miM1a -
miM1b 2/6 (33.3%)
NNI 32

*Patients could have multiple metastatic lesions simultaneously.
rT = radiologic tumor stage.

5/53 (9.4%) 24/130 (18.5%)
4/5* (80.0%) 20/24* (83.3%)

- 3/24* (12.5%)
2/5* (20.0%) 8/24* (33.3%)
10 5

by MRI compared with digital rectal examination and the predic-
tive value of the tumor stage on the presence of nodal metastases
(25,26).

Along with the radiologic tumor stage, the proportion of positive
prostate biopsies was associated with the presence of metastatic
disease on PSMA PET/CT in our study. This is equally the case for
the proportion of ISUP GG3 in prostate biopsies and in line with
preexisting literature (27). The presence of these associations may
be explained by potential improper grading at the time of biopsy.
The proportion of highest ISUP GG in biopsies has been shown to
be a significant predictor of both up- and downgrading in radical
prostatectomy—the lower the proportion, the greater the likelihood
of downgrading and, consequently, an inaccurate indication (2§).
The fact that both targeted and systematic biopsies were taken in
most men may also have influenced our unfavorable intermediate-
risk group, as the original American Urological Association risk
groups were based on ISUP GG from systematic sextant biopsies.
Systematic biopsies are more frequently upgraded at radical prosta-
tectomy than targeted biopsies (29).

Our study is not devoid of limitations. First, given the retrospec-
tive nature of this study, the presence of selection bias cannot be
ruled out, meaning results should be interpreted with caution. Sec-
ond, the lack of histopathologic reevaluation when prostate biop-
sies were not performed within the Netherlands Cancer Institute
and Amsterdam University Medical Center may have influenced
the ISUP GG and potentially our results. Furthermore, given that
PSMA PET/CT scans were performed in several hospitals, scan
protocols may have differed, which might have influenced our
findings. In addition, multiple PSMA radiotracers were used
within this cohort. Since experience with particular PSMA radio-
tracers is essential for interpreting scans, the variety of tracers
used may have influenced the assessments (24). Finally, because
of the lack of histopathologic confirmation, it remains unclear
whether these PSMA-avid metastases were indeed PCa metasta-
ses. Considering the limitations discussed, future prospective stud-
ies are needed to further investigate the diagnostic value of PSMA
PET/CT within this specific yet important patient population.

CONCLUSION

PSMA PET/CT is of diagnostic value in men with newly diag-
nosed unfavorable intermediate-risk PCa. Our data show that nearly 1
in 10 men who underwent metastatic screening with PSMA PET/CT
showed metastatic disease. Especially men with more advanced
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radiologic tumor stages and higher percentages of positive prostate
biopsies might benefit most from PSMA-based metastatic screening.
On the basis of our analyses, further stratification of unfavorable
intermediate-risk PCa patients using the proposed Prostate Cancer
Network Netherlands subclassification could aid in identifying those
patients at risk of having metastatic disease on PSMA PET/CT. How-
ever, given the paucity of data on the diagnostic value of PSMA
PET/CT within this distinct patient population, further research is
needed to support and externally validate our findings.
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KEY POINTS

QUESTION: Should PSMA PET/CT be recommended in men with
newly diagnosed unfavorable intermediate-risk PCa?

PERTINENT FINDINGS: In a retrospective analysis with 396
newly diagnosed unfavorable intermediate-risk PCa patients,
PSMA-expressing metastases were observed in 37 (9.3%) men.
A radiologically more advanced stage of disease on MRI and a
higher percentage of positive prostate biopsies were found to be
independently associated with the presence of PSMA-expressing
metastases.

IMPLICATIONS FOR PATIENT CARE: Further stratification of
unfavorable intermediate-risk PCa patients using the proposed
Prostate Cancer Network Netherlands subclassification could aid
in identifying those patients at risk of having metastatic disease on
PSMA PET/CT.

REFERENCES

1. Hofman MS, Lawrentschuk N, Francis RJ, et al. Prostate-specific membrane anti-
gen PET-CT in patients with high-risk prostate cancer before curative-intent sur-
gery or radiotherapy (proPSMA): a prospective, randomised, multicentre study.
Lancet. 2020;395:1208-1216.

. Donswijk ML, van Leeuwen PJ, Vegt E, et al. Clinical impact of PSMA PET/CT
in primary prostate cancer compared to conventional nodal and distant staging: a
retrospective single center study. BMC Cancer. 2020;20:723.

. Yaxley JW, Raveenthiran S, Nouhaud FX, et al. Risk of metastatic disease on 68gal—
lium-prostate-specific membrane antigen positron emission tomography/computed

[S]

%)

THE JOURNAL OF NUCLEAR MEDICINE * Vol. 64 + No. 8 + August 2023



w

f=2)

=2

ol

Nel

16.
17.

tomography scan for primary staging of 1253 men at the diagnosis of prostate can-
cer. BJU Int. 2019;124:401-407.

. Rogasch JM, Cash H, Zschaeck S, et al. Ga-68-PSMA PET/CT in treatment-naive

patients with prostate cancer: which clinical parameters and risk stratification sys-
tems best predict PSMA-positive metastases? Prostate. 2018;78:1103-1110.

. Dekalo S, Kuten J, Campbell J, et al. **Ga-prostate-specific membrane antigen pos-

itron emission tomography/computed tomography for patients with favorable
intermediate-risk prostate cancer. Can Urol Assoc J. 2022;16:E381-E385.

. Chikatamarla VA, Okano S, Jenvey P, et al. Risk of metastatic disease using

["*F]PSMA-1007 PET/CT for primary prostate cancer staging. EJNMMI Res.
2021;11:128.

. Mohler JL, Antonarakis ES, Armstrong AJ, et al. Prostate cancer, version 2.2019,

NCCN clinical practice guidelines in oncology. J Natl Compr Canc Netw. 2019;
17:479-505.

Sanda MG, Cadeddu JA, Kirkby E, et al. Clinically localized prostate cancer:
AUA/ASTRO/SUO guideline. Part I: risk stratification, shared decision making,
and care options. J Urol. 2018;199:683-690.

. Jadvar H, Calais J, Fanti S, et al. Appropriate use criteria for prostate-specific

membrane antigen PET imaging. J Nucl Med. 2022;63:59-68.

. Meijer D, de Barros HA, van Leeuwen PJ, et al. The predictive value of preopera-

tive negative prostate specific membrane antigen positron emission tomography
imaging for lymph node metastatic prostate cancer. J Urol. 2021;205:1655-1662.

. Barentsz JO, Richenberg J, Clements R, et al. ESUR prostate MR guidelines 2012.

Eur Radiol. 2012;22:746-757.

. Turkbey B, Rosenkrantz AB, Haider MA, et al. Prostate imaging reporting and

data system version 2.1: 2019 update of prostate imaging reporting and data system
version 2. Eur Urol. 2019;76:340-351.

. de Rooij M, Israél B, Tummers M, et al. ESUR/ESUI consensus statements on

multi-parametric MRI for the detection of clinically significant prostate cancer:
quality requirements for image acquisition, interpretation and radiologists’ training.
Eur Radiol. 2020;30:5404-5416.

. van Leenders GJLH, van der Kwast TH, Grignon DJ, et al. The 2019 International

Society of Urological Pathology (ISUP) consensus conference on grading of pros-
tatic carcinoma. Am J Surg Pathol. 2020;44:e87-e99.

. Ceci F, Oprea-Lager DE, Emmett L, et al. E-PSMA: the EANM standardized reporting

guidelines v1.0 for PSMA-PET. Eur J Nucl Med Mol Imaging. 2021;48:1626-1638.
Haller S. The concept of “number needed to image.” 4/NR. 2017;38:E79-E80.

de Feria Cardet RE, Hofman MS, Segard T, et al. Is prostate-specific membrane antigen
positron emission tomography/computed tomography imaging cost-effective in prostate
cancer: an analysis informed by the proPSMA trial. Eur Urol. 2021;79:413-418.

PSMA IN UNFAVORABLE INTERMEDIATE PCa  *

20.

2

—_

22.

2

[

24.

26.

27.

29.

. Cytawa W, Seitz AK, Kircher S, et al. %8Ga-PSMA I&T PET/CT for primary stag-

ing of prostate cancer. Eur J Nucl Med Mol Imaging. 2020;47:168-177.

. Kulkarni SC, Sundaram PS, Padma S. In primary lymph nodal staging of patients

with high-risk and intermediate-risk prostate cancer, how critical is the role of
gallium-68 prostate-specific membrane antigen positron emission tomography-
computed tomography? Nucl Med Commun. 2020;41:139-146.

Simsek DH, Sanli Y, Engin MN, Erdem S, Sanli O. Detection of metastases in
newly diagnosed prostate cancer by using ®*Ga-PSMA PET/CT and its relationship
with modified D’ Amico risk classification. Eur J Nucl Med Mol Imaging. 2021;48:
1639-1649.

. Kopp D, Kopp J, Bernhardt E, et al. **Ga-prostate-specific membrane antigen posi-

tron emission tomography-computed tomography-based primary staging and histo-
logical correlation after extended pelvic lymph node dissection in intermediate-risk
prostate cancer. Urol Int. 2022;106:56-62.

Arnfield EG, Thomas PA, Roberts MJ, et al. Clinical insignificance of ['*F]JPSMA-
1007 avid non-specific bone lesions: a retrospective evaluation. Eur J Nucl Med
Mol Imaging. 2021;48:4495-4507.

. Griinig H, Maurer A, Thali Y, et al. Focal unspecific bone uptake on ["*F]-PSMA-

1007 PET: a multicenter retrospective evaluation of the distribution, frequency,
and quantitative parameters of a potential pitfall in prostate cancer imaging. Eur J
Nucl Med Mol Imaging. 2021;48:4483-4494.

Hagens MJ, Oprea-Lager DE, Vis AN, et al. Reproducibility of PSMA PET/CT
imaging for primary staging of treatment-naive prostate cancer patients depends on
the applied radiotracer: a retrospective study. J Nucl Med. 2022;63:1531-1536.

. de Rooij M, Hamoen EH, Witjes JA, Barentsz JO, Rovers MM. Accuracy of mag-

netic resonance imaging for local staging of prostate cancer: a diagnostic meta-
analysis. Eur Urol. 2016;70:233-245.

Meijer D, van Leeuwen PJ, Donswijk ML, et al. Predicting early outcomes in
patients with intermediate- and high-risk prostate cancer using prostate-specific
membrane antigen positron emission tomography and magnetic resonance imaging.
BJU Int. 2022;129:54-62.

Aydos U, Cetin S, Akdemir UO, et al. The role of histopathological and biochemi-
cal parameters for predicting metastatic disease on **Ga-PSMA-11 PET in prostate
cancer. Prostate. 2021;81:1337-1348.

. Yoo S, Suh J, Park J, et al. Proportion of cores with the highest Gleason grade

group among positive cores on prostate biopsy: does this affect the probability of
upgrading or downgrading? Scand J Urol. 2019;53:372-377.

Goel S, Shoag JE, Gross MD, et al. Concordance between biopsy and radical pros-
tatectomy pathology in the era of targeted biopsy: a systematic review and meta-
analysis. Eur Urol Oncol. 2020;3:10-20.

Hagens et al. 1243



Safety and Efficacy of ['"’Lu]-PSMA-I&T Radioligand Therapy
in Octogenarians with Metastatic Castration-Resistant Prostate
Cancer: Report on 80 Patients over the Age of 80 Years
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77| u-labeled prostate-specific membrane antigen (PSMA) radioligand
therapy (RLT) is a new treatment option for metastatic castration-
resistant prostate cancer (MCRPC). Its low toxicity profile favors use
in elderly patients or in patients with critical comorbidities. The pur-
pose of this analysis was to evaluate the efficacy and safety of ['7Lu]-
PSMA RLT in mCRPC patients at least 80y old. Methods: Eighty
mCRPC patients at least 80y old underwent ['7"Lu]-PSMA-I&T RLT
and were retrospectively selected. The patients were previously trea-
ted by androgen receptor—directed therapy, received taxane-based
chemotherapy, or were chemotherapy-ineligible. The best prostate-
specific antigen (PSA) response was calculated, as well as clinical
progression-free survival (cPFS) and overall survival (OS). Toxicity
data were acquired until 6 mo after the last treatment cycle. Results:
Of 80 patients, 49 (61.3%) were chemotherapy-naive and 16 (20%)
had visceral metastases. The median number of previous mCRPC
treatment regimens was 2. In total, 324 cycles (median, 4 cycles;
range, 1-12) with a median cumulative activity of 23.8 GBq (inter-
quartile range, 14.8-42.2) were applied. A PSA decline of 50% was
achieved in 37 (46.3%) patients. Chemotherapy-naive patients showed
higher 50% PSA response rates than chemotherapy-pretreated
patients (51.0% vs. 38.7%, respectively). Overall, median cPFS and
OS were 8.7 and 16.1 mo, respectively. The median cPFS and OS
of chemotherapy-naive patients were significantly longer than those
of chemotherapy-pretreated patients (10.5 vs. 6.5mo and 20.7 vs.
11.8 mo, respectively, P < 0.05). A lower hemoglobin level and higher
lactate dehydrogenase level at baseline were independent predictors
of shorter cPFS and OS. Treatment-emergent grade 3 toxicities were
anemia in 4 patients (5%), thrombocytopenia in 3 patients (3.8%),
and renal impairment in 4 patients (5%). No nonhematologic grade 3
and no grade 4 toxicities were observed. The most frequent clinical
side effects were grade 1-2 xerostomia, fatigue, and inappetence.
Conclusion: ['"7Lu]-PSMA-I&T RLT in mCRPC patients at least 80y
old is safe and effective, comparable to previously published data on
non-age-selected cohorts with a low rate of high-grade toxicities.
Chemotherapy-naive patients showed a better and longer response
to therapy than taxane-pretreated patients. ['7’Lu]-PSMA RLT seems
to be a meaningful treatment option for older patients.

Key Words: metastatic castration-resistant prostate cancer; radioli-

gand therapy; prostate-specific membrane antigen; ['77Lu]-PSMA;
elderly patients
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Octogenarians represent a considerable proportion of patients
with prostate cancer (/). Future projections indicate a growth due
to the global increase in life expectancy and more life-prolonging
treatments (2). Management of late-stage disease in elderly men is
challenging given the reduced normal organ function or higher fre-
quency of drug interactions related to treatment of comorbidities (3).
Elderly patients have higher incidences of cardiovascular diseases,
impaired renal function, and a lower bone marrow function. Therapy-
related side effects are often less tolerated by senescent patients (4).
In some age-stratified analyses of cytotoxic and androgen receptor—
targeted agents in older patients with metastatic castration-resistant
prostate cancer (mCRPC), increased toxicity rates were observed,
necessitating dose reductions (5). Enzalutamide can be associated
with cognitive impairment (6), and cabazitaxel has shown higher
rates of adverse events in men older than 75y (7).

In clinical studies, often only the fittest of elderly patients are
included (8). Consequently, despite the fact that approximately
42% of cancer patients are at least 70y old, they comprise less than
10% of the patients in clinical trials (9). ['7"Lu]-labeled prostate-
specific membrane antigen (PSMA) radioligand therapy (RLT) has
demonstrated a substantial antitumor effect and low rates of toxici-
ties in mCRPC. However, in the pivotal VISION trial, only 1.7%
(n = 14/831) of patients were 85y or older (10).

The primary aim of this retrospective analysis was to assess the
efficacy and safety of PSMA RLT in octogenarian mCRPC
patients. Response and toxicity rates in chemotherapy-pretreated
and chemotherapy-naive patients were compared, and predictors
for clinical progression-free survival (cPFS) and overall survival
(OS) were investigated.

MATERIALS AND METHODS

Patients and Data Collection

mCRPC patients aged 80y or older and treated with ['”’Lu]-PSMA-
1&T RLT between October 2014 and February 2022 were identified from
our institutional database. ['”’Lu]-PSMA-I&T was prepared according
to good manufacturing practices and the German Medicinal Products
Act (Arzneimittelgesetz §13 2b). All patients gave written informed
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consent and were treated under the conditions of Declaration of Helsinki
article 37, “Unproven Interventions in Clinical Practice.” The responsi-
ble institutional review board approved the retrospective analysis (refer-
ence 115/18S).

Institutional eligibility criteria were previously published and were
in accordance with the interdisciplinary German guideline for the treat-
ment of prostate cancer after interdisciplinary tumor board decisions
(11-13). Briefly, the study included mCRPC patients with pretreatment
consisting of at least 1line of androgen receptor—targeted agents and
at least 1 line of taxane-based chemotherapy using a docetaxel or caba-
zitaxel regimen. Furthermore, patients who were ineligible for taxane-
based chemotherapy because of poor Eastern Oncology Cooperative
Group (ECOG) performance status (PS), higher-grade comorbidities, or
refusal of chemotherapy were included in this retrospective data collec-
tion. Pretherapeutic PSMA PET was performed, and uptake was required
to be higher in the tumor lesions than in the liver.

['"7Lu]-PSMA RLT Procedure

Radiolabeling of ['""Lu]-PSMA-I&T and administration of RLT were
performed as previously reported (/7,12,14). Patients usually underwent
RLT at 6-wk intervals at a standard dose of 7.4 GBq. Treatment could
be intensified with doses of up to 9 GBq or a 4-wk interval, or dosing
could be reduced to 6 GBq depending on clinical factors such as organ
function (e.g., impaired kidney or bone marrow function) and high or
low tumor load, similar to other reports (/5,76). The patients underwent
PSMA PET/CT every 12 wk during treatment.

Intravenous treatment with [!7’Lu]-PSMA-I&T was continued up
to a maximum of 12 cycles in patients with absence of radiographic or

clinical progression and lack of severe toxicity. Androgen-deprivation
therapy was continued during ['"’Lu]-PSMA-I&T RLT (Fig. 1). No
other systemic treatments were allowed.

Efficacy and Safety Assessment

Assessment of treatment efficacy was based on best prostate-specific
antigen (PSA) response (PSA decline of = 0%, =50%, or =90% during
treatment). PSA progression-free survival (PFS) according to the recom-
mendations of the Prostate Cancer Trials Clinical Working Group 3 (17)
and OS were calculated. cPFS was defined as the time from treatment
initiation to clinical or imaging progression or death, as previously pub-
lished (/2). Clinical progression included disease-related symptoms,
reduced ECOG PS, and new cancer-related complications. Treatment-
related toxicity was documented until 6 mo after the last RLT cycle and
graded according to the Common Terminology Criteria for Adverse
Events (version 5.0). Changes in ECOG PS after RLT were recorded.
Assessment of renal function was based on the estimated glomerular fil-
tration rate using the Chronic Kidney Disease Epidemiology Collabora-
tion 2012 equation.

Statistical Analyses

Descriptive analyses were used to assess PSA response. The Kaplan—
Meier curve method with corresponding 95% CI was used to analyze
PSA PFS, cPFS, and OS. In a subgroup analysis, chemotherapy-naive
and chemotherapy-pretreated patients were compared for treatment out-
come parameters.

Previously reported baseline parameters were used to evaluate poten-
tial predictions of cPFS and OS using the Cox proportional-hazards
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FIGURE 1. Swimmer plot of MCRPC treatments. Length of each bar symbolizes duration for which patient was on specific treatment.
['""Lu]-PSMA RLT N ELDERLY PATIENTS + Tauber et al. 1245



regression model. The following baseline variables were investigated:
PS, PSA level, hemoglobin level, alkaline phosphatase level, lactate
dehydrogenase (LDH) level, time between initial diagnosis and RLT
initiation, presence of bone metastases, presence of visceral metastases,
prior taxane-based chemotherapy, and primary metastatic disease. Only
variables with significant differences from the univariate model (P <
0.05) were included in the multivariable analysis. Results are reported
as hazard ratios (HRs) with 95% Cls.

A matched-pair subanalysis of 30 chemotherapy-naive versus 30
chemotherapy-pretreated patients was conducted to adjust for possible
bias at baseline. One patient of the chemotherapy-pretreated cohort could
not be matched. Matching parameters were clinical and imaging-based
parameters, consisting of time between first diagnosis and initiation of
['""Lu]-PSMA-I&T RLT, initial Gleason score/International Society of
Urological Pathology grade, primary metastatic disease, pretreatments
for mCRPC, PSA at diagnosis and at RLT initiation, baseline AP and
baseline LDH levels, and tumor distribution on baseline PSMA PET/CT.
The patient characteristics of chemotherapy-naive and chemotherapy-
pretreated subgroups were compared using the Fisher exact test and the
Mann—Whitney U test. Results were reported as frequency (percentage),

median with 25th—75th percentiles, or median with range. A 2-sided
P value of less than 0.05 was considered statistically significant. Statis-
tical analysis was performed using SPSS software (version 24; IBM).

RESULTS

Patient Population and Treatment with ['7’Lu]-PSMA-I&T

Overall, 80 patients with mCRPC were analyzed. Their median
age was 82y (range, 80-91vy) at the initiation of ['7’Lu]-PSMA-
1&T RLT. The median time between initial diagnosis and the start
of RLT was 9y (range, 1-25y). Of 80 patients, 49 (61.3%) were
chemotherapy-naive. A median of 2 (range, 1-6) previous mCRPC
treatment regimens had been applied, and 24 (30%) patients had
received 3 or more mCRPC treatments before RLT. A swimmer
plot was constructed to visualize mCRPC therapy lines (Fig. 1).
Baseline characteristics, including site of metastases, baseline PSA
levels, and details for the chemotherapy-naive and chemotherapy-
pretreated subgroups are presented in Table 1.

In total, 324 cycles of [!"’Lu]-PSMA-I&T had been administered,
with a median of 4 (interquartile range [IQR], 2-6) cycles per

TABLE 1
Baseline Patient Characteristics

Chemotherapy-naive

Chemotherapy-pretreated

Characteristic Entire cohort patients patients
Patients 80 49 31

Age (y) 82 (range, 80-91) 83 (range, 80-91) 81 (range 80-90)
iPSA (ng/mL) 18.6 (IQR, 7.9-61.8) 14.0 (IQR, 6.2-30.0) 23.0 (IQR, 12.5-71.5)

Time between initial diagnosis
and start of ['77Lu]-PSMA (y)

9 (range, 1-25)

Gleason score 8 (range, 5-10)
Primary metastasized 24 (30%)
mCRPC pretreatments 2 (range, 1-6)
3 or more prior mCRPC lines 24 (30%)

Baseline ECOG

0 21 (26.6%)

1 51 (63.8%)

2 8 (10.0%)
Baseline miTNM

N1 42 (52.5%)

Mia 46 (57.5%)

M1b 73 (91.3%)

Mic 16 (20.0%)
Baseline LDH (U/L) 253 (IQR, 216.0-309.0)
Baseline AP (U/L) 102.5 (IQR, 72.5-146)
Baseline PSA (ng/mL) 71.8 (IQR, 18.3-189.4)
Cycles 4 (range, 1-12)
Dose per cycle (GBq) 7.3 (IQR, 7.1-7.5)
Cumulative activity (GBq) 23.8 (IQR, 14.8-42.2)
Therapy duration (mo) 4 (IQR, 1-7)
Follow-up time (mo) 11.4 (IQR, 5.8-16.7)

9 (range, 1-25)

8 (range, 6-10)
15 (30.6%)

2 (range, 1-6)

7 (14.3%)

12 (24.5%)
32 (65.3%)
5 (10.2%)

23 (46.9%)
25 (51.0%)
44 (89.8%)
4 (8.2%)
253 (IQR, 219.8-300.3)
116 (IQR, 85-215)
108.0 (77.0-146.0)

4 (range, 1-12)
7.4 (IQR, 7.0-7.5)
26.8 (IQR, 15.0-44.7)
4 (IQR, 1-10)
13.4 (IQR, 8.9-19.7)

iPSA = initial PSA; miTNM = molecular imaging TNM; AP = alkaline phosphatase.
Qualitative data are number and percentage; continuous data are median and range or IQR.

8 (range, 1-20)

8 (range, 5-10)
9 (29.0%)
3 (1-5)

17 (54.8%)

9 (29.0%)
19 (61.3%)
3 (9.7%)

19 (61.3%)
21 (67.7%)
29 (93.5%)
12 (38.7)
255 (IQR, 213.5-331.5)
85 (IQR, 59-135)
149 (IQR, 21.1-348.5)
3 (range, 1-8)
7.3 (IQR, 7.1-7.4)
21.8 (IQR, 14.7-36.0)
1 (1-6)
7.7 (3.4-11.7)
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PSA decline in 51.0% vs. 38.7%, respec-
tively; Supplemental Fig. 2). This tendency
was confirmed in the matched-pair subanaly-
sis (Supplemental Table 2).

Median PSA PFS, c¢PFS, and OS were
6.1 mo (95% CI, 3.7-9.2mo), 8.7mo (95%
CI, 5.9-10.5mo), and 16.1mo (95% CI,
13.3-20.9 mo), respectively. Median cPFS
and median OS were significantly longer
in chemotherapy-naive patients than in
chemotherapy-pretreated patients (10.5 vs.
6.5mo and 20.7 vs. 11.8 mo; P = 0.01 and
<0.01, respectively). A strong trend toward

=75.0
27.5% pis. with -90% P3SA response

a longer PSA PFS in chemotherapy-naive
patients than in chemotherapy-pretreated
patients was also observed but was not sta-

-100.0
B CTx-naive patients [ ]

CTx-pretreated patients

tistically significant (6.2 vs. 3.8 mo, respec-
tively; P = 0.09) (Fig. 3). The results for
PSA PFS, cPFS, and OS were comparable

FIGURE 2. Waterfall plot of best PSA response during ['”"Lu]-PSMA-I&T RLT. Blue and orange
bars indicate chemotherapy-naive and chemotherapy-pretreated patients, respectively. *PSA increase

of >100%. CTx = chemotherapy; pts. = patients.

patient, a median dose of 7.3 GBq per cycle (IQR, 7.1-7.5 GBq), and
a median cumulative activity of 23.8 GBq (IQR, 14.8-42.2 GBq).
The median duration of RLT was 4mo (IQR, 1-7mo), and the
median follow-up time was 11.4mo (IQR, 5.8-16.7mo). Supple-
mental Figure 1 shows details of the RLT cycles of the cohort (sup-
plemental materials are available at http://jnm.snmjournals.org).

On the basis of the predefined criteria, 30 chemotherapy-pretreated
patients could be matched to 30 chemotherapy-naive patients from
the total cohort of 80 patients. The baseline and treatment charac-
teristics of the matched-pair subcohorts are shown in Supplemental
Table 1.

Treatment Efficacy and Clinical Outcomes

A maximum PSA response of at least 30%, at least 50%, and at
least 90% was achieved in 44 (55%), 37 (46.3%), and 22 (27.5%)
of the patients, respectively (Fig. 2). A trend toward a higher PSA
response in chemotherapy-naive than in chemotherapy-pretreated
patients was observed but was not statistically significant (e.g., =50%

in the matched-pair subanalysis (Supplemen-
tal Fig. 2).

Overall, 5 (6.3%) patients improved from
ECOG PS 1 to 0. PS was stable in 56
(70.0%) patients (in 11 [13.8%)] patients
with ECOG 0, 37 [46.3%)] patients with ECOG 1, and 8 [10.0%)]
patients with ECOG 2) after RLT. PS worsened by 1 and 2 grades
in 14 (17.5%) and 4 (5%) patients after RLT, respectively. In
2 patients, RLT was stopped at the patient’s request, and in 7 patients
RLT was stopped because of a worsening of the patient’s general
condition or other reasons.

Predicting Factors in OS and cPFS

The results of the univariate and multivariable analyses are shown
in Table 2. For OS, a shorter time from initial diagnosis (HR, 2.1
[95% CI, 1.0-4.2]; P = 0.04), a hemoglobin level below the median
of 11.9¢g/dL (HR, 2.8 [95% CI, 1.4-5.6]; P < 0.01), a LDH level
above the median of 253 U/L (HR, 3.3 [95% CI, 1.6-6.9]; P <
0.01), and pretreatment with taxane-based chemotherapy (HR, 3.0
[95% CI, 1.6-5.7]; P < 0.01) were associated with a worse out-
come on univariate analysis. However, in a multivariable Cox
regression model, only a lower hemoglobin level (HR, 2.2 [95%
CL 1.1-4.4]; P = 0.02), a higher LDH level (HR, 2.3 [95% CI,

A 100 100}~ C 100
Prior Taxane-based CTx Prior Taxane-based CTx Prior Taxane-based CTx
aol — no Median 6.2 (95%CI 4.7-12.4) BOL — no Median 10.5 (95%Cl 6.0-15.9) g0l — no Median 20.7 (95%Cl 14.5-22.7)
— yes Median 3.8 (95%Cl 2.4-8.6) = — yes Median6.5 (95%Cl 3.0-9.3) = — yes Median 11.8 (95%CI 10.3-16.1)
£ 60} log-rank test E 80 log-rank test S so0p log-rank test
0 P=0.095 a P=0015 5 P <0001
o = @
+ 40} S 40r = 40t
% e o
o o g
20+ 20 20k
0 o i 1 1 U il 1 1 1 1 0 al i 1 1 1 1 1 n L L
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50 B0 7O
Number at risk Thng (o) Time {mo) Time (mo)
CTx-naive: 49 15 2 1 1 0 49 19 7 2 2 0 49 36 12 3 2 1 1 0
CTx-pretreated: 31 2 0 0 0 0 31 3 0 0 0 0 3111 3 0 0 0 0 O

FIGURE 3. PSA PFS (A), cPFS (B), and OS (C) in chemotherapy-naive patients (n = 49) vs. chemotherapy-pretreated patients (n = 31). CTx =

chemotherapy.
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TABLE 2
Univariate and Multivariable Analysis of OS and cPFS in Entire Cohort (80 Patients)
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0.04
0.09

1.0-3.2
0.9-3.1

1.1-5.0 0.03 1.8
0.04 1.7

1.0-4.0

<0.01 2.3
2.0

1.3-3.9
1.1-3.7

1.6-6.9 <0.01 2.2

1.6-5.7

3.3
3.0

LDH > 253 U/L

0.02

2.0

<0.01

Prior taxane-based chemotherapy received

1.1-5.0]; P = 0.03), and prior taxane-based chemotherapy (HR,
2.0 [95% CI, 1.04.0]; P = 0.04) remained independent predictors
of a shorter OS.

For shorter cPFS, significant independent predictors were a lower
baseline hemoglobin level (HR, 2.2 [95% CI, 1.3-3.9]; P < 0.01)
and a higher baseline LDH level (HR, 1.8 [95% CI, 1.0-3.2]; P =
0.04). A shorter time from initial diagnosis and pretreatment with
taxane-based chemotherapy could not be confirmed as a significant
predictor of a shorter cPFS on multivariable analysis. Univariate
and multivariable analyses of OS and cPFS in the chemotherapy-
naive and chemotherapy-pretreated patients are presented in Sup-
plemental Tables 3 and 4.

Toxicity

Treatment with ['"’Lu]-PSMA-I&T was well tolerated, with a
low number of treatment-emergent grade 3 adverse events, such as
grade 3 anemia in 4 (5%) patients (Table 3). No grade 4 adverse
events occurred. The most frequent treatment-emergent low-grade
adverse events were hematotoxicity, in particular anemia in 46%
of the patients and thrombocytopenia in 16%. Renal toxicity of
grade 3 or less, based on the estimated glomerular filtration rate
changes, occurred in 20 (25%) of 80 patients, and grade 3 renal
toxicity occurred in 4 (5%) patients. In 3 (3.8%) of 80 patients, a
treatment-emergent decline in renal function led to termination of
['7"Lu]-PSMA-I&T RLT. The most frequent nonhematologic side
effects were xerostomia of grade 2 or less and fatigue in 32% of
the patients. The frequency of adverse events was similar between
chemotherapy-naive and chemotherapy-pretreated patients.

DISCUSSION

We retrospectively report on the treatment outcome and safety of
[Y""Lu]-PSMA-I&T RLT in 80 mCRPC octogenarians. The patients
underwent a median of 4 cycles with a favorable safety profile and
a low frequency (<10%) of higher-grade toxicities. Rates of 50%
PSA decline (46.3%), median PSA PFS (6.1 mo), and OS (16.1 mo)
were comparable to those in a non—age-selected population. A more
favorable outcome was observed in chemotherapy-naive patients.

So far, studies on PSMA-targeted RLT report data on patients
with a median age ranging between 70 and 72y (10,12,16). Speci-
fically, in the VISION trial only 1.7% (n = 14/831) of patients
were at the age of 85y or older (/0). Because of reduced organ
function and capability to tolerate side effects, oncologic treat-
ments in senescent patients are challenging. For our retrospective
analysis, we specifically selected octogenarians with a median age
of 82y at treatment initiation. In this selected group, treatment with
[Y"7Lu]-PSMA-I&T was overall safe and well tolerated, comparable
to previously published data on RLT with [!”’Lu]-PSMA (10,12,16).

We acknowledge a high variation in reported toxicity rates in
the literature for PSMA RLT in non—age-selected cohorts. Rates
of anemia, for example, have varied: 19% of the patients in the
TheraP-trial, 32% of the patients in the VISION trial, and 36% of
the patients in a retrospective single-center study (10,12,18). The
occurrence of posttherapeutic fatigue ranges between 20% and 70%,
similar to xerostomia, which was observed in 24%—-87% (10,12,16).
These distinct variations most likely underline differences between
retrospective and prospective studies and the limited comparability
and standardization of subjective, patient-reported symptoms.

Given their reduced organ function, comorbidities, and impaired
general condition, octogenarians are frequently designated as unfit
for chemotherapy. We specifically investigated and compared side
effects in chemotherapy-naive and chemotherapy-pretreated patients

Vol. 64 + No.8 -+ August 2023



TABLE 3
['"7Lu]-PSMA-I&T RLT Emergent Toxicities

Chemotherapy-naive Chemotherapy-pretreated

Toxicity Entire cohort

patients patients P*

Hematologic toxicities

Anemia
All grades 37 (46.3%)
Grade 3or 4 4 (5.0%)

Leukocytopenia
All grades
Grade 3or 4

Thrombocytopenia

12 (15.0%)
0 (0%)

All grades 13 (16.3%)
Grade 3or 4 3(3.8%)
Renal toxicity
Estimated glomerular filtration rate
All grades 20 (25%)
Grade 3or 4 4 (5.0%)
Nonhematologic toxicities
Xerostomia
All grades 26 (32.5%)
Grade 3 0 (0%)
Fatigue
All grades 26 (32.5%)
Grade 3or 4 0 (0%)
Loss of appetite
All grades 16 (20.0%)
Grade 3or 4 0 (0%)
Diarrhea
All grades 4 (5.0%)
Grade 3or 4 0 (0%)
Constipation
All grades 7 (8.8%)
Grade 3or 4 0 (0%)
Nausea
All grades 2 (2.5%)
Grade 3or 4 0 (0%)
“x? test.

23 (46.9%) 14 (45.2%) 0.64
1 (2.0) 3(9.7%)

5 (10.2%) 7 (22.6%) 0.18
0 (0%) 0 (0%)

7 (14.3%) 6 (19.4%) 0.20
1 (2.0%) 2 (6.5%)

15 (30.6%) 5 (16.1%) 0.29
2 (4.1%) 2 (6.5%)

19 (38.8%) 7 (22.6%) 0.39
0 (0%) 0 (0%)

14 (28.6%) 12 (38.7%) 0.53
0 (0%) 0 (0%)

11 (22.4%) 5 (16.1%) 0.79
0 (0%) 0 (0%)

4 (8.2%) 0 (0%) 0.70
0 (0%) 0 (0%)

6 (12.2%) 1 (3.2%) 0.91
0 (0%) 0 (0%)

2 (4.1%) 1 (3.2%) 0.89
0 (0%) 0 (0%)

and observed no substantial differences. A recent retrospective anal-
ysis of 83 chemotherapy-pretreated versus 84 chemotherapy-naive
non—age-selected mCRPC patients reported equal rates of side
effects in both groups (19).

In comparison to taxane-based chemotherapy, the rates of side
effects of ['7"Lu]-PSMA-I&T RLT are similar, with a trend toward
a lower number of high-grade toxicities and lower rates of treat-
ment discontinuation. A multicenter study of docetaxel as the first
mCRPC treatment line in a comparable patient cohort of 123 octo-
genarians (median age, 82y) reported toxicity with grade 3—4
neutropenia in 10.6%, fatigue in 9.7%, and diarrhea in 4.1%, but

['""Lu]-PSMA RLT N ELDERLY PATIENTS + Tauber et al.

toxicity-related treatment discontinuation occurred in 15.4% (20). In
a smaller cohort, Wong et al. reported distinctly higher rates of grade
3—4 hematologic toxicity in 9 of 20 (45%) patients and hospitaliza-
tion of 5 patients because of chemotherapy-related complications
(21). In the TROPIC trial, mCRPC patients older than 75y and pre-
treated with docetaxel (n = 70) showed higher rates of diarrhea and
neutropenia after cabazitaxel than did younger patients (» = 301)
(55.7% and 24.2% vs. 44.5% and 17.6%, respectively) (7). Consistent
with that, multivariable analysis of data from the European early-
access program for cabazitaxel showed higher age to be a predictor of
neutropenia of grade 3 or higher (22).
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Similar observations with higher rates of toxicities in elderly
patients have been reported for other mCRPC treatments. For the
androgen receptor—targeting agent abiraterone, slightly higher rates
of cardiac disorders such as atrial fibrillation and tachycardia were
observed in mCRPC patients older than 75y (9), and more frequent
toxicity-caused treatment discontinuation was observed in octogen-
arians (23). For enzalutamide, similar tendencies were reported in
elderly patients (24).

Impaired renal function is a known comorbidity in elderly
patients (25). Currently, the impact of ['”’Lu]-PSMA RLT on
renal function is not entirely clear. In early retrospective studies, no
grade 3—4 renal toxicity was described (/7). Assuming a similar
delayed onset of kidney toxicity for ['7’Lu]-PSMA RLT, as known
from, for example, peptide receptor radionuclide therapy, the cur-
rent study protocols and the limited life span of mCRPC patients
might not adequately capture its potential long-term effects. For
instance, adverse events in patients in the pivotal phase III (VISION)
trial were detected only up to 30 d after the last administration (10).
However, our group recently reported 3 mCRPC patients showing
histopathologically confirmed radiation nephropathy after high
cumulative doses of ['7’Lu]-PSMA-I&T RLT (26). In the current
study, 3 of 80 elderly patients eventually had to stop ['7’Lu]-PSMA-
I&T RLT because of progressive renal impairment.

A PSA decline of at least 50% in 37 (46.3%) patients, a median
PSA PFS of 6.1 mo, and a median OS of 16.1 mo are in the range
of reports for a general mCRPC population and document the high
antitumor effect of ['”’Lu]-PSMA RLT in elderly patients. Not
unexpectedly, chemotherapy-naive patients showed a significantly
longer median cPFS and median OS of 10.5 and 20.7 mo, respec-
tively. This finding was confirmed in a matched-pair subgroup
analysis of 30 chemotherapy-naive patients versus 30 chemotherapy-
pretreated patients (median OS, 20.7 vs. 11.8 mo, respectively). Pre-
viously, Barber et al. reported similar differences for both groups
(27.1 vs. 10.7 mo, respectively) in a general mCRPC cohort (/9).
These data compare well with docetaxel in a first-line mCRPC set-
ting. In a similar patient cohort of 123 octogenarians (median age,
82y), a PFS of 7mo and a median OS of 20 mo were reported (20).

In our study, a lower hemoglobin level and a higher LDH level
at treatment initiation were independent baseline predictors of
both inferior cPFS and inferior OS, a finding that is in line with
data on non—age-selected investigations (/2,27). Likewise, prior
taxane-based chemotherapy was associated with a poorer OS in a
multivariable Cox regression model (/9). The presence of visceral
metastases, a significant predictor of OS in previous studies, was
not related to OS in this analysis, possibly because of the limited
number of patients.

The presented data have several limitations. The main limitation
is the retrospective nature of the study, potentially missing side
effects occurring outside the usual treatment and follow-up visits.
Second, comparing rates of adverse events with data from the lit-
erature is prone to potential bias from different patient characteris-
tics. Third, we could not perform further analysis with respect to
the predictive nature of pretherapeutic PSMA PET, as patients in
this cohort underwent PET with different PSMA ligands.

CONCLUSION

['7"Lu]-PSMA-I&T RLT in mCRPC patients at least 80y old is
safe and effective, comparable to previously published data on
non—age-selected cohorts with only a low rate of high-grade toxi-
cities. Therefore, this treatment can be considered an alternative
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option in patients who are not eligible for taxane-based chemother-
apy because of comorbidities or other relevant medical conditions.
Similar to other agents, ['7’Lu]-PSMA-I&T RLT showed higher
rates of biochemical response and a longer duration of response in
chemotherapy-naive patients. A prospective evaluation in earlier
stages of mCRPC is already being explored in different studies
(e.g., PSMAfore and SPLASH) to better define the role of [!7"Lu]-
PSMA RLT in the therapy sequence of prostate cancer. The results
might provide further insight into potential long-term toxicities
(e.g., renal impairment), which are currently not fully known
because of the limited life expectancy of mCRPC patients.
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KEY POINTS

QUESTION: The purpose of this retrospective analysis was to
evaluate the efficacy and safety of ['”"Lu]-PSMA RLT in metastatic
castration-resistant prostate cancer (nCRPC) patients at least
80y old.

PERTINENT FINDINGS: In a retrospective analysis of patients

at least 80y old with mCRPC, ['""Lu]-PSMA RLT showed
comparable efficacy and safety to the published data. In the

total cohort, 46.3% of the patients had a PSA response of at
least 50%. In the subgroup analysis, there was a certain but
nonsignificant advantage for patients without prior chemotherapy
(PSA response, 51.0% vs. 38.7%). The therapy was well tolerated
by the elderly patients. Critical grade 3 side effects occurred only
rarely (e.g., anemia, 5%). No grade 4 toxicity was observed.

IMPLICATIONS FOR PATIENT CARE: ['""Lu]-PSMA RLT seems
to be a meaningful treatment option for older patients.
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Prostate-specific membrane antigen (PSMA) radioligand therapy (RLT)
has shown encouraging results for treatment of metastatic castration-
resistant prostate cancer (NCRPC) in the prospective, multicenter, ran-
domized phase |l TheraP study. The inclusion criteria for that study
comprised a pretherapeutic ®Ga-PSMA-11 PET scan showing suffi-
cient tumor uptake using a predefined threshold and the absence
of 18F-FDG-positive, PSMA ligand-negative tumor lesions. However,
the prognostic value of these PET-based inclusion criteria remains
unclear. Therefore, we evaluated the outcome of mMCRPC patients
treated with PSMA RLT using TheraP as well as other TheraP-based
PET inclusion criteria. Methods: First, patients were dichotomized into
2 groups whose PSMA PET scans did (TheraP contrast-enhanced
PSMA [cePSMA] PET-positive) or did not (TheraP cePSMA PET-
negative) fulfill the inclusion criteria of TheraP. Notably, unlike in
TheraP, "8F-FDG PET was not performed on our patients. Prostate-
specific antigen (PSA) response (PSA decline = 50% from baseline),
PSA progression-free survival, and overall survival (OS) were com-
pared. Additionally, patients were further dichotomized according to
predefined SUV .« thresholds different from those used in TheraP to
analyze their potential impact on outcome as well. Results: In total,
107 mCRPC patients were included in this analysis (TheraP cePSMA
PET-positive, n = 77; TheraP cePSMA PET-negative, n = 30). PSA
response rates were higher in TheraP cePSMA PET-positive patients
than in TheraP cePSMA PET-negative patients (54.5% vs. 20%,
respectively; P = 0.0012). The median PSA progression-free survival
(P = 0.007) and OS (P = 0.0007) of patients were significantly longer in
the TheraP cePSMA PET-positive group than in the TheraP cePSMA
PET-negative group. Moreover, being in the TheraP cePSMA PET-
positive group was identified as a significant prognosticator of longer
OS (P = 0.003). The application of different SUV o« thresholds for a
single hottest lesion demonstrated no influence on outcome in patients
eligible for PSMA RLT. Conclusion: Patient selection for PSMA RLT
according to the inclusion criteria of TheraP led to a better treatment
response and outcome in our preselected patient cohort. However, a
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relevant number of patients not fulfiling these criteria also showed
substantial rates of response.

Key Words: metastatic castration-resistant prostate cancer; mCRPC;
TheraP; ®8Ga-PSMA-11 PET; prostate-specific membrane antigen
targeted radioligand therapy; PSMA RLT
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In patients with metastatic castration-resistant prostate cancer
(mCRPC), prostate-specific membrane antigen (PSMA) radioligand
therapy (RLT) has emerged as a promising option with favorable
efficacy and low toxicity and was recently approved by the Food
and Drug Administration and the European Medicines Agency
(1—4). Patients who received prior treatment usually undergo PET
imaging (e.g., using ®®Ga-PSMA-11) to assess for sufficient PSMA
ligand uptake (5). To date, the criteria used to select patients are
inconsistent in clinical use and even differ between prospective
clinical trials (6).

Recently, the prospective, multicenter, randomized phase Il TheraP
study was published comparing "’Lu-PSMA-617 with cabazitaxel in
200 mCRPC patients (7). It reported a significantly higher treatment
response and less toxicity in patients receiving !”’Lu-PSMA-617.
This trial used strict PSMA ligand PET-based selection criteria
requiring high **Ga-PSMA-11 tumor uptake with an SUV,,, of at
least 20 for at least 1 metastatic site, an SUV ,,, of greater than 10
for all other measurable (diameter, =10 mm) lesions, and absence
of 8F-FDG—positive, PSMA ligand-negative tumor lesions (7).
7L u-PSMA-I&T is another PSMA ligand showing promising
results for therapy of mCRCP and is currently being explored in a
prospective, multicenter, randomized phase III trial on mCRPC
prior chemotherapy (SPLASH, NCT04647526) after second-line
hormonal treatment (3,8). However, with the first results being
expected in 2023, the PSMA PET avidity criteria required in this
trial are so far unknown and cannot be addressed. High tumor
uptake of ®3Ga-PSMA-11 correlates with higher tumor radiation
doses (9) and—despite not being proven for PSMA RLT—yields
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TABLE 1
Baseline Patient Characteristics

Characteristic Data
No. of patients 107
Age (y) 73 (66-76)

PSA (ng/mL)

Lactate dehydrogenase (U/L)
Alkaline phosphatase (U/L)
Hemoglobin (g/dL)

Prior systemic therapies for mCRPC

115 (19-324)
266 (217-350)
101 (72-229)
11.5 (10.1-12.4)

Docetaxel 82
Cabazitaxel 20
Abiraterone 87
Enzalutamide 63
225Ra 19
Previous chemotherapy 82

Site of metastasis

Lymph node, overall 87
Lymph node only (N1+/M1a) 7
Bone overall 97
Bone (M1b, without 71
visceral metastases)
Visceral, overall (M1c) 31
Liver 10
Lung 14
Adrenal 10

Qualitative data are number and percentage; continuous data
are median and interquartile range (n = 107).

promise of better treatment effects. Therefore, following the thera-
nostic paradigm, it seems reasonable to limit RLT to patients with
high ®Ga-PSMA-11 tumor uptake and avoid including patients with
a lower chance of response but still at risk for side effects. However,
it remains unclear how well the selected SUV ., thresholds separate
patients who do benefit from RLT from those do not, as biologic dif-
ferences in the tumor might also play a substantial role.

Thus, the aim of this retrospective analysis was to evaluate
the prognostic value of predefined SUV,,-based thresholds,

including those applied in TheraP for the outcome of PSMA RLT.
Outcome was measured by a prostate-specific antigen (PSA) decline
of at least 50% from baseline, PSA progression-free survival (PFS),
and overall survival (OS). Of note, the investigation included our
large cohort of mCRPC patients previously treated with RLT using
less restrictive criteria than in TheraP and therefore also encompasses
patients who would not have been selected for RLT in this trial.

MATERIALS AND METHODS

Patients and '"’Lu-PSMA-I&T RLT

From our institutional database of patients who underwent PSMA
RLT using '7’Lu-PSMA-I&T from December 2014 to July 2020 at the
Department of Nuclear Medicine, School of Medicine, Technical Uni-
versity of Munich, 120 patients with **Ga-PSMA-11 PET/CT imaging
before treatment were screened, and 107 consecutive patients with
PSMA PET imaging performed at our institution were selected. This
patient population includes 73 patients for whom the safety and antitu-
mor effect of PSMA RLT, but not the prognostic value of pretherapeu-
tic ®®Ga-PSMA-11 PET, have already been reported by Heck et al. (3).
All patients had previously received second-line hormonal therapy with
abiraterone or enzalutamide as well as chemotherapy or were unfit for
chemotherapy. The patient characteristics are shown in Table 1. Before
treatment, uptake in tumor lesions was confirmed by *Ga-PSMA-11 PET
imaging, and patients needed to present with lesions showing PSMA
ligand uptake at least as high as liver background uptake. '”’Lu-PSMA-
1&T was synthesized and radiolabeled as reported by Weineisen et al.
(10). """Lu-PSMA-I&T was prepared according to good manufacturing
practices and the German Medicinal Products Act (Arzneimittelgesetz
§13 2b). In total, 444 cycles of PSMA RLT with a median of 4 cycles per
patient (range, 2-20 cycles) were applied. Treatment was discontinued in
patients with radiographic or clinical signs of progression or the appear-
ance of severe toxicity according to the investigator. Patients received an
intravenous treatment using a standard activity of 7.4 GBq of ""Lu-
PSMA-I&T every 4-10 wk (median, 6 wk), which could be slightly
adapted on the basis of, for example, lab test results and tumor burden.
All patients gave written informed consent and were treated under the con-
ditions of Declaration of Helsinki article 37, “Unproven Interventions in
Clinical Practice.” The retrospective analysis was approved by the local
ethics committee under reference number 115/18 S.

Image Analysis and Definition of PET Eligibility

%8Ga-PSMA-11 was synthesized according to Eder et al. (/7). ®3Ga-
PSMA-11 was given to patients via an intravenous bolus followed by
an intravenous injection of diuretic (furosemide). The PET acquisition
began about 60 min after injection. All patients were examined on a
Biograph mCT scanner (Siemens Medical Solutions). A diagnostic CT
scan was initially performed in the portal venous phase 80 s after

TABLE 2
PET-Based Eligibility Criteria

PET-based eligibility in TheraP using

Institutional PET-based eligibility criteria using

Criterion %8Ga-PSMA-11 and '®F-FDG PET (7) 58Ga-PSMA-11 and contrast-enhanced CT
Inclusion PSMA-positive disease with at least SUV 5 of PSMA ligand uptake at least as high as liver
20 at site of disease; SUVax greater than background uptake in most metastatic lesions
10 at all other sites of measurable (diameter,
=10 mm) metastatic disease
Exclusion Metastatic site of disease with discordant Any negative visceral metastases (>1cm) or

18F_FDG-positive and ®8Ga-PSMA-
11-negative findings

relevant fraction (~>25%) of soft-tissue lesions
in contrast-enhanced CT with PSMA ligand
uptake lower than liver uptake

THERAP PSMA PET ELiGIBILITY CRITERIA *
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FIGURE 1. Comparison of PET eligibility criteria used in TheraP (inner
pie chart) and our retrospective stratification of patients (outer pie
chart). In inner pie chart, green fill is patients who fulfilled PET eligibility
criteria according to TheraP (TheraP-positive, 72%), gray fill is patients
who were excluded because of discordant '8F-FDG-positive, PSMA-
negative metastatic disease (18%), and red fill is patients who were not
included because of low uptake on ®8Ga-PSMA-11 PET/CT (SUVmax-
negative, 10%). In outer pie chart (not drawn to scale), green is patients
who retrospectively fulfilled inclusion criteria from TheraP (TheraP
cePSMA PET-positive, 72%), and red is patients who retrospectively
did not fulfill PSMA ligand PET-based SUV .« inclusion criteria (TheraP
cePSMA PET-negative, 28%). Asterisk in gap represents patient
cohort that was excluded from TheraP on basis of 13F—FDG—positive,
PSMA-negative disease and was also not treated with PSMA RLT at
our institution because of PSMA-negative visceral or soft-tissue lesions.
Hatched areas represent patients in our cohort who were treated with
PSMA RLT but might have been excluded from TheraP because of
"8F_FDG-positive, PSMA-negative bone disease. & = positive; © =
negative.

explored the impact of the SUV,,,, threshold of 20 required to be ful-
filled by at least 1 lesion in TheraP. For this analysis, exploratory thresh-
olds between an SUV,,,,, of 10 and an SUV,,,, of 50 were used, and the
patients were restratified. The requirement of the SUV,,,.«-based TheraP
criteria of an SUV,,,, of at least 10 at all other sites of measurable
(diameter, =10 mm) metastatic disease remained unchanged for this anal-
ysis. To determine the SUV ,,, of the tumor lesions, all were semiautomat-
ically segmented using a predefined threshold and annotated regarding
their malignancy (benign vs. malignant) and anatomic location (tissue type,
organ) using the prototype software as described by Capobianco et al. (12).
Our approach consisted of the following steps: first, all PSMA-avid foci
with an SUV,,,, of at least 10 were automatically preselected, and foci
with a PET volume smaller than 0.5 mL were discarded. Second, missed
foci or foci falsely marked as physiologic were manually adjusted, if
needed. Third, after the semiautomatic preselection of appropriate PSMA-
avid foci, all ®®Ga-PSMA-11 PET/CT scans were reread to assess whether
they fulfilled the requirement of measurable metastatic disease.

Notably, in comparison to TheraP, our patients do not undergo '*F-
FDG PET before '7’Lu-PSMA RLT. However, our institutional PET
eligibility criteria (Table 2) require the use of contrast-enhanced CT,
which, in comparison to *®Ga-PSMA-11 PET, can identify PSMA
ligand-—negative visceral and soft-tissue lesions. With this approach,
only potential nonsclerotic PSMA-negative and '*F-FDG-positive dis-
ease might be missed.

Clinical Parameters, PSA Response, and PSA Progression

The following pretherapeutic parameters were collected and correlated
with patient outcome: age, alkaline phosphatase, lactate dehydrogenase,
hemoglobin, PSA, prior systemic therapies (including abiraterone,
enzalutamide, first- and second-line chemotherapy, and 2?°Ra), lymph
node—only metastases (N+/Mla), and visceral metastases (Mlc).
According to Prostate Cancer Clinical Trials Working Group 3, a PSA
decline of at least 50% from baseline was defined as a PSA response (/2).
PSA progression was defined as either a PSA increase of at least 25%
and at least 2 ng/mL above the nadir after an initial PSA decline or a
PSA increase of at least 25% and at least 2 ng/mL from baseline in
cases with no PSA decline (/3).

Statistical Analysis
The primary outcome measures were PSA response, PSA PFS, and
OS. The Kaplan—-Meier method was used to estimate event time

intravenous injection of an iodinated contrast
agent (Imeron 300; Bracco Imaging) and was
followed by the PET scan. All patients received
a diluted oral contrast agent (300 mg of Tele-
brix; Guerbet). The PET scans were acquired in
3-dimensional mode with an acquisition time of
3-4 min per bed position or 1.1-1.5 mm/s using
flow technique. Emission data were corrected
for randoms, dead time, scatter, and attenua-
tion and were reconstructed iteratively using
ordered-subsets expectation maximization (4
iterations, 8 subsets) followed by a postrecon-

struction smoothing gaussian filter (5 mm in
full width at half maximum). All patients
were assessed as to whether they fulfilled the
SUVmax-based criteria for *3Ga-PSMA-11
uptake of TheraP (TheraP contrast-enhanced
PSMA [cePSMA] PET—positive vs. TheraP
cePSMA PET-negative). The criteria from
TheraP used for this analysis are shown in
Table 2. In an additional analysis, we further
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FIGURE 2. Examples of ®®Ga-PSMA-11 PET/CT in mCRPC patients. (A and B) Maximum-intensity
projection (A) and PSMA ligand PET/CT (B, top) and corresponding CT dataset (B, bottom) in 67-y-old
patient from TheraP cePSMA PET-negative group with bone and lymph node metastases presenting
with retrocrural lymph node metastasis with short-axis diameter of 14 mm and SUV o« of 8.1 (arrows).
(C and D) Maximum-intensity projection (C) and PSMA ligand PET/CT (D, top) with corresponding CT
dataset (D, bottom) in 74-y-old patient from TheraP cePSMA PET-positive group with bone and lymph
node metastases presenting with retrocrural lymph node metastasis with short-axis diameter of
11 mm and SUV,,ox of 10.8 (arrows). PSA PFS and OS were 11 wk and 8 mo, respectively, in patient
shown in A and B and 45 wk and 45 mo, respectively, in patient shown in C and D.
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FIGURE 3. Waterfall plot showing response to treatment as measured
by serum PSA. Color-coded best PSA response is defined as smallest
increase or greatest decrease in PSA from baseline. Green indicates
patients who fulfilled PET eligibility criteria (TheraP cePSMA PET—positive,
n = 77). Red indicates patients who did not fulfill TheraP PET-based inclu-
sion criteria (TheraP cePSMA PET-negative, n = 30). Asterisks indicate
patients with increase of more than 100% in best PSA response.

distributions, and log-rank tests were used for group comparisons.
The frequencies of PSA response between the cePSMA PET—positive
and cePSMA PET-negative groups within each SUV,,,, threshold
group were compared using x° tests. Univariate and multivariate Cox
regression analyses were performed to determine the association of pre-
therapeutic parameters with PSA PFS and OS. The corresponding haz-
ard ratios (HRs) and 95% Cls are presented. A P value of less than
0.05 was considered statistically significant.

x* tests, Kaplan—Meier estimation, and log-rank tests were performed
using Prism, version 8.4.3 (GraphPad Software), for Mac (Apple). Uni-
and multivariate Cox regression analyses were performed using SPSS
Statistics, version 25.0. (IBM Corp.), for Windows (Microsoft).

RESULTS

In total, 107 patients were analyzed. The median time on treat-
ment was 4 mo (range, 1-57 mo). At baseline, lymph node, bone,
and visceral metastases were present in 87 (81.3%), 97 (90.7%),
and 31 (29.0%) patients, respectively. The median follow-up time
was 11 mo (range, 1-63 mo). Forty-eight (44.9%) patients achieved
a PSA response after PSMA-targeted RLT. Median OS and PSA
PFS were 14.0mo (95% CI, 11.0-17.0mo) and 17.6 wk (95% CI,
14.6-29.7 wk), respectively. At the time of analysis, 88 patients
showed PSA progression and 97 had died.

Clinical Outcome of TheraP cePSMA PET-Positive and
TheraP cePSMA PET-Negative Patients

Seventy-seven (72%) patients were classified as TheraP cePSMA
PET-positive, and 30 patients were classified as TheraP cePSMA
PET-negative (28%; 9 patients with no metastatic lesion with an
SUViax = 20, and 21 patients with =1 measurable metastatic
lesion with an SUV ., < 10), who would not have been treated in
TheraP on the basis of PSMA PET SUV,,,, criteria. Visceral metas-
tases were present in 20 (26%) and 11 (37%) patients classified as
TheraP cePSMA PET—positive and TheraP cePSMA PET-negative,
respectively. Figure 1 compares the PET eligibility criteria used in
TheraP with the retrospective stratification of patients treated in our
compassionate-use program. Figures 2A-2D show an example of
a TheraP cePSMA PET-positive patient and a TheraP cePSMA
PET-negative patient.

PSA response was achieved by 54.5% (n = 42) and 20% (n = 6)
of patients in the TheraP cePSMA PET-positive and TheraP
cePSMA PET-negative groups, respectively (P = 0.0012). A PSA
waterfall plot (Fig. 3) shows the correlation between TheraP SUV .
criteria and the best PSA response. The median PSA PFS and OS
were 6.0 versus 3.2mo, respectively (HR, 0.5; 95% CI, 0.3-0.8;
P = 0.007; Fig. 4A), for the TheraP cePSMA PET—positive group
and 15.0 versus 10.0 mo, respectively (HR, 0.4; 95% CI, 0.2-0.7;
P = 0.0007; Fig. 4B) for the TheraP cePSMA PET—negative group.

Both univariate and multivariate Cox regression analyses indi-
cated that a TheraP cePSMA PET—positive status is a significant
positive prognosticator for OS (P = 0.001 and P = 0.003 for uni-
and multivariate analysis, respectively; Table 3). On univariate anal-
ysis, further parameters associated with worse OS were rising levels
of lactate dehydrogenase and PSA, decreasing levels of hemoglobin,
and the presence of visceral metastases at baseline PET (Table 3). In
the multivariate Cox regression model, only rising lactate dehydroge-
nase, decreasing hemoglobin, and the presence of visceral metastases
remained independent predictors of poor OS apart from the TheraP
cePSMA PET—positive status (Table 3).

Correlation Between Adapted SUV Thresholds for the Hottest
Lesion on Clinical Outcome

When adjusting the SUV ., threshold required for at least 1
lesion without other changes in the PSMA ligand PET-based strat-
ification, we obtained the following numbers of patients in the
respective cePSMA PET—positive groups: 78 for an SUV ., of
more than 10or 15, 72 for an SUV . of more than 25, 63 for an
SUV,ax of more than 30, 56 for an SUV,,,, of more than 35, 51
for an SUV,,,x of more than 40, and 47 for an SUV,,,, of more
than 45or 50 (Supplemental Table 1; supplemental materials are
available at http://jnm.snmjournals.org).

The results on the PSA response, PSA

FIGURE 4. Kaplan-Meier survival curves for PSA PFS (A) and OS (B) in TheraP cePSMA PET-

positive and TheraP cePSMA PET-negative patients.
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showed a decreasing trend from a high to

low adjusted SUV ... It was lowest for an
SUVnax 0of 20 (HR, 0.4; 95% CI, 0.3-0.9),
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TABLE 3
Uni- and Multivariate Cox Regression Analysis

Univariate analysis Multivariate analysis

Parameter Patients (n) HR 95% CI P HR 95% ClI P
TheraP criteria 107

TheraP cePSMA PET-negative 30 Reference

TheraP cePSMA PET—positive 77 0.5 0.3-0.8 0.001* 0.5 0.3-0.8 0.003*
Visceral metastases 107

No Reference

Yes 1.7 1.2-2.6 0.02* 2.2 1.3-2.7 0.005*
Lymph node only 107

No Reference

Yes 0.4 0.2-1.1 0.07 0.6 0.2-1.6 0.3
Previous abiraterone 107

No Reference

Yes 1.1 0.7-1.9 0.7 15 0.9-2.7 0.2
Previous enzalutamide 107

No Reference

Yes 0.9 0.6-1.4 0.7 0.7 0.5-1.1 0.2
Previous 22°Ra 107

No Reference

Yes 0.9 0.5-1.5 0.7 0.7 0.4-1.2 0.2
Previous chemotherapy 107

Yes Reference

No 0.7 0.5-1.2 0.2 1.3 0.7-2.5 0.3
Age, risk change with 10y increase 107

Continuous 1.0 0.8-1.4 0.9 1.1 0.8-1.5 0.7
PSA, risk change with 50 ng/mL increase 107

Continuous 1.0 1.0-1.0 0.02* 1.0 1.0-1.0 0.5
Hemoglobin (g/dL) 107

Continuous 0.8 0.7-0.8 <0.0001* 0.7 0.6-0.9 <0.001*
AP, risk change with 50 U/L increase 107

Continuous 1.0 1.0-1.0 0.05 1.0 1.0-1.1 0.9
LDH, risk change with 50 U/L increase 107

Continuous 1.0 1.0-1.1 <0.0001* 1.1 1.0-1.1 0.03*
*Statistically significant.
AP = alkaline phosphatase; LDH = lactate dehydrogenase.

followed by an SUV,,,, of 10, 15, 25, and 30 (HR, 0.5; 95% CI, DISCUSSION

0.3-0.8 each) (Supplemental Table 1). OS significantly differed
between the cePSMA PET—positive and cePSMA PET-negative
groups with an exploratory SUV,,,, of between 10 and 35 (all
P < 0.05; Figs. SA-5D).

The different exploratory SUV ., thresholds had no substantial
effect on PSA response (range, 52.8%—55.6%) or median OS
(range, 15.0-18.5mo) in the group of cePSMA PET—positive
patients. In the different exploratory cePSMA PET-negative
groups, PSA response (range, 17.2%-38.3%) and median OS
(range, 9.5-12.0 mo) declined in lower SUV ., thresholds (Supple-
mental Table 1).
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Our retrospective analysis indicates that quantitative thresholds
for PSMA ligand PET used in TheraP are predictive for response
in patients treated with !7’Lu-PSMA RLT selected on the basis of
visual ®®Ga-PSMA-11 uptake. Patients who fulfilled these criteria
showed higher rates of maximum PSA response (54.5% vs. 20%,
P = 0.0012), significantly longer PSA PFS (median, 6.0 vs. 3.2 mo,
P = 0.007), and OS (median, 15.0 vs. 10.0mo, P = 0.0007). Fur-
ther, multivariate Cox regression analysis identified PSMA ligand
PET-based criteria from TheraP (TheraP cePSMA PET—positive)
as a new prognosticator for outcome in addition to known vari-
ables. In an additional exploratory analysis, adjustment of the
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FIGURE 5. Kaplan-Meier survival curves for PSA PFS and OS in explor-
atory cePSMA PET-positive and exploratory cePSMA PET-negative
patients stratified according to presence of PSMA-positive disease
with SUV .« of at least 10 and 15 (A), 25 (B), 30 (C), 35 (D), 40 (E), and 45
and 50 (E).

SUV,..x threshold required for the hottest lesion did not further
select for higher response in the group fulfilling these criteria.

In TheraP, a maximum PSA decline of at least 50% was
achieved in 66% of patients receiving !”’Lu-PSMA RLT, com-
pared with 54.5% in our TheraP cePSMA PET-positive cohort.
The corresponding OS in TheraP patients was 19.1 mo, compared
with 15.0mo in our TheraP cePSMA PET—positive cohort (/4).
The slight shift toward a lower PSA response rate and shorter OS
in our analysis might be explained by the more advanced disease
stage in our TheraP cePSMA PET—positive cohort (visceral metas-
tases in 26% of TheraP cePSMA PET—positive patients [z = 20]
vs. 7% in TheraP patients [# = 7]), given the known negative
association of visceral metastases with outcome (15). Another pos-
sible contributor might be the inclusion of patients with nonsclerotic
PSMA-negative and '*F-FDG-positive bone disease in our TheraP

THERAP PSMA PET ELiGIBILITY CRITERIA  *

cePSMA PET-positive cohort. We do not perform '8F-FDG PET at
treatment selection for '7’Lu-PSMA RLT, yet we strongly believe
that our approach including contrast-enhanced CT within the PSMA
ligand PET/CT reliably identifies PSMA-negative visceral lesions
that are potentially '*F-FDG PET—positive. Consequently, this type
of disease does not constitute a further confounder in our data com-
pared with TheraP. Our institutional approach is also supported by
recent results from Seifert et al., who reported a substantial level of
agreement in findings between PSMA ligand PET/CT and combined
8F.FDG PET and PSMA ligand PET/CT for the assessment of
therapy eligibility according to the VISION inclusion criteria (/6).
Although '"®F-FDG PET and PSMA PET provide complementary
information, in only 5% of patients was incremental information
derived from dual-tracer PET/CT imaging (/6). However, in a
recently published analysis by Buteau et al., an increased '8F-FDG
tumor volume (metabolic tumor volume = 200 mL) in TheraP par-
ticipants was significantly associated with lower rates of a maxi-
mum PSA decline of at least 50% (OR, 0.44; P = 0.01) and
significantly correlated with a shorter PSA PFS (HR, 1.44; 95%
CI, 1.28-2.52; P = 0.03) (7). Furthermore, in a retrospective anal-
ysis on patients who underwent !”’Lu-PSMA, the median OS was
significantly shorter (6.0mo) in patients with discordant '*F-FDG-
avid disease than in those without any '*F-FDG-positive, PSMA-
negative lesions (16.0mo) (/8). This finding further underpins the
potential prognostic value of combined '®F-FDG-negative, PSMA-
negative PET imaging for treatment selection.

Sufficient PSMA ligand uptake of metastases in pretherapeutic
PET is a prerequisite before PSMA RLT. However, no consensus
on what should be considered sufficient exists (/9). It is hypothe-
sized that higher ®*Ga-PSMA-11 uptake correlates with higher
absorbed doses of 77Lu-PSMA, resulting in a favorable treatment
response (9). Thus, it seems reasonable to restrict RLT to patients
presenting with high ®3Ga-PSMA-11 tumor uptake to increase
treatment response and avoid unnecessary side effects in patients
unlikely to respond. In our exploratory analysis using different
SUV hax thresholds between 10 and 50 for the hottest lesion, no
clear trend on patient outcome as measured by PSA response
(range, 52.8%—55.6%) or OS (range, 15.0-18.5mo) in the cePSMA
PET—positive group was observed (Supplemental Table 1). This
observation is in line with results from Seifert et al., who demon-
strated no significant correlation between the highest SUV,,,, in a
single lesion and OS (20). Similarly, Ferdinandus et al. found no sig-
nificant correlation between uptake in pretherapeutic PET (SUV,ax
of different types of metastases and different tumor-to-normal organ
ratios) (21).

In the cePSMA PET-negative group, outcome measurements
tend to be worse in the lower than higher SUV,,,, threshold groups.
PSA response ranged from 17.2% to 38.3% and median OS from
9.5 to 12.0mo using SUV,,, thresholds from 10 to 50 (Supplemen-
tal Table 1). One possible explanation could be that at decreasing
SUV,ax thresholds for the hottest lesion, the cePSMA PET—
negative group contains a higher rate of patients with lesions below
an SUV . of 10. For example, at SUV ,,,, thresholds of 50, 35, and
10 for the hottest lesion, 14 of 60, 21 of 30, and 29 of 29 patients,
respectively, were classified as cePSMA PET-negative based on
measurable lesions with an SUV ., of below 10 (Supplemental
Table 1). This demonstrates an increasing selection of patients with
a generally lower lesion uptake in the cePSMA PET-negative group,
potentially explaining the lower response. Thus, a hypothesis
might be that insufficient PSMA ligand uptake in lesions in general
might be more relevant for PSMA RLT outcome than a single
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hottest lesion. This hypothesis is also supported by a substudy from
Kuo et al. investigating the association between imaging parameters
from baseline **Ga-PSMA-11 PET/CT scans in the '7’Lu-PSMA-
617 arm of the VISION trial and clinical outcome (22). In this study,
no significant correlation between SUV,,,,, and treatment response
or OS was found. However, a rising whole-body SUV e, corre-
lated with survival and treatment response, supporting our hypothe-
sis that insufficient PSMA ligand uptake in lesions in general
might play a crucial role for the outcome of PSMA RLT. This
result is also in line with results from Gafita et al. demonstrating
rising values of tumor SUV .., to be significantly correlated with
better outcome (23).

There are several limitations to our analysis, including its retro-
spective nature. In addition, although we could assess the impact
of the TheraP criteria used in ®®Ga-PSMA-11 PET on treatment out-
come, our cohort did not undergo additional '®F-FDG PET. Thus,
exact comparison with the TheraP cohort is not possible. Neverthe-
less, we believe that our approach including contrast-enhanced CT in
the pretherapeutic workup selects most '®F-FDG—positive, PSMA-
negative disease, as discussed.

CONCLUSION

The results of our analysis demonstrate a better treatment
response and outcome in mCRPC patients who underwent !"’Lu-
PSMA RLT and retrospectively fulfilled the ®Ga-PSMA-11-based
TheraP inclusion criteria. However, as a relevant number of patients
not fulfilling these stricter criteria also showed substantial rates of
response, it remains to be discussed whether PSMA RLT needs to
be withheld from these patients. Finally, our exploratory analyses
using different SUV ,,, thresholds for the hottest lesion indicate that
this criterion in TheraP is less prognostic than insufficient PSMA
ligand uptake of lesions in general.
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KEY POINTS

QUESTION: Is retrospective application of different TheraP
PET-based inclusion criteria in mCRPC patients treated with RLT
associated with higher rates of maximum PSA decline of at least
50%, and does it correlate with longer PSA PFS and OS?

PERTINENT FINDINGS: Retrospective application of the criteria
was associated with higher rates of maximum PSA decline of

at least 50% and significantly correlated with longer PSA PFS
and OS.

IMPLICATIONS FOR PATIENT CARE: The ®®Ga-PSMA-11-based
PET selection criteria used in TheraP are highly prognostic of better
treatment outcome. The SUV,,,.x threshold for the hottest lesions
seems to be less relevant than insufficient PSMA ligand uptake in
lesions in general.
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A VISION Substudy of Reader Agreement on **Ga-PSMA-11
PET/CT Scan Interpretation to Determine Patient Eligibility
for '""Lu-PSMA-617 Radioligand Therapy

Phillip H. Kuo', Don C. Yoo?, Ryan Avery, Marc Seltzer*, Jeremie Calais’, James Nagarajah®, Wolfgang A. Weber’,
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[%8GalGa-PSMA-11 (%8Ga-PSMA-11) is used to identify prostate-
specific membrane antigen (PSMA)-positive tumors on PET scans. In
the VISION study, ®Ga-PSMA-11 was used to determine the eligibility
of patients with metastatic castration-resistant prostate cancer for
treatment with ['77Lu]Lu-PSMA-617 ("""Lu-PSMA-617), based on pre-
defined read criteria. This substudy aimed to investigate the interreader
variability and intrareader reproducibility of visual assessments of ®3Ga-
PSMA-11 PET/CT scans using the VISION read criteria and evaluate
the agreement between read results for this and the VISION study.
Methods: In VISION, ®8Ga-PSMA-11 PET/CT scans were centrally
read as inclusion cases if they had at least 1 PSMA-positive lesion and
no PSMA-negative lesions that fulfilled the exclusion criteria. In this
substudy, 125 PET/CT scans (75 inclusion and 50 exclusion cases)
were randomly selected from VISION and retrospectively assessed by
3 independent central readers. A random subset of 20 cases (12 inclu-
sion and 8 exclusion cases) was recoded for assessment of intrareader
reproducibility. Classification of cases as inclusion or exclusion cases
was based on the VISION read criteria. Overall interreader variability
was assessed by Fleiss k-statistics, and pairwise variability and intra-
reader reproducibility were assessed by Cohen «-statistics. Results:
For interreader variability, the readers agreed on 77% of cases (overall
average agreement rate, 0.85; Fleiss k, 0.60 [95% Cl, 0.50-0.70]). The
pairwise agreement rate was 0.82, 0.88, and 0.84, and the correspond-
ing Cohen k was 0.54 (95% ClI, 0.38-0.71), 0.67 (95% Cl, 0.52-0.83),
and 0.59 (95% Cl, 0.43-0.75), respectively. For intrareader reproducibil-
ity, the agreement rate was 0.90, 0.90, and 0.95, and the corresponding
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READER AGREEMENT: A VISION SussTuDY °*

Cohen k was 0.78 (95% Cl, 0.49-0.99), 0.76 (95% Cl, 0.46-0.99), and
0.89 (95% Cl, 0.67-0.99), respectively. The number of actual VISION
inclusion cases out of the total number of cases scored as inclusion in
this substudy was 71 of 93 (agreement rate, 0.76; 95% Cl, 0.66-0.85)
for reader 1, 70 of 88 (0.80; 0.70-0.87) for reader 2, and 73 of 96 (0.76;
0.66-0.84) for reader 3. All readers agreed on 66 of 75 VISION inclusion
cases. Conclusion: Moderate-to-substantial interreader agreement
and substantial-to-almost perfect intrareader reproducibility for ®8Ga-
PSMA-11 PET/CT scan assessment using the VISION read criteria
were observed. The read rules applied in VISION can be readily learned
and demonstrate good reproducibility.

Key Words: PSMA,; prostate cancer; PET/CT

J Nucl Med 2023; 64:1259-1265
DOI: 10.2967/jnumed.122.265077

Prostate-speciﬁc membrane antigen (PSMA) is a transmem-
brane glutamate carboxypeptidase that is highly expressed in pros-
tate cancer cells, with limited expression in non-prostate-cancer
cells (/-3). This makes PSMA an important actionable theranostic
target for patients with prostate cancer.

[*®Ga]Ga-PSMA-11 (also known as 8Ga-PSMA-11) is an ap-
proved radioligand imaging agent used to identify PSMA-positive
tumors on PET scans. In the pivotal phase 3 VISION study, *®Ga-
PSMA-11 imaging was used to determine the eligibility of patients
with metastatic castration-resistant prostate cancer (mCRPC) for
radioligand therapy with [77Lu]Lu-PSMA-617 (also known as
177Lu-PSMA-617), based on predefined read criteria (4). These
%8Ga-PSMA-11 PET/CT read rules were intended to select patients
who were most likely to benefit from !"’Lu-PSMA-617 in the
VISION trial, following a population enrichment approach (3).
VISION read rules were also designed to reduce future issues with
reimbursement in using both '8F-FDG and PSMA PET scans (5).
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There is reported evidence on the reliability of ®Ga-PSMA-11
PET scan reads in identifying PSMA-positive lesions across a range
of diagnostic evaluation criteria and prostate cancer populations
(6-11). Of note, the ProPSMA phase 3 study in the setting of staging
demonstrated high reporter agreement between local and central
review for %8Ga-PSMA-11 PET/CT, with k-values of 0.87 for nodal
and 0.88 for distant metastases (/2). However, the reliability of read
rules to establish the eligibility of patients with mCRPC for treatment
with '7’Lu-PSMA-617 in the VISION trial is yet to be determined.

In this independent VISION substudy, we aimed to assess the
robustness of read rules used for scan interpretation in the VISION
study. Specifically, we investigated the interreader variability and
intrareader reproducibility of visual assessments of **Ga-PSMA-11
PET/CT scans using the VISION read criteria for !7’Lu-PSMA-617
therapy eligibility.

MATERIALS AND METHODS

Overview and Objectives

VISION was an open-label, international, randomized, phase 3 trial
investigating the efficacy and safety of !”’Lu-PSMA-617 in patients
with progressive PSMA-positive mCRPC, previously treated with at
least 1 androgen receptor pathway inhibitor and 1-2 taxane regimens.
Details of the study design have been published elsewhere (4). This
retrospective, independent, masked VISION substudy aimed to assess
the variability across different readers (interreader variability) and the
variability between different reads performed by the same reader
(intrareader reproducibility) of ®*Ga-PSMA-11 PET/CT scans, based
on the VISION read rules used to determine patient eligibility for
7TLu-PSMA-617 therapy in the VISION study. The results from the
eligibility determination in this reader agreement VISION substudy
were also compared with the original eligibility results from the
VISION study. Reader training, proficiency testing, and independent
masked reads were conducted virtually on May 9-11, 2020.

VISION ®3Ga-PSMA-11 PET/CT Read Rules

In VISION, %Ga-PSMA-11 scans were centrally read by 1 reader
from a pool of 3 board-certified nuclear medicine physicians/radiologists.
Readers were trained in person on the VISION read rules. VISION %Ga-
PSMA-11 PET/CT read rules have been reported and discussed in detail
elsewhere (4,5). Briefly, patients with mCRPC with at least 1 PSMA-
positive lesion identified by **Ga-PSMA-11 PET/CT and no PSMA-
negative lesion fulfilling the exclusion criteria were enrolled in the study,
provided all other inclusion criteria were met (4). PSMA-positive lesions,
of any size and present in any organ system, were identified first. These
lesions were defined as those that had uptake greater than observed in the
liver by visual assessment. PSMA-negative lesions were defined as those
that had activity equal to or less than observed in the liver by visual
assessment. Patients were excluded if one or more PSMA-negative
lesions fulfilled the following size criteria measured on diagnostic im-
aging: lymph node at least 2.5 cm in short-axis diameter anywhere in
the body, bone metastasis with soft-tissue component at least 1 cm in
short-axis diameter, or solid-organ metastasis at least 1 cm in short-axis
diameter (Supplemental Fig. 1; supplemental materials are available at
http://jnm.snmjournals.org).

Readers and Reader Training

Three independent central readers, each from a different institution,
who were not previously involved in VISION ®Ga-PSMA-11 PET scan
reads were asked to participate in this substudy. Readers were U.S.
board-certified nuclear medicine physicians from different institutions; 2
readers were dual board-certified in radiology. Readers were experienced
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in reading PET/CT scans but not in reading ®*Ga-PSMA-11 PET/CT
scans or with the VISION read rules. A nuclear medicine radiologist
involved in the development of the VISION read criteria and training of
the central readers for the VISION study was assigned as the trainer.
Because of the coronavirus disease 2019 pandemic, the readers were
trained virtually, via the Zoom teleconference platform. The readers were
guided through an approved independent-review training manual (devel-
oped by Invicro and Advanced Accelerator Applications), image soft-
ware, the basics of PSMA PET/CT interpretation, and the VISION
PET/CT scan read criteria. After completion of the training session, the
readers were required to correctly assess at least 80% of 10 allocated
training cases. The training cases were scored in a similar manner to the
actual masked read to allow readers to familiarize themselves with the
software and imaging evaluation. A reader with a score of below 80%
would be provided with additional training and be reassessed for
proficiency.

Scan Selection and Coding

A random generator was used to select a total of 125 **Ga-PSMA-11
PET scans and corresponding diagnostic CT/MRI scans from VISION to
obtain a predetermined number of 75 inclusion cases (60%; patient
enrolled) and 50 exclusion cases (40%; screen failure). These percentages
intentionally deviated from the approximately 85% of inclusion cases
in VISION to allow for a more robust exclusion case sample size for
the evaluation of interreader variability. A randomly selected subset of
20 cases (12 inclusion cases and 8 exclusion cases) was also recoded for
the evaluation of intrareader reproducibility. Scans for the 125 cases, plus
20 recoded repeats, and an additional 29 reader training cases were
uploaded by the Invicro Image Management team to the Imaging Picture
Archiving and Communication System, version 2.03. Digital Imaging
and Communications in Medicine tags were modified with new patient
identification randomization codes, and scans were uploaded to the mint
Lesion software application (Mint Medical Inc.). All codes and files were
reviewed and verified by Invicro, and scans were evaluated for anatomic
coverage and quality.

Independent Masked Read

Conduct. The readers could seek assistance on case loading and
assessment recording from a proctor via Zoom; proctors were not able
to comment on the assessments. The readers were provided with a list
of PET/CT scans in a predefined read order that was unique to each
reader. All cases, including the 20 recoded repeat cases, were read
independently for 3 consecutive days, for approximately 8 h per day.
The readers were allowed to take breaks whenever they wanted and
were unaware of the patient data and each other’s results.

Assessment. The readers recorded their visual assessment of each
scan on an electronic case report form and assessed whether a case
was considered an inclusion or exclusion case for VISION enrollment
(Supplemental Fig. 2).

Statistical Analyses

Interreader variability was assessed by Fleiss k-statistics, and inter-
pretation was based on the Landis and Koch scale, whereby values of
less than 0.00 were defined as poor disagreement, 0.00-0.20 as slight
agreement, 0.21-0.40 as fair agreement, 0.41-0.60 as moderate agree-
ment, 0.61-0.80 as substantial agreement, and 0.81-1.00 as almost per-
fect agreement (/3,14). An overall average agreement rate (Pbar) for the
Fleiss k-analysis was calculated as the average agreement rate across the
3 readers for each of the 125 cases. Pairwise variability and intrareader
reproducibility were assessed by Cohen k-statistics. The agreement rate
between independent reads in the substudy and VISION eligibility reads
was calculated as the percentage of inclusion cases in VISION
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TABLE 1
Concordance Combinations Among 3 Readers (125 Cases)

Reader outcomes

Results

Reader 1 Reader 2 Reader 3 Frequency (n) Proportion (%)
Inclusion Inclusion Inclusion 76 61
Inclusion Inclusion Exclusion 3 2
Inclusion Exclusion Inclusion 11 9
Inclusion Exclusion Exclusion 3 2
Exclusion Inclusion Inclusion 6 5
Exclusion Inclusion Exclusion 3 2
Exclusion Exclusion Inclusion 3 2
Exclusion Exclusion Exclusion 20 16

compared with cases assessed as inclusion by each independent reader.
Statistical analyses were performed by an external consultant designated
by Advanced Accelerator Applications.

Study Oversight

VISION was registered on ClinicalTrials.gov (NCT03511664) and
was conducted in accordance with the principles of the Declaration of
Helsinki, the International Conference on Harmonization Good Clinical
Practice, and any applicable local regulations. All patients in the pivotal
study provided written informed consent before enrollment, and inde-
pendent ethical review boards approved the VISION study protocol.
This substudy was conducted by Invicro and funded by Advanced
Accelerator Applications, a Novartis Company.

RESULTS

Conduct

Day 1 consisted of 4h of reader training, followed by 2h for
the assessment of the 10 allocated training cases and 1.5h for
actual read time. Days 2 and 3 consisted of
7.5h each for actual read time. The aver-

and 0.59 (95% CI, 0.43, 0.75), respectively, representing moderate-to-
substantial agreement between all 3 pairs of readers (Fig. 1).

Of the 29 of 125 (23%) discordant cases, some of which belonged
to multiple regions, the readers differed in their assessment of
lymph node (6 cases) and of bone metastasis, liver, or cases with no
positive lesion (5 each). There were 9 discordant cases that included
lesions in the prostate/urinary bladder (n = 4), lung (» = 2), adrenal
gland (n = 2), and kidney (n = 1). Illustrative examples of PET/CT
scans for discordant exclusion cases are shown in Figure 2, whereby
one reader did not see a bone lesion with a PET-negative soft-tissue
component in a patient with multiple positive PET-positive lesions,
and another did not see a PET-negative lung lesion among multiple
PET-positive lesions.

Intrareader Reproducibility

For the 20 recoded cases that were read twice by each reader,
the agreement rate was 0.90, 0.90, and 0.95 for readers 1, 2, and 3,
respectively. The corresponding Cohen k was 0.78 (95% CI, 0.49,

age number of cases read per hour was 8.8.

Reader Proficiency Testing

cases
After completion of the training session, e
all 3 readers scored 80% or higher in the =l

correct assessment of the 10 training cases
and required no further training.

Reader 1

=
Interreader Variability Reader 3
The readers agreed on the assessment of Incl Exel

96 of 125 cases (77%), of which 76 (79%)
were scored as inclusion cases and 20 (21%)
were scored as exclusion cases (Table 1). The
agreement rates for inclusion and exclusion
cases were 88% and 60%, respectively. The
Pbar between readers was 0.85; the Fleiss k
was 0.60 (95% CI, 0.50, 0.70), representing
moderate-to-substantial interreader agreement.

The pairwise agreement rate between read-

- I
DI}

Reader 3

Reader 1

Inel  Exel

Reader 2

B Concordance
¥ Discordance

B

Cohen’s x

(95% CI)

Agreemeant rale

0.67
{0.52-0.83)

0.59
(0.43-0.75)

0.54
(0.38-0.71)

1.0

0.88
.82 0.84
0.8
080 0.63 0.61
0.2+
04 T T 1

Reader 1 vs Reader 2 Reader 2 vs Reader 3

=
=
1

=
=
1

Reader 1 vs Reader 3

B Agreement rate Chance agreement rate

ers 1 and 2, readers 1 and 3, and readers 2
and 3, was 0.82, 0.88, and 0.84, respectively;
the corresponding Cohen k was 0.54 (95%
CL 0.38, 0.71), 0.67 (95% CI, 0.52, 0.83),

FIGURE 1.

READER AGREEMENT: A VISION SuBSTUDY

Pairwise interreader agreement (125 cases). (A) Pairwise concordance combinations.
(B) Cohen k-analysis. k-statistic is calculated as (observed agreement — chance agreement)/(1 —
chance agreement). Chance agreement is probability that readers randomly agree. Excl = cases
assessed as exclusion; Incl = cases assessed as inclusion.
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independent substudy of the phase 3
VISION study, we assessed the robustness
of the VISION read criteria for enrollment
of patients with mCRPC, previously treated
with at least 1 androgen receptor pathway
inhibitor and 1-2 taxane regimens, for treat-
ment with '"Lu-PSMA-617 in VISION.
According to the Landis and Koch scale,
interpretation of *®Ga-PSMA-11 PET/CT
scans using the VISION read criteria showed
moderate-to-substantial interreader agree-
ment and substantial-to-almost perfect intra-

reader reproducibility. Substantial agreement
between read results in this substudy and the
VISION study was also observed. Overall,
agreement rates were consistently higher for
inclusion cases than for exclusion cases.

In VISION, the CT scan was used to iden-
tify more aggressive lesions (i.e., anatomically
measurable lesions according to the read rules
for exclusion) and visual assessments were
used instead of quantitative assessments for
PSMA positivity criteria, using liver uptake
as a reference organ (4). Using this approach,
the need for an additional '*F-FDG PET/CT
scan or PET quantification was avoided.
Overall, the moderate-to-substantial level of

interreader agreement (Pbar, 0.85; Fleiss k,

FIGURE 2.

0.99), 0.76 (95% ClI, 0.46, 0.99), and 0.89 (95% CI, 0.67, 0.99),
respectively, representing substantial-to-almost perfect agreement
for all 3 readers (Fig. 3).

Agreement Rates with VISION Eligibility Read Results

Read results from this study were compared with the VISION
eligibility read results used to determine patient enrollment.
The agreement rate, defined as the proportion of actual inclusion
cases in VISION, out of the number of cases scored as inclusion by
each reader in the reader agreement study, was 0.76 (95% CI, 0.66,
0.85), 0.80 (95% CI, 0.70, 0.87), and 0.76 (95% CI, 0.66, 0.84)
(Fig. 4). Of the 75 inclusion cases from VISION, there was com-
plete agreement among the 3 readers on the assessment of 66
(88%) cases as inclusion cases. The remaining 9 (12%) cases that
the readers disagreed on were unique to each reader. Better concor-
dance was observed for inclusion cases than for exclusion cases for
all 3 readers.

DISCUSSION

To date, the reported reader agreement on **Ga-PSMA-11 PET
scans has been based on diagnostic criteria (6—11,15). In this
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lllustrative PSMA PET/CT and diagnostic CT scans for discordant cases. (A) In the left
panel, transaxial slice from diagnostic CT with intravenous contrast at level of aortic arch shows left
thoracic vertebral metastasis (arrow) with soft-tissue component greater than 1 cm in short axis. In
the right panel, PSMA PET/CT transaxial and maximum-intensity-projection images from mint
Lesion were captured from annotations by 2 of 3 readers who correctly identified PSMA-negative
vertebral lesion. (B) In the left panel, transaxial slice from diagnostic CT with intravenous contrast
medium at level of lung bases demonstrates left lung nodule measuring 1.5 cm in short axis. In the
right panel, PSMA PET/CT transaxial and sagittal PET images from mint Lesion were captured from
annotations by 2 of 3 readers who classified lung nodule as PSMA-negative. One reader may not
have identified this lesion as PSMA-negative since other nodules (not shown) were PSMA-positive.

0.60 [95% ClI, 0.50, 0.70]) in *Ga-PSMA-11
PET/CT scan interpretation in this VISION
substudy was similar to what has been previ-
ously reported, although it should be noted
that these studies use different study criteria
and are in different disease settings (Supple-
mental Table 1). Intrareader reproducibility
for repeated reads by the same reader was
90%-95%, with a corresponding Cohen k of
0.76-0.89, showing excellent agreement for
all 3 readers. These results indicate that the
reproducibility of read rules for patient selection is high. To our
knowledge, this substudy is the first to determine reader agreement in
the visual interpretation of *®Ga-PSMA-11 PET/CT scans in patients
with mCRPC for eligibility assessment of '7’Lu-PSMA-617, in the
context of applying a population enrichment approach within a clinical
trial. In clinical practice, selection of patients for treatment with '”’Lu-
PSMA-617 may require multidisciplinary consultation for borderline
or difficult-to-interpret scans by a single reader (/6).

Comparison of read results in this study and VISION eligibility
read results demonstrated an agreement rate of between 76% and
80%, with better concordance among inclusion cases. All readers
agreed on the assessment of 66 of 75 VISION inclusion cases. The
remaining cases, which the readers did not agree on, were unique,
and although these were assessed as inclusion cases in VISION,
there is a possibility that the central reader was incorrect in their
assessment.

There were several study limitations that could have resulted in
variability between readers and between VISION read results. First,
in the VISION study, the readers were trained in person. The same
was initially planned for this substudy; however, because of the
coronavirus disease 2019 pandemic, training, proficiency testing,
and the retrospective reading of PET/CT scans were conducted
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A B

cause of reader fatigue in this study may
have resulted from the 8-h sessions over 3

Reader 3 Incl Excl

; ~ 1K
: I

W Concordance
W Discordance

B Agreement rate

Chance agreement rate

Number of Cohen's x 0.78 0.76 0.89 . .

cases {95% CI) {0.49-0.99) (0.46-0.99) {0.67-0.99) consecutive days, which may have also
2 read 10+ 095 affected visual search patterns (/7). This
Reader1 Incl Excl = - aspect could particularly affect the search for
9 | inel n 0.8 CT-measurable but PSMA-negative lesions,
; Exel -n 2 - which may account for the higher variability
= E i B8 = found in exclusion cases. Third, the readers
10 E had little or no experience with PSMA

Reader 2 Incl Excl 044 . . .
£ PET/CT scans, which is different from the
chlbe nn - current standard of care now that PSMA
* Exd nn PET agents are U.S. Food and Drug Admin-
> read oA : i istration-approved and in wider use. Fourth,

Reader 1 Reader 2 Reader 3

unlike what we expect for implementation in
standard practice, no prior imaging or reports
were available, which may have complicated
the interpretation of the true metastatic
nature of lesions and also identification of all
relevant lesions on CT.

FIGURE 3.

cases assessed as inclusion.

virtually. Mitigation strategies were implemented to reduce potential
study variability, including the provision of identical multimonitor
workstations and pretesting of the transfer of data-heavy PET/CT
images using residential Internet service. However, caveats to the
virtual approach included potentially less comprehensive training
and technical issues such as delays in high-resolution image display
and scrolling, which may have led to reader fatigue. Second, and
leading on from this, reads in VISION were performed for just a few
cases per session during VISION enrollment, but in this study, the
readers assessed an average of 8.8 cases per hour. Therefore, another

Intrareader agreement (20 cases). (A) Concordance combinations. (B) Cohen k-analysis.
k-statistic is calculated as (observed agreement — chance agreement)/(1 — chance agreement). Chance
agreement is probability that readers randomly agree. Excl = cases assessed as exclusion; Incl =

A higher agreement rate was observed
between inclusion cases than between exclu-
sion cases. Overall, 40% of cases were ex-
clusion cases, compared with the 12.6% in
VISION that did not meet the imaging crite-
ria. A higher proportion of exclusion cases
was included in this study to support statistical analyses; however,
challenges associated with the interpretation of exclusion cases may
have also contributed to increased interreader variability. For example,
the identification of negative lesions requires readers to search for ana-
tomic lesions on CT/MRI scans with no or low corresponding image
tracer uptake on PET. It is generally easier to identify hot lesions than
cold ones. Therefore, oversight of an anatomic lesion on CT/MRI may
lead to misclassification of an exclusion case as an inclusion case. In
addition, lack of access to prior diagnostic imaging or reports may
have been a limiting factor in identifying lesions and characterizing
whether lung and adrenal nodules, for exam-
ple, were truly metastatic. Finally, reader vari-
ability associated with the identification of

A B

different lesion types such as PSMA-negative

Number of Inclusionfexclusion cases in VISION versus total lymph nodes and bone metastases with soft-
cases inclusion cases assessed by each reader .
ision w00 tissue components—because of more chal-
N 22193 o 235 lenging tumors with necrotic components, for
. - (23.7%) (20.5%) (24.0%) example—could have been another limiting
x Incl A 3 . .
g .ﬂ factor. Indeed, 11 of 29 discordant cases in
o
) 5l nﬂ g oo this substudy were attributed to the assess-
VISION § ment of lymph node and bone metastases.
Incl Excl 4 40 To minimize discordance in case assess-

ment in clinical practice, careful reading of
the diagnostic CT scan using region-anatomic
and organ-specific windows is recommended.

N Concordant with VISION

|
- EIE

B Concordance
B Discordance

Reader 3

o
: 3K
2 20+
1-0E
VISION 0 1
el Reader 1 Reader 2 Reader 3
Ll HCH

Discordant with VISION

The often very high uptake of metastatic
lesions in mCRPC can tempt readers to view
the PET imaging at too wide a window. Since
the threshold for PSMA positivity or negativ-
ity is the liver, active windowing of the PET
imaging, with the liver initially placed in the

FIGURE 4. Agreement between substudy read results and VISION eligibility read results (125
cases). (A) Concordance combinations between individual readers in substudy and eligibility assess-
ments in VISION. (B) Proportion of actual inclusion and exclusion cases in VISION among total num-
ber of inclusion cases assessed by reader in this substudy. Excl = cases assessed as exclusion;

Incl = cases assessed as inclusion.
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middle of the window, is recommended. Spe-
cifically for extensive PSMA-positive adeno-
pathy, focal areas of decreased uptake should
be carefully assessed for negative nodes. For
prostate bed or urinary bladder assessments,

Kuo et al. 1263



viewing in coronal and sagittal planes and multiple window intensities
is recommended. For aggressive disease invading the urinary bladder
and surrounding structures, the CT scan is critical since uptake by the
disease may be similar to the urinary activity. For bone metastases,
CT scans should be read on both bone and soft-tissue windows, and
PET and PET/CT images should be assessed for mild activity outside
the margins of the cortical bone. For liver metastases, careful reading
of the CT scan is essential to identify lesions since PSMA-
negative metastases will often be invisible against the background
of normal liver uptake. Viewing the region of the metastasis in mul-
tiple axes on the PET scan is suggested given the frequency of
motion artifacts. Finally, one should recognize the critical difference
between this read paradigm and the typical use of PSMA PET for
staging or recurrence. For approximately 95% of cases, the goal is
not to identify all sites of PSMA-positive disease but rather to
ensure that any PSMA-negative lesion meeting the size criteria is
identified. It is inherently easier to see PSMA-positive than PSMA-
negative disease and thus fall into the trap of “satisfaction of
search.” Therefore, the reader needs to tune out the often numerous
PSMA-positive lesions and tune in to finding lesions at or below the
level of liver uptake—a task that may be feasible only by first iden-
tifying the metastasis on CT.

CONCLUSION

This VISION substudy demonstrated moderate-to-substantial
interreader agreement and substantial-to-almost perfect intrareader
agreement on visual assessment of **Ga-PSMA-11 PET/CT scans,
according to predefined VISION rules. The read rules used in
VISION to determine patient eligibility for treatment with '"’Lu-
PSMA-617 were readily learned and demonstrated good reproduc-
ibility among independent reviewers, despite the limitations of this
substudy.
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KEY POINTS

QUESTION: This study investigated the interreader variability
and intrareader reproducibility of visual assessment of
88Ga-PSMA-11 PET/CT scans using the VISION read criteria
and evaluated agreement between read results for this and
the VISION study.

PERTINENT FINDINGS: This was a retrospective, masked
VISION substudy in which 3 independent readers assessed 125
PET/CT scans from VISION, according to the VISION read criteria.
The 3 readers agreed on the assessment of 77% of cases,
showing moderate-to-substantial interreader agreement (Fleiss «,
0.60 [95% Cl, 0.50, 0.70]). The intrareader reproducibility of
%8Ga-PSMA-11 PET/CT scan assessment was substantial to
almost perfect (Cohen k, 0.78 [95% Cl, 0.49, 0.99], 0.76 [95%
Cl, 0.46, 0.99], and 0.89 [95% Cl, 0.67, 0.99]). Comparison of
the reader results in this study and the VISION eligibility read
results demonstrated an agreement rate of between 76%

and 80%.

IMPLICATIONS FOR PATIENT CARE: Visual assessment

of ®Ga-PSMA-11 PET/CT scans using the VISION read

criteria to enrich the patient population in VISION can be
readily learned and demonstrates good reproducibility. In
clinical practice, variations of this approach for patient selection

may apply.
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Radioligand therapy (RLT) with 77| u-prostate-specific membrane anti-
gen (PSMA) inhibitors (['”“Lu]Lu-PSMA) is currently approved for pa-
tients with metastatic castration-resistant prostate cancer (mCRPC)
after progression with at least 1 taxane and 1 androgen-receptor—
pathway inhibitor. However, the impact of prior chemotherapy on
['""LulLu-PSMA-RLT outcomes is debatable, with various studies
showing inconsistent results. This study was conducted to precisely
evaluate the impact of prior taxane chemotherapy on response and sur-
vival outcomes in mCRPC patients after ['“Lu]Lu-PSMA-RLT. Meth-
ods: This review followed the Preferred Reporting ltems for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines. Searches in PubMed,
Scopus, and Embase were made using relevant key words, and articles
up to December 2022 were included. The endpoints included prostate-
specific antigen (PSA) response rate (RR), progression-free survival, and
overall survival (OS). Individual patient data were pooled when feasible.
Univariate odds ratios (ORs) and hazard ratios (HRs) were extracted from
the individual articles, and pooled estimates and 95% Cls were gener-
ated using metaanalysis. Results: Thirteen articles comprising 2,068
patients were included. In 6 articles (553 patients), taxane-naive patients
had significantly better odds of biochemical response after ['77LulLu-
PSMA-RLT (pooled OR, 1.82; 95% Cl, 1.21-2.71). Individual patient data
metaanalysis for PSA RRs in 3 articles revealed a significantly higher
PSA RR in the taxane-naive versus taxane-treated patients (57.1% vs.
39.5%; difference, 17.6%; 95% Cl, 5.6%-28.9%). Further, taxane-naive
status was also a predictor of significantly better progression-free survival
(5 articles; 1,027 patients; pooled HR, 0.60; 95% Cl, 0.51-0.69) and
OS (8 articles; 1,594 patients; pooled HR, 0.54; 95% ClI, 0.43-0.68)
after ["""Lu]Lu-PSMA-RLT. There was no evidence of publication bias.
Conclusion: mCRPC patients with no prior taxanes had significantly
better outcomes after ['/Lu]Lu-PSMA-RLT than did taxane-treated
patients. Further trials evaluating ['”"Lu]Lu-PSMA-RLT in the taxane-
naive setting are now required.

Key Words: mCRPC; ['7”Lu]Lu-PSMA; radioligand therapy; chemo-
therapy; metaanalysis
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Prostate cancer is currently ranked as the second most common
cancer and the fifth leading cause of cancer-related death in men glob-
ally (/). Metastatic prostate cancer, particularly castration-resistant
disease, presents a considerable therapeutic challenge (2,3). Over the
past 2 decades, few drugs have shown efficacy and a proven survival
benefit in metastatic castration-resistant prostate cancer (mCRPC) (4).
However, more often than not, disease progression eventually ensues.
In this context, radioligand therapy (RLT) with '77Lu-labeled prostate-
specific membrane antigen (['7’Lu]Lu-PSMA) inhibitors has emerged
as a viable treatment option.

PSMA is a type II transmembrane glycoprotein that is overex-
pressed in almost all prostate cancer cells, thereby making it an ideal
target for therapy in mCRPC (5). In the landmark phase 3 VISION
trial, ['7’Lu]Lu-PSMA-617-RLT has been proven to improve overall
survival (OS), when added to the standard of care, in patients with
end-stage, PSMA-positive mCRPC previously treated with at least 1
androgen-receptor—pathway inhibitor (ARPI) and 1 taxane regimen
(6). The phase 2 trial, TheraP, also demonstrated better biochemical
and radiologic response outcomes, as well as longer progression-free
survival (PFS), with ['7"Lu]Lu-PSMA-617 than with cabazitaxel in
mCRPC patients having previously progressed on docetaxel (7). Sub-
sequently, ['"’Lu]Lu-PSMA-617-RLT was granted Food and Drug
Administration approval for progressive end-stage PSMA-positive
mCRPC. The recent American Society of Clinical Oncology update
also recommended its use as a treatment option in patients with
PSMA -positive mCRPC who have progressed on 1 prior line of
ARPI and at least 1 line of prior chemotherapy (8).

Despite these successes, there is a need to further optimize
patient selection for PSMA-RLT to ensure better outcomes. The
impact of prior taxane chemotherapy on [!7’Lu]Lu-PSMA-RLT
outcomes is debatable at present, with various studies showing
inconsistent results (9). Given that the current treatment guidelines
recommend ['”’Lu]Lu-PSMA-RLT in only the postchemotherapy
setting, it is essential to address this conundrum. This systematic
review and metaanalysis was therefore conducted to precisely
evaluate the effect of prior taxane chemotherapy on biochemical
response and survival outcomes in patients with mCRPC treated
with [177Lu]Lu-PSMA-RLT.

MATERIALS AND METHODS

This systematic review was conducted as per a prespecified protocol
(supplemental materials; available at http://jnm.snmjournals.org) in
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accordance with the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) guidelines (10).

Search Strategy and Study Selection

Two reviewers made independent systematic searches in PubMed,
Scopus, and Embase for articles published until December 19, 2022. The
search key words used were (lutetium OR Lu) AND (PSMA OR
“prostate specific membrane antigen”) AND (chemotherapy OR taxane)
AND (response OR survival OR prognosis). The reviewers also under-
took a manual search and searches through the references of various arti-
cles. We selected studies that assessed the impact of prior taxane
chemotherapy on prostate-specific antigen (PSA) response in patients
with mCRPC after treatment with ['7’Lu]Lu-PSMA-RLT using univari-
ate binary logistic regression analysis. Studies that provided the PSA
response rates (RRs) in the taxane-naive and taxane-treated patients sepa-
rately were also included. PSA response was defined as per the Prostate
Cancer Clinical Trials Working group 3 criteria—that is, at least a 50%
decline in serum PSA levels from baseline (/7). We also included studies
with ['"Lu]Lu-PSMA-RLT that evaluated prior taxane chemotherapy
status as predictors for PFS or OS using the univariate Cox proportional-
hazards model. PFS was estimated from the date of the first ['”’Lu]Lu-
PSMA-RLT till documented PSA progression or radiologic progression
or death. OS was estimated from the date of first treatment till death from
any cause. No restriction was placed on country, language, or date of
publication or on the type of ligand used for therapy; both ['7’Lu]Lu-
PSMA-617 and ['"7Lu]Lu-PSMA-I&T were considered. Only full-length
articles that included at least 30 patients were included in this review.
Reviews, case reports, letters to the editor, conference abstracts, and arti-
cles reporting exclusively on dosimetry or toxicity were excluded. In the
case of multiple studies from the same center, the study with the largest
number of patients was included; however, if 2 studies from the same
center assessed different outcomes, they were also included separately.
Studies with RLT other than ['7’Lu]Lu-PSMA, such as *°Y-PSMA,
25 Ac-PSMA, or tandem [*2°Ac]Ac-PSMA/['""Lu]Lu-PSMA, were also
excluded. Discrepancies, if any, were resolved in consultation with the
third reviewer. Institutional review board approval was not required since
only prior published studies were evaluated.

Data Extraction

The following data were extracted from the included articles by 2
reviewers independently: name of first author; publication year; study
design; sample size; baseline patient characteristics such as age and
serum PSA; treatment characteristics such as agent administered, num-
ber of cycles, interval between each cycle, and activity administered
per cycle; and available treatment outcomes (namely PSA RR or PFS
or OS). For evaluating the impact of prior chemotherapy on treatment
outcomes, we extracted the univariate odds ratios (ORs) for PSA
response and the univariate hazard ratios (HRs) for PFS and OS in
taxane-naive versus taxane-treated patients, as available. Natural loga-
rithmic transformations of the ratios (OR or HR) and their correspond-
ing 95% Cls were done, and SEs for the ratios in the individual articles
were calculated (/2).

Quality assessment of the included studies was done as per the
adapted Newcastle-Ottawa scale for single-arm cohort studies by 2
reviewers independently. The scale consists of 2 parameters—selection
and outcome—with a total score of at least 4 for a study to be consid-
ered of good quality (13).

Statistical Analysis

All statistical analyses were performed using RevMan (version 5.3;
Nordic Cochrane Centre) and Stata (version 14.2; Stata Corp.). Statistical
heterogeneity was assessed using I? statistics, with an I* value of 30%—
50% representing moderate heterogeneity and more than 50% suggesting
substantial heterogeneity. The pooled OR and HR estimates were

TLu-PSMA-RLT N TAXANE-NAivE MCRPC  +

calculated using the generic inverse-variance method with random-effects
model. Forest plots were generated to summarize the results. Sensitivity
analysis was done to explore heterogeneity, if any, by calculating the
pooled estimates after consecutively excluding each study from the
metaanalysis. Subgroup analyses were based on the type of the study,
sample size, and RLT agent used. Funnel plots and Egger regression tests
were also undertaken to assess for publication bias. A P value of less
than 0.05 was considered statistically significant.

RESULTS

Study Characteristics

In total, 591 articles were found through a systematic search of
the databases: 148 from PubMed, 148 from Scopus, and 295 from
Embase. After screening of titles and abstracts and removal of dupli-
cate records, 47 full-text articles were assessed for eligibility. Thirteen
articles were finally included, comprising 2,068 patients (Fig. 1; Sup-
plemental Tables 1-2) (/4-26). All studies were single-arm interven-
tional studies and, barring 2 studies (19,20), were retrospective. All
studies included mCRPC patients who had progressive disease despite
prior treatments with antiandrogens with or without chemotherapy and
who had been administered ['7’Lu]Lu-PSMA-RLT as salvage or com-
passionate treatment. The prior taxane chemotherapy status was avail-
able for 2,067 patients, of whom 590 (28.5%) were taxane-naive and
1,477 (71.5%) had received prior taxane. The median of the median
and mean age of the patients in the evaluable articles was 71.6y
(range, 30-92y). The median of the median and mean pretreatment
PSA of the patients was 214 ng/mL (range, 0.07-11,830 ng/mL). Most
studies used RLT with ['"’Lu]Lu-PSMA-617 (n = 8); however,
3 studies used ['”’Lu]Lu-PSMA-I&T (17,25,26) and 2 other studies
used both agents in their respective cohorts (16,21). ['7Lu]Lu-
PSMA-RLT was administered intravenously at activities of up to
11.6 GBq/cycle (usually 6.0-7.4 GBg/cycle), 3—12 wk apart over
1-20 cycles. The patients were followed up for a median of 9.9 mo
(range, 0.5-72mo). The characteristics of the included articles are
detailed in Supplemental Table 1. The impact of prior chemotherapy
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5 l l
2
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=
@
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FIGURE 1. Flowchart describing study selection process.
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(Taxane-Naive vs. Taxane-Treated Patients)

TABLE 1
Prior Chemotherapy Status and Impact on Response and Survival Outcomes in Included Studies

Prior status

Sample Taxane- Taxane- Univariate OR for Univariate HR Univariate HR
Study size (n) naive (n) treated (n) PSA response for PFS for OS
Brauer (14) 59 12 (20.3%) 47 (79.7%) NS NS 0.62 (0.22-1.79)
Rahbar (15) 145 66 (45.5%) 79 (54.5%)  1.94 (0.87-4.33)* NS NS
Barber (76) 167 84 (50.3%) 83 (49.7%)  1.97 (0.99-3.95)" 0.59 (0.41-0.83) 0.39 (0.25-0.62)
Heck (17) 100 16 (16.0%) 84 (84.0%)  1.33 (0.45-3.93) Excluded* Excluded*
Ahmadzadehfar (18) 416 102 (24.5%) 314 (75.5%) NS NS 0.67 (0.51-0.87)
Yadav (19) 90 6 (6.7%) 84 (93.3%)  1.29 (0.24-6.82) NS NS
Khreish (20) 254 66 (26.0%) 188 (74.0%) NS 0.71 (0.53-0.97) 0.63 (0.39-1.01)
Meyrick® (27) 191 72 (37.7%) 118 (61.8%) NS 0.58 (0.42-0.80) 0.29 (0.18-0.47)
Rasul (22) 61 19 (31.1%) 42 (68.9%)  1.27 (0.42-3.80) NS NS
Widjaja (23) 71 12 (16.9%) 59 (83.1%)  4.08 (1.00-16.63) NS NS
Yadav (24) 121 20 (16.5%) 101 (83.5%) NS 0.63 (0.34-1.13) 0.50 (0.27-0.91)
Hartrampf (25) 92 28 (30.4%) 64 (69.6%) NS NS 0.67 (0.40-1.13)
Karimzadeh (26) 301 87 (28.9%) 214 (711.1%) NS 0.53 (0.40-0.69)!  0.67 (0.45-0.98)!

*OR for PSA RR evaluated in 99 patients: 44 taxane-naive and 55 taxane-treated.
TOR for PSA RR evaluated in 132 patients: 70 taxane-naive and 62 taxane-treated.
*Results excluded because corresponding estimates were available in larger study from same center (26).

SPrior chemotherapy status available for 190 patients.

IHR for PFS and OS evaluated in 295 patients: 84 taxane-naive and 211 taxane-treated.

NS = not specified.
Data in parentheses are percentages or 95% Cls.

on treatment outcomes in the individual studies is summarized in
Table 1. All included studies were of good quality as per the
Newcastle-Ottawa scale, with 11 of the 13 articles having a total
score of 6 each (Table 2).

TABLE 2
Quality Assessment of Included Studies Using Adapted
Newcastle-Ottawa Scale

Study Selection  Outcome Total score

Brauer (14)
Rahbar (715)
Barber (76)
Heck (17)
Ahmadzadehfar (78)
Yadav (79)
Khreish (20)
Meyrick (27)
Rasul (22)
Widjaja (23)
Yadav (24)
Hartrampf (25)
Karimzadeh (26)
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Pooled OR for PSA Response

The PSA RRs, that is, the proportions of patients achieving at
least a 50% decline in serum PSA from baseline, ranged from 34%
to 61% in the evaluable articles. Six articles consisting of 553
patients provided univariate ORs to assess the impact of prior tax-
ane chemotherapy status on PSA response (15—17,19,22,23). These
included 167 (30.2%) taxane-naive patients and 386 (69.8%)
taxane-treated patients. The estimated pooled OR for PSA response
in taxane-naive versus taxane-treated patients was 1.82 (95% CI,
1.21-2.71; P = 0.004). No statistical heterogeneity was observed
(> = 0%, P = 0.810) (Fig. 2A).

Individual patient data for PSA RRs were available in 3 articles
comprising 303 patients (/6,17,23). The pooled PSA RR after
["""Lu]Lu-PSMA-RLT was significantly higher in the taxane-naive
patients than in patients who received chemotherapy (56/98 [57.1%]
vs. 81/205 [39.5%]; difference, 17.6%; 95% CI, 5.6%—28.9%;
P = 0.004).

Pooled HR for PFS

In the evaluable articles, the median PFS ranged from 4.0 to
12.0 mo. The impact of prior chemotherapy status on PFS was evalu-
ated in 5 articles (1,027 patients) comprising 326 (31.7%) taxane-
naive and 701 (68.3%) taxane-treated patients (16,20,21,24,26).
Three of these articles evaluated PFS based on PSA progression
(20,24,26), one assessed radiologic PFS (/6), and another evaluated
both PSA PFS and radiologic PFS (21). The pooled HR estimate for
overall PFS in taxane-naive versus taxane-treated patients was 0.60
(95% CI, 0.51-0.69; P < 0.001) (Fig. 2B). No significant statistical
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A for taxane-naive patients (n = 468/1,594,
Odds Ratio Odds Ratio 29.4%) versus taxane-treated patients (n =
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FIGURE 2. Forest plots showing pooled estimates of univariate OR for PSA response (A), univari-
ate HR for PFS (B), and univariate HR for OS (C) in taxane-naive vs. taxane-treated patients after

77 u-PSMA-RLT.

heterogeneity was noted (I = 0%, P = 0.70). The corresponding
pooled HR estimates for PSA PFS and radiologic PFS were 0.60
(95% CI, 0.51-0.71; P < 0.001; I* = 0%) and 0.55 (95% CI,
0.43-0.70; P < 0.001; > = 0%), respectively.

Pooled HR for OS

The median OS in the included articles ranged from 8.0 to
27.1mo. Eight articles comprising 1,594 patients evaluated the
impact of prior chemotherapy in predicting OS using univariate ana-
lysis (14,16,18,20,21,24-26). The estimated pooled univariate HR

Visual assessment of funnel plots for the
efficacy outcomes did not indicate any pub-
lication bias. Egger regression test results
were not statistically significant (Fig. 3).

DISCUSSION

With the results of the landmark VISION and TheraP trials,
['7"Lu]Lu-PSMA-RLT has been proven to improve outcomes in
mCRPC patients in the postchemotherapy setting (6,7). Given its
encouraging efficacy and safety profiles in end-stage mCRPC, use
in earlier treatment lines is expected to result in even better out-
comes. However, the absence of definite evidence of improvement
in outcomes has so far hindered the acceptability of ['”’Lu]Lu-
PSMA-RLT earlier in the disease course. Further, retrospective

Subgroup Analyses of Pooled Estimates

TABLE 3

Pooled OR for PSA response

Pooled HR for PFS

Pooled HR for OS

Variable 95% Cl 12 95% ClI 12 95% Cl 1
Study design

Retrospective 1.85 (1.22-2.81) 0% 0.56 (0.47-0.67) 0% 0.53 (0.41-0.68) 53%

Prospective 1.29 (0.24-6.82) NA 0.71 (0.53-0.97) NA 0.63 (0.39-1.01) NA
Sample size

<100 patients 1.87 (1.07-3.25) 0% NA NA 0.66 (0.42-1.05) 0%

=100 patients 1.76 (0.98-3.16) 0% NA NA 0.52 (0.39-0.68) 60%
RLT agent

77Lu-PSMA-617 1.87 (1.07-3.25) 0% 0.69 (0.53-0.91) 0% 0.64 (0.51-0.78) 0%

177 u-PSMA-I&T 1.33 (0.45-3.93) NA 0.53 (0.40-0.69) NA 0.67 (0.49-0.91) 0%
NA = not applicable.
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inability to complete the RLT course in
taxane-treated patients, especially in the face
of highly aggressive, high-volume disease, is
therefore likely to contribute to poor post-
RLT outcomes, often coupled with added
toxicity. In contrast, taxane-naive patients are
likely to have a better performance status,
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FIGURE 3. Funnel plots evaluating publication bias for PSA RR (A), PFS (B), and OS (C)

studies evaluating ['”’Lu]Lu-PSMA-RLT outcomes in taxane-
naive versus taxane-treated patients have so far given conflicting
results (/4-26). To address this evidence gap, this systematic
review and metaanalysis comprehensively pooled 13 studies to
evaluate the impact of prior chemotherapy status on ['”’Lu]Lu-
PSMA-RLT outcomes. Our results clearly indicate that ['7’Lu]Lu-
PSMA-RLT resulted in significantly better PSA response, PFS, and
OS when administered in the taxane-naive setting than in the post-
taxane setting. Specifically, in taxane-naive patients receiving
['""Lu]Lu-PSMA-RLT, the odds of having a PSA response were
1.8 times better than in taxane-treated patients, with a reduction of
40% and 46% in the risk of progression and deaths, respectively.

Nevertheless, the results of this metaanalysis, although highly rele-
vant, are no substitute for those of a randomized controlled trial. To
date, only a single prospective phase 2 trial has evaluated ['7’Lu]Lu-
PSMA-RLT in taxane-naive mCRPC. The trial compared ['7’Lu]Lu-
PSMA-617 with docetaxel in 40 taxane-naive mCRPC patients and
showed that ['7"Lu]Lu-PSMA-617 had response outcomes similar
and noninferior to docetaxel. Further, patients receiving ['”’Lu]Lu-
PSMA-617 experienced fewer grade 3—5 adverse events (30% vs.
50%, respectively), with a significantly better quality of life, than
those receiving docetaxel (27). These results, when coupled with
those of our metaanalysis, support the notion that ['7’Lu]Lu-PSMA-
RLT can safely be instituted in the prechemotherapy space, at least in
the second-line setting (post-ARPI) in mCRPC, with better long-term
outcomes. Upcoming phase 3 trials with ['7’Lu]Lu-PSMA-RLT in
the taxane-naive setting—such as PSMAfore (NCT04689828) and
SPLASH (NCT04647526)—will help elucidate its impact on survival
outcomes.

The reasons underlying better outcomes with [!”’Lu]Lu-PSMA-
RLT in the taxane-naive setting need exploration. In a series of 167
patients, Barber et al. observed that the patients receiving [!”’Lu]Lu-
PSMA-RLT and, previously, taxane-based chemotherapy had more
aggressive baseline features than did their taxane-naive counterparts,
such as a higher tumor burden, lower hemoglobin levels, poorer
performance status, and a greater number of prior treatments (/6).
A baseline poor performance status before [!”’Lu]Lu-PSMA-RLT
affects tolerance of the complete RLT course and negatively impacts
survival outcomes. Further, chemotherapy-induced systemic toxicities
often result in a relatively lower threshold for tolerating RLT-related
adverse events, thereby further compromising patient tolerance of
RLT. It is known that higher cumulative activities of ['7’Lu]Lu-
PSMA-RLT are necessary for an adequate tumor-absorbed dose and
for causing a tumor response (28,29). Poor tolerance and the resultant
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ter tolerance to ['7’Lu]Lu-PSMA-RLT, and,
hence, better efficacy and safety outcomes.

Another parameter bearing significance is
tumor heterogeneity, especially in the presence of visceral metasta-
ses. In the era of extensive use of novel ARPIs, the prevalence of vis-
ceral metastasis in mCRPC has increased manifold, with a possible
contribution from the prolonged androgen suppression leading to
neuroendocrine transdifferentiation (30). PSMA expression in these
metastases is often low and accompanied by increased metabolic
activity on 2-['"8F]JFDG PET/CT (3/). Patients with these low—
PSMA-expressing or discordant metastases therefore respond poorly
to ['7’Lu]Lu-PSMA-RLT and are better suited for chemotherapy
(32,33). On the basis of our observations, we believe that mCRPC
patients after progression with ARPIs can safely and effectively
be treated with ['7’Lu]Lu-PSMA-RLT in cases of adequate PSMA
expression and preferably in the absence of visceral metastases. If
patients progress on [!”’Lu]Lu-PSMA-RLT or already have discor-
dant visceral metastases at initial presentation, chemotherapy might
be an option. A crossover randomized controlled trial comparing
the sequencing of ['”’Lu]Lu-PSMA-RLT and taxane chemotherapy
in the post-ARPI setting will be necessary to validate our
hypothesis.

The current metaanalysis is not without limitations. The number
of studies included for each outcome analyzed was quite limited to
obtain definitive conclusions. Most studies were retrospective and
single-armed and thus had an inherent high risk of bias. Further,
the numbers of taxane-naive and taxane-treated patients were not
equally matched. Pooled estimates of univariate ORs and HRs
might also have been affected by other clinical variables.

CONCLUSION

The current metaanalysis comprehensively pooled the largest
series—to our knowledge—of taxane-naive mCRPC patients trea-
ted with ['"’Lu]Lu-PSMA-RLT. Our results highlight the better
response and long-term survival outcomes with ['7’Lu]Lu-PSMA-
RLT in such patients with no prior exposure to taxane chemother-
apy. Although data from phase 3 trials are awaited, our results
show a promising role for [!”’Lu]Lu-PSMA-RLT in the taxane-
naive space. This will be especially beneficial for those patients
who are ineligible for or unwilling to undergo chemotherapy
because of its potential toxicities and adverse impact on quality of
life. Further trials evaluating [!”’Lu]Lu-PSMA-RLT in the taxane-
naive setting are now required.
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KEY POINTS

QUESTION: Will ['""Lu]Lu-PSMA-RLT be more effective when
administered before taxane chemotherapy than after?

PERTINENT FINDINGS: This systematic review and metaanalysis
comprised 13 articles with 2,068 patients. In 6 articles comprising
553 patients, taxane-naive patients had significantly better odds
of a biochemical response after [’ Lu]Lu-PSMA-RLT (pooled

OR, 1.82; 95% Cl, 1.21-2.71). A taxane-naive status was also a
predictor of significantly better PFS (5 articles; 1,027 patients; pooled
HR, 0.60; 95% ClI, 0.51-0.69) and OS (8 articles; 1,594 patients;
pooled HR, 0.54; 95% Cl, 0.43-0.68) after ['""Lu]Lu-PSMA-RLT.

IMPLICATIONS FOR PATIENT CARE: Although ['”"Lu]Lu-PSMA-
RLT has been proven effective in end-stage disease, our results
suggest even better outcomes in patients with no prior exposure
to chemotherapy.
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Elevated Body Mass Index Is Associated with Improved
Overall Survival in Castration-Resistant Prostate Cancer
Patients Undergoing Prostate-Specific Membrane
Antigen—Directed Radioligand Therapy

Philipp E. Hartrampf*', Patrick W. Mihatsch**, Anna Katharina Seitz, Lilja B. Solnes®, Steven P. Rowe",
Martin G. Pomper4, Hubert Kiibler’, Thorsten A. Bleyz, Andreas K. Buck', and Rudolf A. Werner"*

! Department of Nuclear Medicine, University Hospital of Wiirzburg, Wiwrzburg, Germany; *Department of Diagnostic and
Interventional Radiology, University Hospital of Wiirzburg, Wiirzburg, Germany; >Department of Urology and Paediatric Urology,
University Hospital of Wiirzburg, Wiirzburg, Germany; and *Russell H. Morgan Department of Radiology and Radiological Science,

Johns Hopkins University School of Medicine, Baltimore, Maryland

In patients with prostate cancer scheduled for systemic treatment,
being overweight is linked to prolonged overall survival (OS), whereas
sarcopenia is associated with shorter OS. We investigated fat-related
and body composition parameters in patients undergoing prostate-
specific membrane antigen (PSMA)-directed radioligand therapy
(RLT) to assess their predictive value for OS. Methods: Body mass
index (BMI, in kg/m2) and CT-derived body composition parameters
(total, subcutaneous, visceral fat area, and psoas muscle area at the
L3-L4 level) were determined for 171 patients scheduled for PSMA-
directed RLT. After normalization for stature, the psoas muscle index
was used to define sarcopenia. Outcome analysis was performed
using Kaplan-Meier curves and Cox regression including fat-related
and other clinical parameters (Gleason score, C-reactive protein
[CRP], lactate dehydrogenase [LDH], hemoglobin, and prostate-
specific antigen levels). The Harrell C-index was used for goodness-
of-fit analysis. Results: Sixty-five patients (38%) had sarcopenia, and
98 patients (57.3%) had increased BMI. Relative to the 8-mo OS in
normal-weight men (BMI < 25), overweight men (25 = BMI > 30) and
obese men (BMI = 30) achieved a longer OS of 14 mo (hazard ratio
[HR], 0.63; 95% ClI, 0.40-0.99; P = 0.03) and 13mo (HR, 0.47; 95%
Cl, 0.29-0.77; P = 0.004), respectively. Sarcopenia showed no impact
on OS (11 vs. 12mo; HR, 1.4; 95% ClI, 0.91-2.1; P = 0.09). Most of
the body composition parameters were tightly linked to OS on univari-
able analyses, with the highest C-index for BMI. In multivariable analy-
sis, a higher BMI (HR, 0.91; 95% Cl, 0.86-0.97; P = 0.006), lower CRP
(HR, 1.09; 95% ClI, 1.03-1.14; P < 0.001), lower LDH (HR, 1.08; 95%
Cl, 1.03-1.14; P < 0.001), and longer interval between initial diagnosis
and RLT (HR, 0.95; 95% Cl, 0.91-0.99; P = 0.02) were significant pre-
dictors of OS. Conclusion: Increased fat reserves assessed by BMI,
CRP, LDH, and interval between initial diagnosis and RLT, but not
CT-derived body composition parameters, were relevant predictors for
OS. As BMI can be altered, future research should investigate whether
a high-calorie diet before or during PSMA RLT may improve OS.

Key Words: PSMA; prostate cancer; radioligand therapy; overall
survival; body composition
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With more than 1.4 million new cases globally, prostate can-
cer (PC) is a major health burden (/), and androgen deprivation
therapy alone or in combination with androgen receptor—targeted
agents or chemotherapy is essential for treating patients with meta-
static PC (2). Therapeutic options for evolving tumor biology lead-
ing to a castration-resistant tumor stage are still limited but include
androgen receptor—targeted agents, for example, abiraterone and
enzalutamide (3,4), or taxane-containing chemotherapies (5,6). In
recent years, prostate-specific membrane antigen (PSMA )—directed
radioligand therapy (RLT) has penetrated the clinical arena, dem-
onstrating remarkable outcome benefits (7-9). For instance, the
prospective VISION trial reported on a relevant improvement in
overall survival (OS) when added to standard care (/0), leading to
recent U.S. Food and Drug Administration approval (11).

First-line therapeutic regimens used in hormone-sensitive stages,
including androgen deprivation therapy, can influence body compo-
sition in PC (/2-15). Body composition parameters were also tightly
linked to outcome for men with castration-resistant PC (CRPC) (16).
For instance, several studies have reported that overweight or obesity
is favorable for prognosis in patients with CRPC, such as those
receiving taxane-based chemotherapy (17-19), whereas high visceral
fat is suspected of being a predictor of worse outcome (19-21).
Moreover, defined as gradual skeletal muscle loss, sarcopenia still
has a debatable impact on disease progression under second-line
therapies such as docetaxel (19,22,23).

In the present study, the prevalence of sarcopenia and obesity in
men with PSMA-targeted RLT using ['7’Lu]Lu-PSMA 1&T was
assessed. We also aimed to determine the impact of fat-related and
other CT-derived body composition parameters, as well as labora-
tory values and clinical characteristics, on outcome.

MATERIALS AND METHODS

Patient Cohort
One hundred seventy-one CRPC patients treated with ['”’Lu]Lu-
PSMA I&T were included in this investigation. The local ethics
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committee waived the need for further approval of this retrospective
study (waiver 20210422 04). All patients gave written informed con-
sent for the conducted procedures. Parts of this cohort have previously
been reported (24-28), without focusing on fat-related and body com-
position parameters and their predictive performance for OS.

Treatment with ['"’Lu]Lu-PSMA I&T

The synthesis of ['7’Lu]Lu-PSMA 1&T was previously described (28).
Details on the standardized pretherapy work-up in our department
were also previously published (24). In brief, blood panels including
prostate-specific antigen (PSA) level, C-reactive protein (CRP), lactate
dehydrogenase (LDH), and hemoglobin were collected at cycle 1, day 1,
and the patient’s history was available in an electronic health database.
Information on processing of blood samples and dedicated laboratory
analyses was previously published (28). For treatment, we administered
6.0 GBq of ['""Lu]Lu-PSMA 1&T every 8 wk (maximum, 9 cycles per
patient).

Assessment of Body Composition

As part of serial hybrid imaging, PSMA-directed PET along with
respective CT was performed before initiation of PSMA-directed RLT,
defined as baseline. CT images were assessed on a workstation equipped
with syngo.via imaging software, version VB60A_HFO01 (Siemens
Healthineers AG). The scans were evaluated by an observer with 4 y of
experience in reading PSMA-targeted PET/CT, who underwent a previ-
ous training session, and were reviewed by experienced readers, if
needed. The hybrid imaging protocol was previously published (29).

CT-based assessment of body composition was performed as previ-
ously described (23). Cross-sectional areas of different tissue compart-
ments, including total, subcutaneous, and visceral fat areas, as well as
the psoas muscle area, were segmented on axial CT scans at the level
of the third and fourth lumbar vertebrae (L3-L4) by manually drawing
a region of interest for each compartment and applying the respective
tissue-typical Hounsfield unit threshold: —190 to —30 for adipose tissue
and —29 to +150 for muscle tissue (Fig. 1). Body mass index (BMI,
in kg/m?), visceral fat-to-subcutaneous fat ratio, and subcutaneous
fat-to—muscle ratio were calculated. BMI was classified as normal

(<25), preobese (25 = BMI < 30), or obese (=30) (30). Subcutaneous
fat area, visceral fat area, and psoas muscle area were then normalized for
slice thickness, and all of those parameters were also normalized for stat-
ure to derive respective indices (subcutaneous fat index, visceral fat index,
and psoas muscle index [PMI], in cm®/m?). Sarcopenia was then defined
as an L3 PMI of less than 5.7 cm®m? according to the literature (22,23).

Statistical Analyses

We used GraphPad Prism, version 9.3.0 (GraphPad Software), for sta-
tistical analyses. Descriptive data are presented as median and range. We
defined OS as the interval from the day of the first cycle until the day of
death (presented as median). Univariable Cox regression was performed
with all parameters for OS after exclusion of outliers (» = 7). For multi-
variable analysis, we then selected significant parameters from the univari-
able analysis. Parallel inclusion of multiple body composition parameters
in 1 model was not possible because of multicollinearity (e.g., BMI +
weight + total fat area or psoas muscle area + PMI). Thus, we decided
for the relevant clinical parameter BMI (as a fat-related parameter) and
PMI (as an established marker of sarcopenia) in the multivariable analyses
(22,23). Different Cox regression models were compared with each other
and with a null model (without any parameter) using the Akaike informa-
tion criterion (3/) and the Harrell C-statistic (32). In this regard, a lower
Akaike information criterion and a higher Harrell C value indicate a
better-fit model (37,32). The hazard ratio (HR) of death and 95% CI are
presented. Kaplan—-Meier curves and log-rank comparison were also cal-
culated to illustrate different survivals between high- and low-risk patients.
We present median survival in months, with the HR of death and 95%
CI. A P value of less than 0.05 was considered statistically significant.

RESULTS

Patient Characteristics

The median age of the 171 included patients was 71y (range,
46-95y), and the median Gleason score at original diagnosis was
9 (range, 5-10). The patients received a median of 2 systemic treat-
ment lines before PSMA RLT, with 71%, 65%, 68%, and 8% of
patients receiving taxane-based chemotherapy, enzalutamide, abira-
terone, and 2*Ra, respectively. The median
baseline laboratory values were 158 ng/mL

(range, 0.07-5,000ng/mL), 0.56 mg/dL
(range, 0.02-29.34 mg/dL), 268 U/L (range,
118-1,800 U/L), and 11.6 g/dL (range, 6.0—
16.1g/dL) for PSA, CRP, LDH, and he-
moglobin, respectively. Men underwent a
median of 2 cycles (range, 1-9) of RLT
with ['77Lu]Lu-PSMA 1&T. The median
follow-up was 7mo (range, 1-53 mo), and
the median OS was 11 mo. Ninety-four
patients died during follow-up. At baseline,
73 patients (42.7%) showed a normal BMI,
56 patients (32.7%) were preobese, and the
remaining 42 patients (24.6%) were obese.
Sarcopenia was recorded in 65 patients
(38%; Table 1). Table 1 provides a compre-
hensive overview of the baseline patient
characteristics.

Identification of Patients Prone to Shorter
Survival Through BMI but Not CT-Derived

FIGURE 1.

BMI ror OVERALL SURvIVAL IN PSMA RLT -

Example of 68-y-old patient with PC. As part of hybrid imaging (PSMA PET/CT), body
composition of CT was investigated. Sagittal (A), coronal (B), and axial (C-E) CT images show seg-
mentation of separate tissue compartments at level of third and fourth lumbar vertebrae (L3-L4)
applying different Hounsfield units: subcutaneous fat cross-sectional area (—190 to —30) (C), visceral
fat cross-sectional area (—190 to —30) (D), and psoas muscle area (—29 to +150) (E).

Body Composition Parameters
Univariable Cox regression for different
body composition parameters revealed total
fat area (per 50 cmz; HR, 0.93; 95% CI,
0.88-0.99; P = 0.03), psoas muscle area

Hartrampf et al. 1273



TABLE 1
Patient Characteristics

Characteristic at initiation of RLT

Data

Age (y)
PSA (ng/mL)
CRP (mg/dL)
LDH (U/L)
Hemoglobin (g/dL)
Interval between initial diagnosis and RLT (mo)
Gleason score
BMI (kg/m?)
Normal (BMI < 25)
Preobese (25 = BMI < 30)
Obese (BMI = 30)
Body composition before initiation of RLT
Psoas muscle area (cm?)
PMI (cm?/m?)
Sarcopenia (PMI < 5.7 cm?/m?)
Total fat area (cm?)
Visceral fat area (cm?)
Visceral fat index (cm?/m?)
Subcutaneous fat area (cm?)
Subcutaneous fat index (cm?/m?)
Visceral fat-to—subcutaneous fat ratio
Subcutaneous fat-to-muscle ratio
RLT cycles (n)
RLT in castration-resistant stage as ...
First-line therapy
Second-line therapy
Third-line therapy
Fourth-line therapy

71 (46-95)
158 (0.07-5,000)
0.56 (0.02-29.34)
268 (118-1,800)
11.6 (6.0-16.1)
71 (9-364)
9 (5-10)
25.8 (18.4-49.7)
73 (42.7%)
56 (32.7%)
42 (24.6%)

19.0 (7.9-37.2)
6.1 (2.5-11.9)
65 (38.0%)

416.7 (104.8-1,372)
166.9 (23.3-478.9)
53.8 (6.5-160.4)
229.5 (70.2-1,053)

76.4 (22.8-307.6)

0.77 (0.25-1.96)

12.4 (3.7-42.5)

2 (1-9)

6/171 (3.5%)
25/171 (14.6%)
71171 (41.5%)
60/171 (35.1%)

Qualitative data are number and percentage; continuous data are median and range.

(HR, 0.95; 95% CI, 0.91-0.99; P = 0.02), PMI (HR, 0.85; 95%
ClI, 0.75-0.97; P = 0.01), visceral fat index (HR, 0.99; 95% CI,
0.99-1.00; P = 0.05), BMI (HR, 0.91; 95% CI, 0.86-0.96; P =
0.001), and weight (HR, 0.97; 95% CI, 0.96-0.99; P = 0.005) as
significantly associated with OS. Sarcopenia, however, failed to
reach significance (P = 0.14, Table 2). Investigating clinical para-
meters, CRP (HR, 1.16; 95% CI, 1.11-1.20; P = 0.001), LDH (per
50U/L; HR, 1.16; 95% CI, 1.11-1.20; P = 0.001), hemoglobin
(HR, 0.71; 95% CI, 0.61-0.81; P < 0.001), PSA (HR, 1.01; 95%
CI, 1.00-1.03; P = 0.04), and interval between initial diagnosis
and RLT (per year; HR, 0.94; 95% CI, 0.89-0.98; P = 0.003)
were significant predictors of OS. Age and Gleason score, however,
were not significant (P = 0.31). However, the largest improvements
in the models compared with a model without parameters (null
model) were seen for BMI among the body composition and fat
parameters (Akaike information criterion, 728.5 vs. 738.2 in the
null model; C-index, 0.64).

The multivariable analysis included BMI, CRP, LDH, interval
between initial diagnosis and RLT, hemoglobin, baseline PSA value,

1274

and PMI (C-index, 0.80). CRP (HR, 1.09; 95% CI, 1.03-1.14; P <
0.001), LDH (per 50 U/L; HR, 1.08; 95% CI, 1.03—1.14; P < 0.001),
interval between initial diagnosis and RLT (per year; HR, 0.95; 95%
CL 0.91-0.99; P = 0.02), and BMI (HR, 0.91; 95% CI, 0.86-0.97;
P = 0.006) remained significant predictors of OS (Table 3).

Relative to 8 mo in patients with a normal BMI, preobese men
achieved a longer OS of 14mo in Kaplan-Meier analysis (HR,
0.63; 95% CI, 0.40-0.99; P = 0.03). Similar results were recorded
for obese subjects (OS, 13 mo; HR, 0.47; 95% CI, 0.29-0.77; P =
0.004 vs. normal BMI; Fig. 2). There was no significant difference
in OS between preobese and obese subjects (P = 0.39). Patients
with sarcopenia at baseline did not have a shorter OS than patients
without sarcopenia (11 vs. 12mo; HR, 1.4; 95% CI, 0.91-2.1;
P = 0.09; Fig. 3).

DISCUSSION

Investigating fat-related and CT-derived body composition para-
meters along with other clinical parameters of 171 PC patients
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TABLE 2
Univariable Cox Regression Model

Parameter HR 95% CI AIC Harrell C P
Null model 738.2

CRP (per mg/dL) 1.16 1.11-1.20 700.0 0.76 0.001
LDH (per 50 U/L) 1.16 1.11-1.20 703.2 0.75 0.001
Hemoglobin (per g/dL) 0.71 0.61-0.81 716.5 0.69 0.001
BMI (per kg/m?) 0.91 0.86-0.96 728.5 0.64 0.001
Interval between initial diagnosis and RLT (per year) 0.94 0.89-0.98 729.4 0.62 0.003
Weight (per kg) 0.97 0.96-0.99 731.5 0.63 0.005
PMI (cm?/m?) 0.85 0.75-0.97 733.8 0.59 0.01
Psoas muscle area (per cm?) 0.95 0.91-0.99 734.2 0.59 0.02
Total fat area (per 50 cm?) 0.93 0.88-0.99 735.3 0.57 0.03
Visceral fat area (per 50 cm?) 0.89 0.79-1.00 736.0 0.55 0.05
Visceral fat index (per cm?/m?) 0.99 0.99-1.00 736.1 0.56 0.05
PSA (per 50 ng/mL) 1.01 1.00-1.03 736.6 0.59 0.04
Subcutaneous fat index (per cm?/m?) 1.00 0.99-1.00 736.6 0.58 0.07
Subcutaneous fat area (per 50 cm?) 0.91 0.82-1.01 7371 0.57 0.09
Sarcopenia present 1.39 0.90-2.12 738.0 0.55 0.14
Visceral fat-to—subcutaneous fat ratio 0.71 0.39-1.22 738.7 0.50 0.24
Age (per year) 0.99 0.96-1.01 739.2 0.54 0.31
Gleason score* 1.12 0.89-1.42 0.53 0.35
Subcutaneous fat-to-muscle ratio 0.99 0.96-1.03 7401 0.51 0.74

*Because of missing values, another null model was used and comparison was not possible.

AIC = Akaike information criterion.

Lower Akaike information criterion and higher Harrell C values indicate better-fit model (37,32).

scheduled for RLT, we found that a higher BMI of at least 25 kg/m?,
a lower CRP, a lower LDH, and a longer interval between initial
diagnosis and RLT were significant predictors for prolonged OS.
The prevalence of sarcopenia or any other CT-derived body com-
position parameter, however, had no relevant impact on OS in a
multivariable analysis.

In the present cohort, the occurrence of sarcopenia (38%) was
comparable to that in prior studies for patients scheduled for docetaxel

chemotherapy (19,22). However, this prevalence is higher than
reported for people aged 60-70y in the United States and parts of
Europe, with those values ranging from 5% to 13% (33). As a pos-
sible explanation, this difference may be caused by an advanced
tumor biology as included in the present study, which can result in
increased catabolism and malnutrition (34). In addition, RLT patients
have usually undergone extensive pretreatment with androgen dep-
rivation therapy, enzalutamide/abiraterone, and chemotherapy with

TABLE 3

Multivariable Cox Regression
Parameter HR 95% ClI AIC Harrell C P
Null model 738.2
CRP (per mg/dL) 1.09 1.03-1.14 675.8 0.80 <0.0001
LDH (per 50 U/L) 1.08 1.03-1.14 <0.001
BMI (per kg/m?) 0.91 0.86-0.97 0.006
Interval between initial diagnosis and RLT (per year) 0.95 0.91-0.99 0.02
Hemoglobin (per g/dL) 0.86 0.74-1.00 0.06
PMI (per cm?/m?) 0.92 0.80-1.01 0.25
PSA (per 50 ng/mL) 1.00 0.98-1.01 0.97

AIC = Akaike information criterion.
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FIGURE 2. Kaplan—-Meier curves and log rank comparisons for patients with and without sarcope-
nia and treated with RLT, revealing no relevant differences in OS for men allocated to either group.

docetaxel, which may also result in loss of skeletal muscle. In our
investigated mCRPC patients treated with ['7’Lu]Lu-PSMA I&T,
sarcopenia was not associated with OS, as is in line with the find-
ings on subjects scheduled for other last-line therapies such as
docetaxel chemotherapy (79). Of note, Ohtaka et al. reported a short-
ened OS in sarcopenic patients undergoing taxane-based chemo-
therapy (22). Thus, given those varying results depending on the
treatment regimen, further studies are needed to corroborate our
findings of no relevant impact of muscle loss on outcome by inves-
tigating other PSMA-targeted therapeutic compounds, such as
["""Lu]Lu-PSMA-617 or thPSMA-7.3 (10,35).

Investigating a large single-center experience with men treated
with ['7’Lu]Lu-PSMA-I&T to date, we found that most of the body
composition parameters were tightly linked to OS on univariable
analyses, thereby demonstrating their clinical relevance in patients
treated with RLT. In this regard, a rather time-consuming assess-
ment of CT-derived body composition parameters yielded comparable
results to BMI. The latter parameter, however, is easily obtainable,
for example, on a first-time visit when taking the patient’s history
before initiation of RLT.

In addition, BMI also achieved the highest C-index of all body
composition parameters, further emphasizing the importance of
this parameter in clinical routine to identify high-risk individuals

crease the number of men anticipated for
PSMA-directed RLT in the near future (36),
thereby not allowing for laborious CT as-
sessments in a busy theranostic practice. In
this regard, we found that patients with a BMI of more than 25 kg/m*
showed a significantly longer OS, which corroborates previous results
for CRPC patients (17,18), in particular when treated with standard
docetaxel chemotherapy (19,21).

As a possible explanation, patients with higher BMIs have greater
fat reserves, thereby resisting tumor-associated cachexia for a sub-
stantially longer time after starting PSMA RLT. As such, this ob-
servation may have further clinical implications, as future studies
may include high-calorie diet protocols before initiation of RLT or
on repeated cycles, particularly when other therapies such as doce-
taxel have already been applied. In this regard, the observed impact
of body habitus on OS is a variable that could be modified by the
referring treating physician, whereas all other clinical variables that
remained significant in multivariate analyses (including blood-
based values or interval between initial diagnosis and RLT) cannot
be modified. Nonetheless, the most appropriate dietary control
would then have to be defined, as preclinical studies have reported
stronger PC growth on high-fat than high-carbohydrate diets in
murine studies (37). In this regard, our study may then also pave
the way for future investigations, which should assess whether
underweight patients scheduled for RLT may be at higher risk for
treatment failure and whether those high-risk individuals may bene-
fit from such modified dietary protocols.

Similar to previous studies, other clinical
parameters have reached significance on

e ot Events Median univariable regression analysis, including
100+ ihe CRP, LDH, and interval between initial diag-
90 —— BMI <25 kgim? 45173 8 nosis and RLT (24,38,39). The assumption
5 80 - 25 kgim? < BMI < 30 kg/m’ 31/56 14 that patients with a high visceral fat-to—
€ 10 Hazard ratio for death, 1.66 (95% CI,1.03-2.66); P=0.04* subcutaneous fat ratio exhibit shorter OS
= L BMIZ 30 kg/m® 18/42 13 than patients with a low visceral fat-to—
9 60+ Hazard ratio for death, 2.18 (95% CI, 1.20-3.67); P = 0.004" .
5 gl subcutaneous fat ratio (20,21) could not be
2 4t I—L verified in our cohort of patients undergoing
a 5 RLT. Interestingly, relative to CRP, LDH,
4 = . .
g o ; or hemoglobin, BMI or CT-derived body
& a0 '—«_l  —— oo composition parameters such as total fat area,
10 — | visceral fat area, and psoas muscle area pre-
N T T T T T T T T T T 1 dict OS to a lesser extent. This may be par-
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tially explained by an observer bias for CT
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assessment, in particular as blood-based bio-

FIGURE 3. Kaplan-Meier curves and log rank comparisons for patients treated with RLT and strat-
ified according to their BMI. Higher BMI was associated with longer median survival, in particular for
obese subjects with BMI = 30 kg/m?. *Compared with patients with BMI < 25 kg/m?.
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markers are analyzed following highly stan-
dardized protocols. Baseline PSA values also
failed to reach significance in multivariable
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Cox regression. This, however, is in line with previous findings
for predicting survival using ['7’Lu]Lu-PSMA-617 (40—42) and
['7Lu]Lu-PSMA I&T (24,38).

This study has limitations, including its retrospective design and
its not individually determined, but fixed activity, regimens. PSMA
RLT is usually given 4-6 times (43). As a real-world dataset
obtained from routine care, not all patients were able to complete
all 4-6 cycles, explaining the drop-out rate of approximately 20%
after every cycle. Another partial explanation is that when the first
patients were included in this analysis, respective restrictions on
the number of cycles were nonexistent, for example, because of the
missing results of the Vision Trial (/0). Nonetheless, the number
of cycles is of importance, as this is also recommended by the respec-
tive guidelines (43), and thus, future investigations may include only
subjects with no more than 6 cycles. Although previous studies
have shown no relevant outcome differences in a matched-pair
analysis comparing the 2 most widely used therapeutic radiotracers,
[Y7Lu]Lu-PSMA I&T and [!”7Lu]Lu-PSMA-617 (25), future stud-
ies should determine the predictive performance of baseline BMI
and body composition in other PSMA-targeted agents recently
introduced for therapy, including ['7’Lu]Lu-thPSMA-7.3 (35). Other
studies may also incorporate sophisticated nomograms along with
fat-related parameters to provide an even more refined selection of
candidates who are likely to respond to treatment (44). Last, perfor-
mance status, such as Eastern Cooperative Oncology Group status,
should be investigated to determine the predictive value relative to
BMI or CT-based body composition (45).

CONCLUSION

In CRPC patients scheduled for RLT, patients with higher BMIs
showed longer OS in multivariable analyses, whereas CT-derived
body composition parameters reached significance only in univariate
analyses. BMI as an easily obtainable parameter was also predictive
of survival, along with blood-based parameters (CRP and LDH) and
time between diagnosis and initiation of RLT. Although the latter
clinical variables cannot be modified by the referring physician,
future studies should determine whether a preceding high-calorie diet
in individuals with lower fat reserves may also improve outcome.
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KEY POINTS

QUESTION: How do body composition parameters (e.g., fat
parameters, BMI, or sarcopenia) influence OS in CRPC patients
undergoing PSMA RLT?

PERTINENT FINDINGS: In PC patients scheduled for RLT,
sarcopenia is present in 38% of cases but is not associated with
survival. However, increased fat reserves, as determined by BMI,
are associated with a better outcome.

IMPLICATIONS FOR PATIENT CARE: Future studies should
investigate whether alteration of BMI before treatment initiation
may improve OS.
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Using multimodal imaging, we investigated the extent and functional
correlates of myocardial fibroblast activation in patients with aortic
stenosis (AS) scheduled for transcatheter aortic valve replacement
(TAVR). AS may cause myocardial fibrosis, which is associated with
disease progression and may limit response to TAVR. Novel radio-
pharmaceuticals identify upregulation of fibroblast activation protein
(FAP) as a cellular substrate of cardiac profibrotic activity. Methods:
Twenty-three AS patients underwent ®8Ga-FAP inhibitor 46 (®®Ga-
FAPI) PET, cardiac MRI, and echocardiography within 1-3 d before
TAVR. Imaging parameters were correlated and then were integrated
with clinical and blood biomarkers. Control cohorts of subjects with-
out a history of cardiac disease and with (n = 5) and without (n = 9)
arterial hypertension were compared with matched AS subgroups.
Results: Myocardial FAP volume varied significantly among AS sub-
jects (range, 1.54-138 cm®, mean * SD, 42.2 + 35.6 cm®) and was
significantly higher than in controls with (7.42 = 8.56 cm®, P = 0.007)
and without (2.90 = 6.67 cm®; P < 0.001) hypertension. FAP volume
correlated with N-terminal prohormone of brain natriuretic peptide (r =
0.58, P = 0.005), left ventricular ejection fraction (- = —0.58, P = 0.02),
mass (r = 0.47, P = 0.03), and global longitudinal strain (- = 0.55, P =
0.01) but not with cardiac MRI T1 (spin-lattice relaxation time) and extra-
cellular volume (P = not statistically significant). In-hospital improvement
in left ventricular ejection fraction after TAVR correlated with pre-TAVR
FAP volume (r = 0.440, P = 0.035), N-terminal prohormone of brain
natriuretic peptide, and strain but not with other imaging parameters.
Conclusion: FAP-targeted PET identifies varying degrees of left ventric-
ular fibroblast activation in TAVR candidates with advanced AS. ®Ga-
FAPI signal does not match other imaging parameters, generating the
hypothesis that it may become useful as a tool for personalized selection
of optimal TAVR candidates.
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F1BROBLAST ACTIVATION IN TAVR CANDIDATES

Advanced aortic stenosis (AS) is associated with significant
morbidity and mortality (/-3). Transcatheter aortic valve replace-
ment (TAVR) is increasingly used, primarily in high-risk patients
(4), although a broader use in lower-risk AS has been suggested (5).
Myocardial fibrosis is thought to play a critical role in AS, in the
response to therapy and in subsequent outcome (6). In TAVR recipi-
ents, the histologic severity of myocardial fibrosis varies significantly
and independently predicts left ventricular (LV) remodeling and
survival (7,8). Accordingly, myocardial fibrosis has emerged as an
imaging target in AS. Strain analysis from transthoracic echocardiog-
raphy (TTE) provides indirect measures of fibrosis in cardiomyopa-
thies (9,10) and in AS (/7). In cardiac MRI (CMR), late gadolinium
enhancement (LGE) identifies scars and areas of replacement fibrosis
(12). Parametric T1 (spin-lattice relaxation time) mapping describes
altered tissue composition as an indicator of diffuse interstitial fibro-
sis (13,14). However, LGE and elevated T1 are, for example, also
found in areas with extracellular expansion due to edema or infiltra-
tion (/2), and T1 may have limited specificity for discriminating AS
patients from healthy controls (15).

Recently, specific radioligands for fibroblast activation protein
(FAP) have been developed for targeted PET and were initially
used to characterize tumor stroma (/6). FAP is a membrane-bound
serine protease (/7,18) that is highly expressed by activated myofi-
broblasts. In profibrotic conditions, it therefore identifies the bio-
logic activity of tissue fibroblasts as a cell-based mechanism that is
distinct from the extracellular matrix. The feasibility of noninvasive
PET-based interrogation of cardiac *®Ga-FAPI expression has, for
example, been shown after acute myocardial infarction (/9-23).
Moreover, among oncologic patients, a less intense but variable
myocardial ®3Ga-FAPI signal was proportional to cardiovascular
risk factors such as hypertension and diabetes mellitus (24).

We hypothesized that FAP-targeted PET will identify the pres-
ence and inter- and intraindividual heterogeneity of myocardial
fibroblast activation in AS. We also hypothesized that this signal
of profibrotic activity will be distinct from, and thereby comple-
mentary to, other imaging parameters that reflect tissue composi-
tion. We tested our hypotheses by a comprehensive global and
regional integration of multimodality noninvasive imaging para-
meters and their relation to established clinical risk markers and
short-term response to TAVR. We speculate that confirmation of
our hypotheses may support the use of FAP-targeted PET in future

Diekmann et al. 1279



studies seeking to optimize candidate selection for TAVR based
on their individual fibrotic disease profile.

MATERIALS AND METHODS

Study Design and Participants

We included 23 patients (11 men, 12 women; mean age *= SD,
84.1 = 3.3 y) who had undergone clinical evaluation including
CMR, TTE, and FAP-targeted PET with ®®Ga-FAP inhibitor 46
(°®Ga-FAPI) before TAVR at Hannover Medical School. AS had
been evaluated, and eligibility for TAVR determined, according to
clinical guidelines (25). All patients had classic high-gradient AS and
sinus rhythm. Patients equipped with a permanent pacemaker or
implantable cardioverter defibrillator and who had severe renal dys-
function (glomerular filtration rate < 30 mL/min), chronic inflamma-
tory disease, or eminent frailty were excluded. All patients gave written
informed consent before undergoing imaging. The study was in accor-
dance with the ethical guidelines of the 1975 Declaration of Helsinki,
and the local ethical committee approved the project (approval
9553_BO_K_2021).

Radionuclide Imaging

FAP-targeted PET was conducted 1-3 d before TAVR, using the spe-
cific ligand *®Ga-FAPI-46, which was synthesized in house according to
good manufacturing practices as previously described (26) and was used
clinically according to §13.2b of the German Pharmaceuticals Act for
determination of myocardial profibrotic activity. Static PET images
were acquired for 20 min using a Biograph mCT 128 system (Siemens),
beginning 60 min after intravenous injection of 118 = 16 MBq of
%8Ga-FAPI-46. Low-dose CT was used for attenuation correction.
Images were iteratively reconstructed, using time-of-flight and point-
spread function information (True X; Siemens). Peak and SUV ., were
obtained for myocardium, blood pool (left atrium), and other organs
(liver, spleen, bone marrow, lungs) using volumes of interest of 1 cm®
and commercial software (syngo.via, V50B; Siemens Healthcare). Myo-
cardial FAP volume was determined using an
isocontour volume of interest including all

dose of gadolinium-diethylenetriamine pentaacetate (Gadavist; Bayer
Healthcare). Extracellular volume fraction was calculated from myocardial
and blood T1 relaxation times before and after contrast administration,
using the most recent hematocrit level. Global analysis included determi-
nation of LV ejection fraction (LVEF), volumes, mass, and extent of
LGE, indexed by body surface area (27). Segmental analysis included
native T1 and postcontrast T1 relaxation times, using the 16-segment
model. Threshold analysis using the mean + 2 SDs of healthy controls’
identified segments with prolonged native T1 relaxation times (28). Cvi42
software (Circle Cardiovascular Imaging) was used.

TTE

TTE was performed 1-3 d before and after TAVR, using an EPIQ7
equipped with an X5-1 transducer (Philips). LV strain images were
recorded using standard apical views. Speckle tracking for measure-
ment of global longitudinal strain and LVEF were assessed offline
using a TomTec Imaging Systems ultrasound software. Segmental lon-
gitudinal strain was assessed using 18 segments, and 4 apical segments
were merged for comparability to CMR and PET. Threshold analysis
using the mean + 2 SDs of healthy controls (29) identified segments
with impaired longitudinal strain.

Control Groups

From a historic sample of cancer patients having undergone
%8Ga-FAPI-46 PET for staging at the University of Heidelberg, 2 con-
trol groups were identified and matched to AS subgroups by age and
sex. Imaging modalities, tracers, and evaluations were identical to the
Hannover protocol (image acquisition 60 min after injection). First, a
group of 9 control subjects (4 with glioblastoma, 3 with adenoid cystic
carcinoma, 1 with pancreas carcinoma, and 1 with a suspected cancer-
ous polyp) was selected and matched 1:2 to 18 AS patients. This
group had no history of cardiac disease, cardiotoxic chemotherapy, or
radiation therapy of the chest; no coronary calcification; and no known
cardiovascular risk factors, including smoking, diabetes mellitus, or

voxels above an individually determined
threshold (blood pool SUV,,can + 2 SDs) with
exclusion of valve regions. Additionally, the
area of FAP upregulation was calculated by
polar map analysis as previously described
(19). Segmental SUV ., Was calculated using
the American Heart Association 17-segment
model and polar maps. Apical segments were
merged for comparability to CMR and
echocardiography.

High
myocardial
FAP uptake

CMR

CMR was performed using a 1.5-T scanner
(Magnetom Avanto; Siemens) in 22 of 23
patients (97%) at 1-4 d before TAVR. In 2 of
22 patients, T1 mapping was not performed
because of technical problems. Cine images
were obtained using a balanced steady-state

Low
myocardial
FAP uptake

Global T1 95

column 1

CMR
native T1

a T" -

-

Global T1 9584 ma

Ii Short axis

column 4

TTE
longitudinal strain

column 2

Activated fibroblasts
(¥8Ga-FAPI)

SUlpeak 3.9

SU\peak 2.0

_{

free-precession sequence (True FISP; Siemens).
Parametric T1 maps were acquired in 3 short-
axis slices (basal, midventricular, and apical
LV) covering 16 segments (available for 16
patients), using the modified look-locker se-
quence before and after administration of
contrast agent. LGE was imaged by phase-
sensitive inversion recovery sequences, 10—15
min after bolus injection of a 0.15 mmol/kg

FIGURE 1.
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Multimodal characterization of myocardial fibrosis in AS patients before TAVR. Shown
are 2 cases with high and low myocardial ®8Ga-FAPI signal, as indicated by representative midven-
tricular short-axis PET/CT image (column 2) and parametric polar maps of %Ga-FAPI uptake
(column 3; polar maps are 2-dimensional display of 3-dimensional LV activity with apex in center,
base in periphery, anterior wall on top, inferior wall on bottom, septum on left, and lateral wall on
right). High 58Ga-FAPI signal was associated with mild elevation of native T1 from CMR (column 1)
and mild reduction of global longitudinal strain at TTE (column 4). Yet, neither CMR T1 nor TTE
global longitudinal strain show similarly clear distinction between patients when compared with
%8Ga-FAPI signal. GLS = global longitudinal strain.
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TABLE 2
CMR

Variable

All patients

All patients indexed (mL/m?)

Global function (n = 22)

EDV (mL)
ESV (mL)
SV (mL)
LVM (g)

LVEF (%)

Global mapping (n = 20)
T1 global native (ms)
T1 global contrast (ms)
ECV global (%)

118.6 + 26.7 (83-191)
43.5+13.8 (29-84)
75.2 +14.8 (53-119)

116.2 + 21.3 (77-157)
63.8 + 4.4 (53-72)

977.2 + 25.8 (939-1,049)
448.8 + 48.8 (363-539)
28.0 + 3.9 (22-38)

66.5+12.9 (45.0-102.0)
24.3 + 6.8 (15.0-43.0)
42.1 +7.0 (30.0-64.0)
66.3 + 11.9 (40.0-86.0)

ECV = extracellular volume fraction; EDV = end-diastolic volume; ESV = end-systolic volume; SV = stroke volume; LVM = LV mass.

Data are mean + SD and range.

arterial hypertension. Second, 5 control subjects (all with pancreas
carcinoma) with arterial hypertension were identified and matched to
5 AS patients.

Statistical Analysis

Statistical analyses were performed using SPSS, version 27 (IBM), for
Microsoft Windows and Prism, version 9 (GraphPad Software). Categoric
variables are presented with absolute and relative frequencies. For quanti-
tative continuous variables, testing for a gaussian distribution was per-
formed using Shapiro-Wilk tests. For data with a gaussian distribution,
paired Student ¢ tests or 1-way ANOVA with Tukey multiple-comparison
tests were used depending on the number of compared groups. Paired
continuous variables were compared using the Wilcoxon test; nonpaired
continuous variables were compared using a 2-sided ¢ test. Categoric vari-
ables was compared using the x> test. Nonparametric unpaired data were
analyzed with Mann—Whitney U tests. Pearson correlation coefficients
were calculated for bivariate correlation analyses. All statistical analyses
were performed 2-sided, and a P value of less than 0.05 was considered
to indicate statistical significance.
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FIGURE 2. Regression plot for myocardial volume of elevated ®®Ga-
FAPI signal (FAP volume) and LV function parameters derived from CMR:
end-systolic volume (A), end-diastolic volume (B), LV mass (C), and LVEF
(D). EDV = end-diastolic volume.
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RESULTS

Patient characteristics are summarized in Supplemental Table 1
(supplemental materials are available at http://jnm.snmjournals.
org). Mean age was 84 =3y, and 52% were female. Most AS
patients presented with a high burden of cardiovascular comorbid-
ities (Supplemental Tables 1 and 2).

Myocardial %8Ga-FAPI Signal Is Elevated in AS and Shows
Inter- and Intraindividual Variability

A wide range of myocardial ®*Ga-FAPI signal patterns was
detected in the AS cohort (Fig. 1; Table 1). The area of significant
FAP upregulation versus the blood pool ranged from 0% to 91% of
the left ventricle (median, 20.0%; interquartile range, 4.0%-58.0%);
Supplemental Fig. 1). Similarly, the global volume of elevated **Ga-
FAPI signal displayed high variance among patients, with a range of
1.5-138 cm® (median, 33.4 cm®; interquartile range, 14.4-63.3 cm®).
Mean myocardial SUV as a measure of ®Ga-FAPI signal intensity
ranged from 1.9 to 3.5 (SUV pnean, 2.5 * 0.4). Interindividual regional
LV distribution patterns were highly variable, whereas basal myocar-
dial regions were more frequently involved.

Myocardial FAP volume was significantly higher in AS patients
than in controls without hypertension (37.9 +35.4 cm® vs. 2.90
6.67 cm®, P < 0.001; Table 1; Supplemental Fig. 2). The area of
FAP upregulation, SUV ean, and SUV ey of the total left ventricle
were equally higher in AS patients (P < 0.001 each). Additionally,
matched comparison with hypertensive controls also showed that
FAP volume was significantly higher in AS patients (43.1 + 20.4 cm®
vs. 742+ 8.56 cm®, P < 0.001; Supplemental Fig. 2).

¢8Ga-FAPI Signal Elevation Is Specific to Myocardium in AS

Signal intensity was very low in the blood pool, albeit slightly
higher in AS than in controls (1.94 =0.31 vs. 143024, P <
0.001), confirming the feasibility of detecting mild **Ga-FAPI signal
elevation in the heart. Additionally, no elevated signal and no differ-
ence between AS and controls was identified in potential networking
organs such as lung, liver, spleen, and bone marrow, suggesting that
profibrotic activity in AS is specific to the myocardium (Table 1).
No significant correlation between myocardial *®Ga-FAPI signal and
the SUV of other organs was detected (Supplemental Fig. 3).
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TABLE 3
TTE and TAVR Procedure

Variable

Data

LVEF (%, 2-dimensional)
LVEF (%, 2-dimensional) after TAVR
Transaortic gradient (mm Hg, maximum)

Transaortic gradient
(mmHg, mean)

Aortic regurgitation

AVA (cm?)

THV SAPIEN (Edwards Lifesciences)
THV CoreValve (Medtronic)

Device success

New permanent pacemaker

AVA = aortic valve area; THV = transcatheter heart valve.

60.1 = 5.9 (44-70)

61.8+3.7 (57-72)
79.0 + 13.6 (54-110)

50.4 + 8.1 (38-70)

7 (30.4)
0.68 + 0.18 (0.37-0.95)
4 (60.9)
9 (39.1)
23 (100)
1(4.3)

Qualitative data are number and percentage (n = 23); continuous data are mean = SD and range.

Global Myocardial ®3Ga-FAPI Signal Correlates with Markers
of Heart Failure Severity in AS

FAP volume significantly correlated with the levels of serum
N-terminal prohormone of brain natriuretic peptide (r = 0.58, P =
0.004; Supplemental Fig. 4). No other correlations between %*Ga-
FAPI imaging parameters and blood biomarkers were observed.
CMR parameters are summarized in Table 2. Of note, FAP volume
correlated significantly with volume, LV mass, and LVEF (all P <
0.05; Fig. 2; Supplemental Fig. 5). No significant correlations between
FAP volume and global mapping parameters could be detected (T1
global native: » = —0.058, P = 0.804; T1 global contrast: » =
—0.143, P = 0.525, extracellular volume fraction global: » = 0.011,
P = 0.990).

Also, TTE was available for all patients before and after TAVR
(in-hospital follow-up, Table 3). Mean aortic valve area was severely
reduced (0.68 = 0.18 cm?, severe AS < 1 cm?) (30), and mean trans-
aortic pressure gradient was severely increased (50.4 = 8.1 mm Hg,
severe AS > 40mmHg) (30) before TAVR. FAP volume
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FIGURE 3. Regression plot for myocardial volume of elevated ®®Ga-
FAPI signal (FAP volume) and LV function parameters derived from TTE:
LVEF before TAVR (A), LVEF after TAVR (B), mean transaortic gradient (C),
and global longitudinal strain (D). GLS = global longitudinal strain.
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significantly correlated with TTE-derived cardiac function (Fig. 3),
including LVEF before TAVR (r = —0.58, P = 0.012) and LV
global longitudinal strain ( = 0.58, P = 0.012) and tended to corre-
late with the mean transaortic gradient (» = 0.44, P = 0.07).

Segmental ®8Ga-FAPI Signal Is Not Identical to Other Imaging
Markers of Fibrosis in AS

In total, 299 segments with complete data from PET, CMR, and
TTE were analyzed. Segmental ®®Ga-FAPI SUV,,.,, Was significantly
higher in basal than in midventricular (P [ANOVA] = 0.022) and
apical segments (P [ANOVA] = 0.034, Fig. 4). Segmental SUV ean
correlated weakly but significantly with segmental longitudinal strain
from TTE (» = 0.119, P = 0.002; Supplemental Fig. 6), native T1
(r = 0271, P < 0.001), and postcontrast T1 from CMR (r =
—0.330, P < 0.001). To define ®*Ga-FAPI signal elevation in a seg-
ment, an SUV,;¢,, more than 2 SDs above the blood pool level was
chosen. This yielded 110 of 299 segments (37%) as “*Ga-FAPI-posi-
tive (Fig. 5). The native T1 relaxation time was mildly but signifi-
cantly longer in the ®®*Ga-FAPI-positive segments (973 =35 vs.
961 = 37ms for **Ga-FAPI-negative, P = 0.015), and longitudinal
strain was mildly but significantly reduced (—13.0 = 7.1 vs. —16.0%
+ 84%, P = 0.003) in *®Ga-FAPI-positive segments. Also, 19 of
299 segments (6%) showed LGE, but only 11 of 19 (58%) segments
with LGE were ®*Ga-FAPI—positive. There was a relevant mismatch
between *®Ga-FAPI positivity
and elevated T1 at CMR (con-
gruent signal in 51/110 seg-
ments), as well as impaired
longitudinal strain at TTE
(congruent signal in 78/110
segments), suggesting that the
3 modalities do not identify
the same components of the

F' 0.034
P 0.022 P 0.526

zi%%

w

Segmenta! SUVmean

fibrotic process. Rasal ven';':{‘:u,ar Apleal
68 :
Ga-FAPI Signal Is FIGURE 4. Segmental analysis:

Predictive of Short-Term

Change in LVEF After TAVR
After TAVR, LVEF did

not change significantly in

SUVimean Of ®8Ga-FAPI ligand at PET
was significantly higher in basal than
midventricular and distal myocardial
segments.
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All segments
(n=299)

FAPI -
(189/299) 63%

FAPI +
(110/299) 37%

demonstrated the feasibility of myocardial
%8Ga-FAPI imaging, particularly after acute
myocardial infarction (19,20,22-24). A
strong and specific ®Ga-FAPI signal was
detected in the infarct region, where fibro-
blasts need to form a robust scar. Yet, in
addition to this area of replacement fibrosis,
there was also an elevated ®®Ga-FAPI signal
in viable periinfarct tissue, as a possible sub-
strate for development of interstitial fibrosis.
Ex vivo analysis of human heart tissue
identified significant ®*Ga-FAPI expression

T1 native (ms, mean + SD) 973 + 35 961 +37 P=0.015 in the LV tissue of failing hearg, whereas
normal hearts had minimal °°Ga-FAPI

T1 native prolonged (n (% 55/110 (50.0 50/189 (31.2 P=0.021 . . .
bipihed (Sl L B12) expression (34). Thus, FAP is a suitable tar-
LGE present (n (%)) 11/110 (10.0) 8/189 (4.2) P=0.082 get marker of activated cardiac fibroblasts,
LS (%, mean £ SD) 13071 -16.0+ 8.4 P =0.002 and °8Ga-FAPI radioligands (16,26) are
LS impaired (n (%)) 781110 (70.9) 101/189 (53.5) P=0003 promising for noninvasive detection. Our
study was the first, to our knowledge, to

FIGURE 5. Classification of segments into ®®Ga-FAPI-upregulated (FAPI-+) and ®Ga-FAPI-negative
segments (FAPI—) when compared with blood pool background signal, illustrated by patient example
(polar map). Native T1 relaxation time was significantly longer in ®Ga-FAPI-positive segments. More LGE
was found in 68(':ia—FAPI—positive segments, and global longitudinal strain was significantly impaired in
%8Ga-FAPI-positive segments. Yet, agreement between %8Ga-FAPI, T1, and longitudinal strain elevation
was only partial. FAPI+ = ®Ga-FAPI-upregulated; FAPI— = ®®Ga-FAPl-negative; LS = longitudinal strain.

the entire group (60.1% = 5.9% vs. 61.8% = 3.7% before, P =
0.19). Individually, however, in-hospital LVEF improvement
significantly correlated with myocardial FAP volume (» = 0.440,
P = 0.035), N-terminal prohormone of brain natriuretic peptide
(r = 0.480, P = 0.024), and global longitudinal strain (» = 0.440,
P 0.013; Fig. 6). No correlation between in-hospital LVEF
improvement and other parameters from CMR or TTE was observed.

DISCUSSION

AS is the most common valvular disease in the Western world, and
carly treatment is recommended in symptomatic patients (25). How-
ever, symptoms often occur late, after adverse cardiac remodeling has
led to overt heart failure. Progressive valve narrowing causing an
increased afterload, along with adaptive LV hypertrophy, facilitates
the transition to heart failure (6,31). It is thought that myocyte death
and interstitial fibrosis are key mechanisms in this transformation
(32). With new ®3Ga-FAPI tracers, imaging of activated fibroblasts is
now feasible. In oncologic patients, myocardial FAP upregulation
was incidentally identified and associated with preexisting cardio-
vascular comorbidities (33). More recently, further studies have

describe high inter- and intraindividual het-
erogeneity for myocardial ®®Ga-FAPI uptake
patterns in AS patients before TAVR.
Expectedly *®Ga-FAPI uptake was not as
intense and not as extensive as in patients
with acute myocardial infarction but was sig-
nificantly higher than in our matching con-
trols, indicating that the myocardial ®*Ga-FAPI signal is not caused
primarily by the presence of cardiovascular comorbidities. Neverthe-
less, there were various regional distribution patterns and differences
between individuals. These differences help to generate a hypothesis
that the range of ®*Ga-FAPI signal may be associated with the bene-
fit from TAVR, which is known to be variable (25). Of note, a higher
myocardial FAP volume led to a greater direct improvement of
in-hospital LVEF after TAVR. This finding is somewhat unexpected,
as more severe fibrosis is thought to inhibit LVEF improvement. It
should be considered, however, that ®®*Ga-FAPI signal identifies not
the extracellular matrix component of fibrosis but rather the activa-
tion state of fibroblasts as the cellular substrate of profibrotic activity.
FAP elevation may potentially reflect a more dynamic remodeling
process that involves reversible fibrotic cell activity, as opposed
to a burnt-out chronic fibrotic state including irreversible scarring.
However, because of the study design, our interpretations need to be
verified by prospective studies and should be considered hypothesis-
generating at this point.

Interestingly, in our patient cohort, higher preprocedural levels
of N-terminal prohormone of brain natriuretic peptide significantly
correlated with a greater global volume of fibroblast activation,
which supports the possibility that FAP-
targeted imaging has potential value as a

prognostic biomarker. Globally, the PET

A i B 5 C s results also correlated with functional mea-
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FIGURE 6. Regression plot for in-hospital LVEF improvement in percentage and myocardial vol-
ume of elevated ®®Ga-FAPI signal (FAP volume) (A), preprocedural levels of N-terminal prohormone
of brain natriuretic peptide (B), and preprocedural global longitudinal strain (%) (C). GLS = global
longitudinal strain; NT-proBNP = N-terminal prohormone of brain natriuretic peptide.

1284 THE JOURNAL OF NUCLEAR MEDICINE * Vol. 64

ume fraction (35) were in the expected
range for this cohort. The underlying rea-
son for these findings remains uncertain.
Targeted imaging of activated fibroblasts
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may be a complementary asset with potential prognostic value in a
multimodal fibrosis imaging toolbox and may be further explored
for guidance of existing and novel therapies in AS.

Some limitations of this study should be considered. First, the
patient population was small, consistent with the hypothesis-
generating nature of this early observational project. Indeed,
patients were carefully selected to derive a homogeneous cohort
without low-flow, low-gradient AS. Another focus was the avail-
ability of all imaging modalities, thereby excluding subjects with
implantable cardioverter defibrillators, reduced glomerular filtra-
tion rate, arrhythmia, or poor TTE windows. Second, because
patients had significant cardiovascular comorbidities, myocardial
68Ga-FAPI signal may have been affected by other factors, includ-
ing preexisting cardiovascular medication. Coronary angiography
and CMR ruled out ischemic cardiomyopathy and cardiac amy-
loidosis in all patients; however, 48% of patients had preexisting
coronary artery disease. Ultimately, effects on cardiac fibroblast
activation cannot be ruled out. Yet, this reflects the expected clini-
cal reality of AS before TAVR, and the heterogeneity of observed
%8Ga-FAPI signals provides a foundation for testing prognostic
value in larger samples in future projects. Third, PET, CMR, and
TTE were performed at different time points using different sys-
tems. Coregistration was performed as thoroughly as possible, but
slight local mismatches cannot be completely ruled out. Last, a
longer-term follow-up after TAVR was not available and will
have to be a focus of larger-sample subsequent projects to explore
whether TAVR can be guided by ®*Ga-FAPI imaging. Lastly, the
matching control patients from our collaborating site in Heidelberg
were oncologic patients undergoing °®Ga-FAPI PET for staging
without in-depth information on severity or a detailed individual
history of cardiovascular comorbidities. Cardiovascular diagnoses
were retrospectively obtained from medical records.

CONCLUSION

Molecular imaging identifies globally and regionally heteroge-
neous fibroblast activation in the LV myocardium of patients with
severe AS. The *3Ga-FAPI signal correlates with LV dysfunction
and altered extracellular matrix composition, but the FAPI-PET
signal remains a distinct imaging biomarker that cannot be
replaced by other clinical, blood, or imaging parameters. The pre-
sent work provides a stimulus for subsequent studies focusing on
strategies for image-guided therapy in AS, including fibroblast
activation—targeted assays.
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KEY POINTS

QUESTION: Is FAP-targeted PET a valuable marker of individual
profibrotic activity in patients with AS, and is the PET signal linked
to TAVR response?

PERTINENT FINDINGS: Using a multimodality, multiparametric
correlative analysis, this cross-sectional, observational cohort
study confirmed that noninvasive imaging of fibroblast activation
in the myocardium of patients with advanced AS is feasible using
the radiotracer ®®Ga-FAPI-46 and targeted PET. The severity and
regional pattern of fibroblast activation were heterogeneous
among patients, and higher FAP volumes determined greater
direct functional improvement immediately after TAVR.

IMPLICATIONS FOR PATIENT CARE: The observed heterogeneity
of fibroblast activation provides a foundation for further studies
testing its role as a predictor of outcome and response to valvular
replacement or other therapies. The novel imaging assay may

be integrated with other imaging and blood biomarkers for a

future concept of fibrosis-targeted, image-guided therapeutic
decision-making in AS.
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Importance of Blood Glucose Management Before Bp_FDG
PET/CT in 322 Patients with Bacteremia of Unknown Origin
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We investigated the effects of blood glucose levels on the perfor-
mance of '8F-FDG PET/CT for detecting an infection focus in patients
with bacteremia. Methods: A total of 322 consecutive patients with
bacteremia who underwent '8F-FDG PET/CT between 2010 and 2021
were included. Logistic regression analysis was performed to evaluate
the association between finding a true-positive infection focus on '8F-
FDG PET/CT and blood glucose level, type of diabetes, and use of
hypoglycemic medication. C-reactive protein, leukocyte count, dura-
tion of antibiotic treatment, and type of isolated bacteria were consid-
ered as well. Results: Blood glucose level (odds ratio, 0.76 per unit
increase; P = <0.001) was significantly and independently associated
with '®F-FDG PET/CT outcome. In patients with a blood glucose level
between 3.0 and 7.9 mmol/L (54-142 mg/dL), the true-positive detec-
tion rate of '8F-FDG PET/CT varied between 61% and 65%, whereas
in patients with a blood glucose level between 8.0 and 10.9 mmol/L
(144-196 mg/dL), the true-positive detection rate decreased to 30%-—
38%. In patients with a blood glucose level greater than 11.0 mmol/L
(200 mg/dL), the true-positive detection rate was 17%. In addition to
C-reactive protein (odds ratio, 1.004 per point increase; P = 0.009),
no other variables were independently associated with '8F-FDG
PET/CT outcome. Conclusion: In patients with moderate to severe
hyperglycemia, '8F-FDG PET/CT was much less likely to identify the
focus of infection than in normoglycemic patients. Although current
guidelines recommend postponing '®F-FDG PET/CT only in cases of
severe hyperglycemia with glucose levels greater than 11 mmol/L
(200mg/dL), a lower blood glucose threshold seems to be more
appropriate in patients with bacteremia of unknown origin and other
infectious diseases.

Key Words: bacteremia; diabetes; '8F-FDG PET/CT; blood glucose;
sepsis

J Nucl Med 2023; 64:1287-1294
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Bacteremia is defined by the presence of viable bacteria in the
bloodstream. With an incidence between 100 and 200 cases per
100,000 people per year, bacteremia is one of the most common
causes of hospital admission (/,2). As source control is the most
important treatment for bacteremia, the mortality rate of bacteremia
strongly depends on the ability to locate the source of infection (3).
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‘When no source can be identified, patients are diagnosed with bac-
teremia of unknown origin (4).

18F_FDG PET/CT has proven to be very useful in diagnosing
numerous infectious diseases, including infection foci in patients
with bacteremia of unknown origin (5,6). As leukocytes and other
inflammatory cells such as cytokines are recruited to infection sites
and usually consume more glucose than does the surrounding tissue,
infection foci are often readily visible on '*F-FDG PET/CT (7). Most
bacteria consume glucose as well (8).

Even though glucose metabolism plays a vital role in '8F-FDG
PET/CT, the effect of hyperglycemia on the diagnostic performance
of 8F-FDG PET/CT in patients with infectious disease remains
poorly understood. Theoretically, hyperglycemia can cause reduced
cellular '8F-FDG uptake due to direct competition with plasmatic
glucose at glucose binding sites (9). Hyperglycemia can also lead
to hyperinsulinemia, which causes upregulation of glucose type 4
transporters and subsequently higher skeletal and myocardial '®F-
FDG uptake (/0). Both mechanisms could potentially cause false-
negative results in hyperglycemic patients with infectious disease,
but literature on the clinical consequences of hyperglycemia on the
diagnostic accuracy of '®F-FDG PET/CT is limited and conflicting
(11-17). Infection foci may also show a large variation in location
and in '8F-FDG avidity. For example, endocarditis may be obscured
by physiologic high myocardial uptake due to hyperglycemia and
osteomyelitis by just a marginally elevated '*F-FDG uptake com-
pared with the background in low-grade infections. Additionally,
the prevalence of diabetes mellitus in the community is rapidly
increasing, especially in high-income countries (18).

In the current PET imaging guidelines, the recommended upper
threshold of plasma glucose before clinical '*F-FDG PET/CT stud-
ies are performed is 11 mmol/L (200 mg/dL) (/5—18). For research
studies, an upper glucose threshold of 8.3 mmol/L (150 mg/dL) is
recommended (/9). Although these thresholds are widely applied,
the effects of moderate (7.8-10.0 mmol/L or 140-180 mg/dL) to
severe hyperglycemia (>10.0 mmol/L or >180 mg/dL) on the
diagnostic performance of '*F-FDG PET/CT remain unclear, espe-
cially in patients with infectious disease (20).

Therefore, the aim of this study was to assess the effects of
hyperglycemia on the diagnostic performance of '*F-FDG PET/CT
in patients with bacteremia of unknown origin.

MATERIALS AND METHODS

Study Design and Patients
The electronic patient information system of University Medical Cen-
ter Groningen was searched for all patients who underwent '*F-FDG
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PET/CT between 2010 and 2021 to find the focus of infection using
the keywords “sepsis,” “bacteremia,” “infection,” “fever,” and “blood
culture.” All patients for whom bacteremia was confirmed by blood
cultures taken within 2 mo before '*F-FDG PET/CT were included.
Patients with negative blood cultures or blood cultures that were consid-
ered contaminated by medical microbiologists were excluded. Follow-up
"F_.FDG PET/CT scans and '®F-FDG PET/CT scans performed for
other reasons than locating the source of infection, such as oncologic
follow-up, were excluded as well. The local institutional review board
approved this retrospective, single-center study and waived the require-
ment for written informed consent (Institutional Review Board number
201700145).

Patient Data Review and Reference Standard

The medical files of all patients were reviewed for relevant clinical
and biochemical data (age, sex, medical history [including the pres-
ence of diabetes], laboratory values [blood glucose before '|F-FDG
PET/CT, C-reactive protein (CRP), leukocyte count, type of isolated
bacteria]; duration of hospital stay; use of hypoglycemic medication,
antibiotics, and immunosuppressive medication; final diagnosis at hos-
pital discharge; and 6-mo follow-up data).

18F.FDG PET/CT Acquisition

All scans were performed using an integrated PET/CT system (Bio-
graph mCT 40- or 64-slice PET/CT or Biograph Vision PET/CT; Sie-
mens) with 3 min per bed position. Low-dose CT was performed for
attenuation correction and anatomic mapping at 100 kV and 30 mAs.
Data acquisition and reconstruction were in accordance with European
Association of Nuclear Medicine/Research 4 Life guidelines (/9). In
60 patients, concomitant full-dose CT of the neck, thorax, or abdomen
was performed with a constant tube potential of 100 or 120 kV and
automatic adjustment of milliampere seconds in the z-direction.

Patients fasted for a minimum of 6 h, and blood glucose concentra-
tion was ensured to be less than 11 mmol/L (200 mg/dL) before 3 MBq
of 'F-FDG/kg of body weight were administered intravenously. In
7 patients, '®F-FDG PET/CT was performed even though the blood glu-
cose level was greater than 11 mmol/L because of clinical urgency and
poorly manageable diabetes. When there was a clinical suspicion of
infective endocarditis, patients were also prepared with a high-fat, low-
carbohydrate diet for at least 24 h. In some patients suspected of endo-
carditis, a heparin loading dose of 50 [U/kg was administered 15 min
before imaging to reduce myocardial '®F-FDG uptake. PET/CT imaging

1,389 PET/CT scans
found in 1,209 patients

In total, 755 PET/CT scans in 707 patients excluded:

382 performed for malignant disease

460 performed for infectionfinflammation without
positive blood cultures

87 missing data about blood cultures or discharge
diagnosis

634 PET/CT scans
found in 502 patients

312 duplicate scans in 180
patients excluded

322 PET/CT scans in
322 patients

FIGURE 1. Patient inclusion tree.
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was performed approximately 60 min after intravenous '|F-FDG
administration.

18F_.FDG PET Interpretation and Reference Standard
8F_FDG PET/CT scans were interpreted by experienced nuclear medi-
cine physicians as part of routine clinical care using Syngo.Via software

TABLE 1
Patient Characteristics
Characteristic Data
Age () 63.5 (20)
Sex
Men 206 (64%)
Women 116 (36%)
Diabetes
Type 1 7 (2%)
Type 2 66 (20%)
NODAT 4 (1%)
No diabetes 245 (76%)
Use of hypoglycemic medication
Sulfonylurea derivatives 6 (2%)
Metformin 27 (8%)
Insulin 54 (17%)
None 235 (73%)
Use of immunosuppressive medication
Yes 99 (31%)
No 223 (69%)
Duration of hospital stay (d) 23 (25)
CRP (mg/L) 87 (116)
Leukocyte count (X10%/L) 8.9 (6.7)
Blood glucose level (mmol/L) 5.4 (1.8)
Type of isolated bacteria
Coagulase-negative Staphylococci 35 (11%)
Enterococci 38 (12%)
Streptococci 44 (14%)
Gram-negative rods 66 (20%)
S. aureus 97 (30%)
Polymicrobial 31 (10%)
Other 11 (3%)
Duration between last positive blood 6 (7)
cultures and '8F-FDG PET/CT (d)
Duration of antibiotic treatment 7(7)
before '®F-FDG PET/CT (d)
Quality of PET image
Poor 34 (11%)
Reasonable 49 (15%)
Good 239 (74%)
In-hospital mortality 45 (14%)

NODAT = New-onset diabetes after transplant.

Qualitative data are number and percentage; continuous data
are median and IQR.
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(Siemens Healthcare). All '®F-FDG PET/CT scans were reevaluated by
one of the authors. In the case of any doubt or inconsistencies with previ-
ous reports and '*F-FDG PET/CT images, the images were reevaluated
by another author, a nuclear medicine physician, who was unaware of
the original '®F-FDG PET/CT interpretations and the results of all other

TABLE 3

True-Positive, False-Positive, True-Negative, and

False-Negative Infections Based on '8F-FDG PET/CT

Results and Final Discharge Diagnosis

imaging and clinical, laboratory, and microbiologic tests. '*F-FDG Infection type n
PET/CT scans showing at least 1 '®F-FDG-avid lesion localized to an
area that did not correspond to physiologic biodistribution of '3F-FDG True-positive 188
and did not suggest a pathology other than infection were considered to Central line infection 6 (2%)
b.e positive for an infection focus. The final clirllécal diagnosis at hospital Cyst infection 15 (5%)
discharge was used as a reference standard for '*F-FDG PET/CT results. Diffusely disseminated disease 5 2%)
This clinical diagnosis was based on all clinically available data including y - ’
histology or microbiology reports; other imaging results, such as ultraso- Endocarditis 15 (5%)
nography or MRI, confirming the infection focus found on 'SF-FDG Gastrointestinal infection/abscess 11 3%)
PET/CT; and clinical follow-up and treatment outcome for at least 6 mo. Hepatobiliary infection 18 (6%)
The final diagnosis was never based on '*F-FDG PET/CT results alone. Musculoskeletal infection 22 (7%)
Statistical Analyses Pulmonary infection 21 (7%)
Continuous variables were checked for normal distribution using Renal abscess 8 (2%)
Sl.lapi.ro—Wilk .tests. Data were presented as mean = SD or median Spondylodiskitis/sacroiliitis 38 (12%)
with mterque.lmle range (IQ'R') for norm'aII.y or nogrllormall)./ d'lstrlbuted Splenic abscess 3(1%)
data, respectively. The sensitivity, specificity, positive predictive value, 5 P )
and negative predictive value of '*F-FDG PET/CT for detecting an ubcutaneous infection 5@%)
infection focus were calculated, along with 95% CI. Age, sex, medical Vascular graft infection 13 (4%)
history (including the presence of diabetes), laboratory values (blood Vascular infection 8 (2%)
glucose before '8F-FDG PET/CT, CRP, leukocyte count, type of iso- False-positive 18
lated ba%cteria),. anc.i durati(.)n. of.’ hospital.stay, as well as t.he use O.f hy.po— Endocarditis 1(<1%)
glycemic medication, antibiotics, and immunosuppressive medication, ) .
. . .. . . . Gastrointestinal 2 (<1%)
were analyzed with univariable logistic regression as independent vari-
ables and the '®F-FDG PET/CT result as the dependent variable. The Infected hematoma after surgery 3 (1%)
8E.FDG PET/CT result based on the final discharge diagnosis was Mediastinitis after sternotomy 1 (<1%)
either true-positive or not true-positive. As such, all true-positive results Mucositis 2 (<1%)
were analyzed aga.inst true-negative, false-positive, and false-negative Musculoskeletal 3(1%)
results. Corresponding odds ratios (ORs) and 95% Cls were calculated, = m— YT
and P values of less than 0.05 were considered to be statistically detect- uimonary iniection )
able. Variables with a P value of 0.10 or less on univariable analysis Vascular graft infection 1(<1%)
were included in the backward multivariable logistic regression model. Vascular infection 2 (<1%)
All statistical analyses were performed using IBM Statistical Package for True-negative 78
the Social Sciences, version 28. Bloodstream infection of unknown origin 63 (20%)
RESULTS Central line infection* 7 (2%)
. . Infected toe™ 2 (<1%)
Patient Population Urinary tract infection® 6 2%)
In total, 1,389 'F-FDG PET/CT scans from 1,209 individual rinary fract iniection ’
patients were potentially eligible for inclusion. After the inclusion “EIERECELNG T3 e
and exclusion criteria were reviewed, 322 '8F-FDG PET/CT scans Cyst infection 2 (<1%)
from 322 patients were finally included (Fig. 1). These included Endocarditis 16 (5%)
206 men and 116 women, with a median age of 63.5 y (IQR, 20 y) Enterocolitis 1 (<1%)
(Table 1). Of these, 66 patients had type 2 diabetes (20%), 7 patients Cholangitis 3 (1%)
. o . ) .
had type 1 dlabeFes 2%), an.d 4 patients ‘had new-onset dlabeFes Venous access port 4(1%)
after transplantation (1%). Fifty-four patients (17%) were using -
Mucositis 1 (<1%)
TABLE 2 Parotitis . . 1 (<1ZA;)
Diagnostic Performance of '®F-FDG PET/CT for ALY (TiE2E 2=
Detecting Infection Focus Renal abscess 4 (1%)
Vascular infection 3 (1%)
Statistic Value (%) 95% CI
Sensitivity 83.6 78.1-88.2 “Central line was already removed before '8F-FDG PET/CT was
e performed.
Specificity 80.4 71.1-87.8 TPatients were only scanned from head to femur. Therefore, their
Positive predictive value 90.8 86.8-93.7 legs are not depicted on "°F-FDG PET/CT.
. L *These infections were considered true-negative as well, because
Negative predictive value 67.8 60.7-74.2 "8F_FDG excretion through urinary tract masks urinary tract infections.
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insulin, 27 patients (8%) metformin, and 6 patients (2%) sulfonyl-
urea derivatives. Ninety-nine patients (31%) were using immuno-
suppressive medication such as prednisolone or tacrolimus. The
median duration of antibiotic treatment before '*F-FDG PET/CT
was 7 d (IQR, 7 d); the median duration between the last positive
blood cultures and '3F-FDG PET/CT was 6 d (IQR, 7 d), and the
median duration of the hospital stay was 23 d (IQR, 25 d). The
median CRP level was 87 mg/L (IQR, 116 mg/L), with a median
leukocyte count of 8.9 X 10°/L (IQR, 6.7 X 10°/L) and a median
blood glucose level of 5.4 (IQR, 1.8 mmol/L). Most patients had
bacteremia caused by Staphylococcus aureus (30%), followed by
gram-negative rods (20%) and Streptococci (14%). The in-hospital
mortality rate was 14%.

Diagnostic Performance of ®F-FDG PET/CT

According to the reference standard, '8F-FDG PET/CT yielded
188 true-positive results, 19 false-positive results, 78 true-negative
results, and 37 false-negative results for finding the infection focus.
The resulting sensitivity was 83.6% and specificity was 80.4%,
with a positive predictive value of 90.8% and a negative predictive

value of 67.8% (Table 2). The most commonly diagnosed (true-
positive) infections were spondylodiskitis or sacroiliitis (38 patients,
12%); other musculoskeletal infections, such as septic arthritis or
osteomyelitis (22 patients, 7%); and pulmonary infections (21
patients, 7%) (Table 3). The most common false-positive diagnoses
were infected hematomas shortly after surgery (n = 3, 1%), for
which elevated '8F-FDG uptake caused by inflammation was mis-
interpreted as an infection; musculoskeletal infection such as me-
diastinitis shortly after sternotomy (n = 3, 1%), for which *F-FDG
avidity caused by postoperative changes was misinterpreted as an
infection; and pulmonary infection (» = 3), for which '*F-FDG
PET/CT mostly showed mildly elevated '®F-FDG uptake in pleural
effusion possibly caused by infection, but the final diagnosis was
bacteremia of unknown origin. The most common false-negative
diagnoses included endocarditis (16 patients, 5%) and infected venous
access ports (4 patients, 1%) (21).

Factors Associated with '®F-FDG PET/CT Outcome
On univariable logistic regression, not having diabetes (OR, 1.67;
P = 0.050), an increase in CRP level (OR, 1.003 per unit increase;

TABLE 4

Factors Associated with Detecting True-Positive Infection Focus on '8F-FDG PET/CT

Univariable OR

Multivariable OR

Factor Value P Value P
Clinical

Age 1.0 (0.99-1.01) 0.99

Male sex 0.72 (0.45-1.15) 0.17

Diabetes, type 1 0.93 (0.20-4.22) 0.92

Diabetes, type 2 0.61 (0.36-1.03) 0.076

No diabetes 1.67 (0.99-2.81) 0.050

Duration of hospital stay 1.0 (0.99-1.00) 0.44
Laboratory values

CRP 1.004 (1.002-1.007) 0.003 1.004 (1.001-1.007) 0.009

Leukocyte count 1.01 (0.98-1.04) 0.64

Blood glucose level 0.82 (0.72-0.93) 0.003 0.76 (0.65-0.89) <0.001
Medication use

Immunosuppressives 0.61 (0.38-0.99) 0.044

Sulfonylurea derivatives 0.93 (0.20-4.22) 0.92

Metformin 0.48 (0.21-1.08) 0.077

Insulin 0.71 (0.39-1.29) 0.26

Days of antibiotic treatment 0.99 (0.97-1.01) 0.25
Microbiology

Coagulase-negative Staphylococci (n = 35) 0.62 (0.31-1.26) 0.19

Enterococci (n = 38) 0.45 (0.23-0.92) 0.028

Streptococci (n = 44) 1.13 (0.59-2.16) 0.72

Gram-negative rods (n = 66) 1.51 (0.86-2.67) 0.15

S. aureus (n = 97) 1.24 (0.76-2.02) 0.40

Polymicrobial (n = 31) 0.96 (0.45-2.04) 0.91

Other (n = 11) 1.23 (0.35-4.28) 0.75

Data in parentheses are 95% CI.
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True positive detection rate

F_FDG PET/CT varied between 61% and
65% (Fig. 2). In 57 patients with a blood
glucose level between 8.0 and 10.9 mmol/L
(144-196 mg/dL), the true-positive detec-
tion rate decreased to 30%-38%. 'F-FDG
PET/CT was performed on 7 patients with
a blood glucose level greater than the
recommended threshold of 11.0 mmol/L
(200 mg/dL). In only 1 of these patients
(17%) was a true-positive infection focus
found. Two patient examples are shown in
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Effect of Hypoglycemic Medication Use

on '®F-FDG PET/CT Outcome

FIGURE 2. Blood glucose level and detection rate of true-positive infection focus on '®F-FDG

PET/CT.

P = 0.003), an increase in blood glucose level (OR, 0.82 per unit
increase; P = 0.003), use of immunosuppressants (OR, 0.61; P =
0.044), and bacteremia caused by Enterococci (OR, 0.028; P =
0.028) were significantly associated with detecting a true-positive
infection focus on '®F-FDG PET/CT (Table 4). On multivariable
logistic regression, only an increase in CRP level (OR, 1.004 per
unit increase; P = 0.009) and blood glucose level (OR, 0.76 per
unit increase; P = <0.001) before '*F-FDG PET/CT remained
independently associated with detecting an infection focus on '3F-
FDG PET/CT.

In 253 patients with a blood glucose level between 3.0 and
7.9 mmol/L (54-142 mg/dL), the true-positive detection rate of

On univariable logistic regression, only
the use of metformin approached statistical
significance (OR, 0.48; P = 0.077). Use of
insulin (OR, 0.71; P = 0.26) or sulfonylurea derivatives (OR, 2.11;
P = 0.52) was not significantly associated with '®F-FDG PET/CT
outcome. The individual dosages were not specifically analyzed.

DISCUSSION

The results of this study show that managing blood glucose
before performing '®F-FDG PET/CT has a large impact on its abil-
ity to identify the infection focus in patients with bacteremia of
unknown origin.

On univariable and multivariable logistic regression, a higher
blood glucose level was associated with significantly lower odds
of detecting an infection focus on 18E_FDG PET/CT (OR, 0.76;

P = 0.003). The detection rate of '*F-FDG

PET/CT was 60%—65% in patients with a
blood glucose level less than 8.0 mmol/L
(144 mg/dL) but decreased to 14%—38% in
patients with a blood glucose level less than
8.0 mmol/L.

Most nuclear imaging guidelines recom-
mend that '3F-FDG PET/CT not be post-
poned unless the glucose level exceeds an
upper threshold of 11 mmol/L (200 mg/dL)
(22). However, this threshold also depends
on the indication for '®F-FDG PET/CT
and the setting in which '*F-FDG PET/CT
is performed. For example, the recom-
mended upper threshold for brain imag-
ing is 8.8 mmol/L (160 mg/dL), and the
European Association of Nuclear Medi-
cine recommends an upper threshold of
7.0-8.3 mmol/L (126-150 mg/dL) for clin-
ical trials (/6). The procedure guideline for
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FIGURE 3. A 64-y-old man presented to hospital with septic shock. His medical history showed
type 2 diabetes mellitus, hypertension, and myocardial infarction. At presentation, his CRP level was
78mg/L, and his leukocyte count was 13.3 X 10%L. Blood cultures were positive for S. aureus. To
identify focus of infection, '8F-FDG PET/CT was performed. Before '®F-FDG PET/CT, his blood glucose
level measured 11.1 mmol/L (200 mg/dL). (A) Coronal maximum-intensity-projection '®F-FDG PET
showed diffusely increased '®F-FDG uptake in skeletal muscle (rectangles), which made images
difficult to interpret. High glucose level was deemed to be most probable cause for this elevated
skeletal muscle uptake. (B and C) Axial '®F-FDG PET/CT (B) and low-dose CT (C) did not show
elevated "®F-FDG uptake at aortic valve (arrows), even though valvular vegetation of aortic valve
was seen on transesophageal ultrasound, suggestive of endocarditis. Thus, '®F-FDG PET/CT result
was deemed to be false-negative. Despite antibiotic treatment, patient died several days after '®F-FDG

PET/CT was performed. Autopsy was not performed.
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tumor imaging from the Society of Nuclear
Medicine and Molecular Imaging recom-
mends an upper threshold between 8.3 and
11 mmol/L (150-200 mg/dL) (23). The ratio-
nale behind these differences in upper thresh-
old is unclear. Also, there is no distinction
between the glucose threshold in patients
who undergo '*F-FDG PET/CT for onco-
logic disease and that in patients who
undergo '8F-FDG PET/CT for infectious
disease, even though the physiology behind
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FIGURE 4. A 64-y-old woman presented to hospital with painful left wrist and fever. Her medical
history showed bilateral hip replacement and internal fixation of left wrist fracture with plates
and screws earlier that year. On admittance, she had CRP of 274mg/L and leukocyte count of
18.4 X 10%L. Blood cultures were positive for S. aureus. '®F-FDG PET/CT was performed to identify
primary infection focus and potential metastatic foci. By accident, insulin was administered to patient
shortly before '®F-FDG PET/CT was performed. (A) Coronal maximum-intensity projection showed
diffusely increased '8F-FDG uptake in skeletal muscle (rectangle), rendering '8F-FDG PET images
difficult to interpret. Myocardium also showed elevated 8E_FDG uptake (white arrow). Pathologic
"8F_FDG uptake was seen at left wrist (yellow arrow). (B and C) On radiography (B), wrist uptake on
PET was interpreted as infected osteosynthetic material (arrow), also visible on axial '®F-FDG
PET/CT (C, arrow). Plates and screws of left wrist were surgically removed and cultured. These cul-
tures were also positive for S. aureus. Despite antibiotic treatment, patient died of septic shock 1 wk

regression (OR, 1.67; P = 0.050) but not
with multivariable logistic regression. This
finding suggests that diabetic patients may
not be at a disadvantage for detection of
their infection focus on '8F-FDG PET/CT
when their blood glucose is properly man-
aged. This includes fasting for 4-6 h and
also making sure that no external glucose
is intravenously administered. Rapid-acting
insulin should be administered only up to
4 h before '®F-FDG PET/CT, short-acting
insulin should be administered within 6 h,
and intermediate- or long-acting insulin
should not be used on the day '®F-FDG
PET/CT is scheduled (26). Interestingly, the
use of hypoglycemic medication such as
metformin or insulin was not statistically
associated with '8E-FDG PET/CT outcome,
implying that a satisfactory effect of these
medications on glucose level and not the use
of these medications alone is important for
'8F-FDG PET/CT outcome.

In addition to blood glucose, CRP was
the only other factor independently associ-
ated with '®F-FDG PET/CT outcome. This
finding is in line with previous studies,
which also found that a higher CRP in-
creases the chance of identifying an infec-
tion focus on '®F-FDG PET/CT in patients
with bacteremia (27-29). Although a previ-
ous study of our own (30) showed a statis-
tically detectable relation between duration
of antibiotic use and '*F-FDG PET/CT out-

after '®F-FDG PET/CT was performed.

elevated '8F-FDG uptake in oncologic and infectious lesions is dif-
ferent. Cancer cells consume much glucose because of increased
proliferation and inefficient metabolism with glycolysis instead of
oxidative phosphorylation as their main metabolic pathway (24).
An infection focus is thought to be '*F-FDG-avid mainly because
of the recruitment of other metabolically active cells such as granu-
locytes. Additionally, most bacteria consume glucose and therefore
BE_FDG. As the '8F-FDG avidity of different types of bacteria
also differs, it could be hypothesized that '*F-FDG uptake in infec-
tion foci with more fulminant bacteria, such as S. aureus, is less
casily affected by high blood glucose levels than are the less fulmi-
nant pathogens (8). On univariable regression, an Enterococcus
bacteremia was also significantly associated with lower odds of
identifying an infection focus on '8F-FDG PET/CT (OR, 0.45; P =
0.028). However, the statistical significance of this variable was
not maintained in the multivariate model.

In both cancer and infectious disease, high blood glucose can
cause reduced cellular '®F-FDG uptake due to direct competition
with plasmatic glucose at glucose binding sites and upregulation
of the glucose transporters of other tissues, resulting in a lower
lesion-to-background ratio (9). Some studies also suggest that
cancer cells are less easily saturated by glucose than are other
tissues (/4,25).

Not having diabetes was significantly associated with identifying
an infection focus on '®F-FDG PET/CT with univariable logistic
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come, this relation was not shown in our

current study (OR, 0.99 per day; P = 0.25),

perhaps because much more recent patients
were included in the current study. Our hospital became more selec-
tive in only providing specialized tertiary care over the past few
years, resulting in the inclusion of more patients with comorbidities
such as infected vascular grafts or prostheses requiring chronic anti-
biotic suppressive therapy or immunocompromised patients requir-
ing prophylactic antibiotic treatment.

Previous literature on the effects of hyperglycemia on *F-FDG
PET/CT outcome in patients with infectious disease is limited. In
a study by Rabkin et al., 123 patients with infection or inflamma-
tion were included (/2). Nineteen patients had a glucose level
greater than 10 mmol/L (180 mg/dL), and in 11 patients (58%),
a true-positive infection or inflammation focus was found. No
statistically detectable difference was found in the number of
false-negative results between normoglycemic and hyperglyce-
mic patients. Because patients with both inflammatory and infec-
tious diseases were included, it is unclear how many of these 11
patients had infectious disease. Additionally, not all patients had an
infection of unknown origin. Twenty-six of 123 patients (21%)
underwent '8F-FDG PET/CT to evaluate their diabetic foot. A
higher number of true-positive results in hyperglycemic patients
than in our patient population could have resulted from the fact
that hyperglycemia is more likely in patients with a diabetic foot
than in general patients with bacteremia of unknown origin, and
the a priori chance of detecting an infection in patients with a
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chronic wound such as diabetic foot is likely higher than in all
patients with bacteremia of unknown origin (/2).

In a large metaanalysis by Eskian et al., which was conducted
to evaluate the effect of prescan blood glucose levels on the SUVs
of healthy tissue, 8,380 patients were included with SUV measure-
ments of the liver, brain, muscle, blood pool, or tumors (/4).
Patients were categorized in 5 groups based on blood glucose: less
than 109 mg/dL (euglycemic), 110125 mg/dL (mild hyperglyce-
mia), 126-150 mg/dL (moderate hyperglycemia), 151-200 mg/dL
(high moderate hyperglycemia), and greater than 200 mg/dL
(severe hyperglycemia). Eskian et al. concluded that blood glucose
affected '8F-FDG uptake in tumors only when the glucose level
was greater than 11 mmol/L (200 mg/dL). Blood glucose showed
a statistically detectable negative correlation with ¥ F-FDG uptake
in the muscles and brains in all hyperglycemic groups and a statis-
tically detectable positive correlation in all hyperglycemic patients
with !8F-FDG uptake in the blood pool and livers. Unfortunately,
patients with infectious disease were not included, and the under-
lying mechanism of '8F-FDG avidity for infectious and oncologic
lesions is different.

Our study was compromised by some limitations. First, because
of the retrospective nature of this study, selection bias may have
occurred. Although all patients were selected using objective crite-
ria, not all patients from our hospital with bacteremia underwent
'8F_FDG PET/CT because this indication was set by the treating
physician. Second, the reference standard for 'F-FDG PET/CT,
namely the clinical diagnosis at hospital discharge, was suboptimal
because this diagnosis also included '®F-FDG PET/CT results.
However, this diagnosis was never based on '*F-FDG PET/CT
results alone. For future research, it would be interesting to con-
duct quantitative measurements of infection foci in patients with
bacteremia to examine whether there may be not only a lower
detection rate on '*F-FDG PET/CT but also a lower '3F-FDG uptake
in infection foci in patients with moderate to hyperglycemia than in
normoglycemic patients. The difference in the 'SF-FDG avidity of
infections caused by different types of bacteria (e.g., Enterococci vs.
S. aureus) could be investigated as well.

KEY POINTS

QUESTION: Does moderate hyperglycemia affect the ability
of "8F-FDG PET/CT to find the infection focus in patients with
bacteremia of unknown origin?

PERTINENT FINDINGS: In our study including 322 patients,

the true-positive detection rate of '®F-FDG PET/CT was
61%-65% in patients with a blood glucose level of 3.0-7.9 mmol/L
(54-142 mg/dL), 30%-38% for a level of 8.0-10.9 mmol/L
(144-196 mg/dL), and 17% for a level greater than 11.0 mmol/L
(200 mg/dL).

IMPLICATIONS FOR PATIENT CARE: Nuclear medicine
physicians should be aware that even only moderate
hyperglycemia negatively affects the ability of '®F-FDG PET/CT
to locate the source of infection in patients with bacteremia

of unknown origin. This may warrant adjustment of current
scanning protocols, in which an upper prescan blood

glucose threshold of 11.0 mmol/L (200 mg/dL) is generally
maintained.

PET/CT N HYPERGLYCEMIA AND INFECTION *

CONCLUSION

In patients with bacteremia with a glucose level greater than
8 mmol/L (144 mg/dL), '8F-FDG PET/CT was much less likely to
identify the infection focus. Although current guidelines recom-
mend postponing '8F-FDG PET/CT only in cases of severe hyper-
glycemia with a glucose level greater than 11 mmol/L (200 mg/dL),
the diagnostic power of 'SF-FDG PET/CT already seems to be
affected in patients with only moderate hyperglycemia (>8.0 mmol/L
or 144 mg/dL). Stricter blood glucose management seems appropri-
ate in patients who undergo '*F-FDG PET/CT for bacteremia of
unknown origin or other infectious diseases. Diabetic patients with
adequately controlled blood glucose levels had detection rates on
I8F_FDG PET/CT similar to those of nondiabetic patients.
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Radiopharmaceutical dosimetry is usually estimated via organ-level
MIRD schema-style formalisms, which form the computational basis
for commonly used clinical and research dosimetry software. Recently,
MIRDcalc internal dosimetry software was developed to provide a
freely available organ-level dosimetry solution that incorporates up-
to-date models of human anatomy, addresses uncertainty in radio-
pharmaceutical biokinetics and patient organ masses, and offers
a 1-screen user interface as well as quality assurance tools. The pre-
sent work describes the validation of MIRDcalc and, secondarily,
provides a compendium of radiopharmaceutical dose coefficients
obtained with MIRDcalc. Biokinetic data for about 70 currently and
historically used radiopharmaceuticals were obtained from the Inter-
national Commission on Radiological Protection (ICRP) publication
128 radiopharmaceutical data compendium. Absorbed dose and
effective dose coefficients were derived from the biokinetic datasets
using MIRDcalc, IDAC-Dose, and OLINDA software. The dose coeffi-
cients obtained with MIRDcalc were systematically compared against
the other software-derived dose coefficients and those originally pre-
sented in ICRP publication 128. Dose coefficients computed with
MIRDcalc and IDAC-Dose showed excellent overall agreement. The
dose coefficients derived from other software and the dose coeffi-
cients promulgated in ICRP publication 128 both were in reasonable
agreement with the dose coefficients computed with MIRDcalc. Future
work should expand the scope of the validation to include personal-
ized dosimetry calculations.

Key Words: MIRDcalc; MIRD; dosimetry; radiopharmaceuticals
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Accurate estimations of absorbed radiation dose are required
to ensure patient safety in nuclear medicine. The MIRD schema (/)
provides a computational basis for assessing absorbed dose at the
organ level, tissue level, cellular level, or various spatial subdivisions;
however, organ-level dosimetry remains the prevailing methodolo-
gic paradigm for routine clinical dose assessment.
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CoMPARATIVE EVALUATION oF MIRDcALC  *

Implementation of the MIRD schema or equivalent formalisms
in dosimetry software generally requires 2 underlying elements: a
mathematic representation of anatomy known as a computational
phantom, and a database of radionuclide S values (/) specific to the
phantom (usually derived via Monte Carlo simulation). Reference
phantoms, which model representative individuals of particular sex
and age groups, have undergone several important revisions over the
past 50y. First, the consensus anatomic reference data have been
revised, with the data of the International Commission on Radiologi-
cal Protection (ICRP) publication 23 (2) being superseded by ICRP
publication 89 (3). Second, the computerized formats for depicting
anatomy have been refined.

Recently, the MIRDsoft project was initiated to provide the com-
munity with a suite of free dosimetry software programs endorsed
by the MIRD committee of the Society of Nuclear Medicine
and Molecular Imaging. MIRDcalc, the flagship program in the
MIRDsoft suite, is a Microsoft Excel-based executable program
implementing the MIRD schema at the organ level. It incorpo-
rates up-to-date anatomic models, including the ICRP publica-
tion 110 series adult computational reference phantoms (4) and
the ICRP publication 143 series pediatric reference phantoms (3,6).
These phantoms offer numerous advantages over the first-generation
stylized phantoms, including anatomically realistic organ shapes
and interorgan spacing. MIRDcalc also factors uncertainty into
the dose coefficients by propagating uncertainties in the input
biokinetics and organ masses. Additional features include a
single-screen interface, quality assurance tools, and batch proces-
sing capabilities.

An overview of the development and features of MIRDcalc is
provided in part 1 of this 2-part article (7). In this second part, the
primary aim was to comprehensively benchmark the dose coeffi-
cients obtained from MIRDcalc against a compendium of published
reference dose coefficients (8) and the output of other reference
dosimetry software.

COMPUTATION OF DOSIMETRIC QUANTITIES

Absorbed Dose

The present investigation considers organ-level mean absorbed
doses and assumes that the masses of phantom regions remain con-
stant over the period of irradiation. The organ-level time-independent
formulation of the MIRD schema therefore applies (/). Given a target
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region r7 irradiated over a time period 7p, the absorbed dose coef-
ficient d(r7, Tp) (mGy/MBq) is defined as the absorbed dose (mGy)
normalized to the administered activity (MBq):

d(l”T,TD) = Z&(rS,TD)S(rT — VS)- Eq 1
rs

Here, a(rs, Tp) is the time-integrated activity coefficient (TIAC),
and S(ry < rg) is known as the S value (or S coefficient), the ab-
sorbed dose rate to 77 per unit activity in source region rg. S values
are specific to a radionuclide and computational phantom. For mono-
energetic emissions:

S(rr —rs)= ZE,-Y,-CD(}"T —rs,E;), Eq. 2
1

where E; is the energy of the i nuclear transition, ¥; is the number
of i transitions per nuclear transformation, and ®(ry «— rs, E;) is
the specific absorbed fraction (SAF) (kg™ '). The SAF represents
the fraction of £; absorbed in 77 for transition i occurring in source
rs, normalized to the mass of the target region. For B-emissions,
the spectrum of energies is considered:

Ey
S(FT — rs) = JP(E)ECID(rT «— Vs,E)dE,
0

Eq.3

where E) is the B-endpoint energy, and P(E) is the distribution for
the number of B-particles emitted per megaelectron volt per
nuclear transformation, as a function of energy.
The TIAC represents the number of nuclear transformations
occurring in a source region over a specified time period 7p:
Tp
1

a(rg, TD) = A_() JA(rs,t)dt,

Eq. 4

where A(rs,t) is the time-dependent activity in rg, and 4, is the
administered activity.

All programs used in this work use the MIRD or mathemati-
cally equivalent formalism for absorbed dose computation.

Effective Dose

The effective dose (mSv) is considered a measure of risk related
to radiation-induced stochastic effects. It is a sex-averaged, tissue-
weighted sum of mean organ equivalent doses (9). The effective
dose coefficient (mSv/MBq) (i.e., effective dose per unit adminis-
tered activity) can be calculated as ...

_ Z WTh (VT’ TD)male + WT/’I(VT, TD)female Eq' 5

- 2
where wr is the tissue-weighting factor for tissue 7, and h(rr, Tp)
is the equivalent dose, wherein the radiation-weighting factor wg
accounts for the differential biologic effectiveness of each radia-
tion type R:

h(VT, TD) = ZWRdR(rTa TD) Eq 6
R
DOSIMETRY SOFTWARE AND PHANTOMS

MIRDcalc

MIRDcalc is Excel-based software freely obtainable at www.
mirdsoft.org. For dose computation, MIRDcalc uses a database of
S values for the ICRP publication 110 (4) reference adult phantoms
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and ICRP publication 143 (6) reference pediatric phantoms (Fig. 1).
The reference phantom S-value database was generated using
SAFs promulgated by the ICRP (/0,17). The SAFs were used in
combination with the radionuclide decay data of ICRP publication
107 (12) to compute the S values (Eq. 2); in the case of B-particles,
the full spectrum was used (Eq. 3). Effective dose coefficients are
computed using the tissue-weighting factors of ICRP publication
103 (13).

In addition to the S values for each phantom, the organ masses
and organ fractional blood content are stored within MIRDcalc for
use in various computations. The organ masses and fractional blood
content of the adult phantoms are defined in ICRP publication 89.
For the pediatric phantoms, the suggested reference values of Wayson
et al. (/4) were used, which, notably, account for volumetric
changes and changes in blood vascularization across the different
reference ages. A summary of all phantom organ, parenchyma, and
blood masses used in MIRDcalc is presented as supplemental mate-
rial in part 1 of this article (supplemental materials are available at
http://jnm.snmjournals.org) (7).

IDAC-Dose

IDAC-Dose 2.1 (15) organ-level dosimetry software is MATLAB-
based and uses S values for the ICRP publication 110 adult refer-
ence phantoms (Fig. 1) for dose computation; similar to MIRDcalc,
IDAC S values were derived from ICRP publication 133 SAFs.

Phantom series

ORNL (Cristy-Eckerman)
Phantom format

Stylized mathematical
Organ masses

ICRP 23

Wr

ICRP 60
28 DC source
Literature

Phantom series
ICRP 110 {adult)
ICRF 143 (pediatric)

Phantom format
Voxel

Organ masses
ICRP 89

Wy
ICRP 103
DC source
Software

Phantom series Phantom series

RADAR ICRP 110
Phantom format Phantom format
MNURES {voxeilize Voxel
Organ masses Organ masses
ICRP 89 ICRP 89
Wt T
ICRP 103 ICRP 103
DC source DC source
Software Software
FIGURE 1. Phantoms used to derive dose coefficients compared in this

work. Solid arrows denote comparisons using different phantoms and dif-
ferent software. Dashed arrows represent comparisons using same phan-
toms but different software. DC = dose coefficient; ORNL = Oak Ridge
National Laboratory; wr = tissue-weighting factor.
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Effective dose coefficients are computed using ICRP publication
103 tissue-weighting factors. IDAC-Dose is freely obtainable from
www.idac-dose.org.

Notably, IDAC-Dose and MIRDcalc are based on identical
phantoms.

OLINDA

OLINDA 2.1, preceded by OLINDA 1.0 and MIRDOSE software,
is Java-based. It uses an S-value database derived from the Radia-
tion Dose Assessment Resource (RADAR) phantom series (Fig. 1)
(16,17). Effective dose coefficients are computed using [CRP pub-
lication 103 tissue-weighting factors. OLINDA is obtainable under
license from Hermes Medical Solutions (www.hermesmedical.
com). Only the RADAR reference adult male and female phantoms
were used for comparisons in this work.

The RADAR phantoms of OLINDA and the ICRP publication
110 phantoms of MIRDcalc are based on the same reference organ
parenchyma masses but possess different organ shapes and position-
ing. The RADAR phantoms do not contain a blood source region or
account for organ fractional blood content. For walled organs, a dif-
ferent dose estimation methodology is used (/8,19).

REFERENCE DOSE COEFFICIENTS AND BIOKINETIC DATA

ICRP publication 128 is a compendium of reference dosimetric
information for about 70 currently or historically used radiophar-
maceuticals. For certain radiopharmaceuticals, several use scenarios
or administration routes are considered. Organ-level TIACs and
mean organ-absorbed dose coefficients are provided for the Cristy—
Eckerman stylized mathematic reference adult and pediatric phan-
toms (15-, 10-, 5-, and 1-y-old) (20). The effective dose coefficients
reported in ICRP publication 128 were computed using ICRP publi-
cation 60 tissue-weighting factors.

The Cristy—Eckerman phantoms used to compute the dose coeffi-
cients reported in ICRP publication 128 possess similar organ masses
to the phantoms of MIRDcalc but have drastically different shapes
and different interorgan spacing. For walled organs, a different dose
estimation methodology is used (/8,19).

MODIFICATIONS OF ICRP PUBLICATION 128 REFERENCE
BIOKINETIC DATA FOR USE IN OTHER PHANTOMS

The ICRP publication 128 TIACs are the biokinetic source
data used in all our calculations. However, these TIACs are
specific to the source regions of the Cristy-Eckerman stylized
reference phantoms; some of these source regions have been
redefined or modified in more modern reference phantoms, such
as those used in MIRDcalc, IDAC, or OLINDA. Therefore, TIACs
for the Cristy—Eckerman phantom source regions were trans-
posed into the other phantom source regions using the approach
of Andersson et al. (21). Specific assumptions and adjustments are
detailed here.

Colon Wall

The colon wall of the Cristy-Eckerman phantoms is partitioned
into 2 regions: the upper large intestine, comprising the ascending
and transverse colon, and the lower large intestine, comprising the
descending and sigmoid colon. In modern reference phantoms,
the colon wall is instead partitioned into 3 regions consonant with
the updated ICRP human alimentary tract model: the right colon,
comprising the ascending colon and the proximal half of the

CoMPARATIVE EVALUATION oF MIRDcALC *

transverse colon; the left colon, comprising the descending colon
and the distal half of the transverse colon; and the rectosigmoid
colon. TIACs provided in ICRP publication 128 for the walls of
the upper or lower large intestine were transposed into the modern
phantoms using the following formulas (20):

a(right colon wall, Tp) = 0.71 a(upper large intestine wall, Tp),
Eq. 7

a(left colon wall, Tp) = 0.29 a(upper large intestine wall, Tp)
+0.56 a(lower large intestine wall, 7p),
Eq. 8

a(rectosigmoid colon wall, Tp)
=0.44 a(lower large intestine wall, 7). Eq. 9
Colon Contents
The colon content source regions follow the same partitioning
scheme as above, but with different coefficients required to account
for the region masses:

a(right colon contents, 7p)
=0.71 a(upper large intestine contents, 7p), Eq. 10
a(left colon contents, 7p)
=0.29 a(upper large intestine contents, Tp)
+0.74 a(lower large intestine contents, 7p),
Eq. 11

a(rectosigmoid colon contents, 7p)

= 0.26 a(lower large intestine contents, 7). Eq. 12
Walled Organs (General Case)

In MIRDcalc and IDAC-Dose, which have the option to assign
TIACs to the entire wall or constituent subregions, the entire wall
was considered as the source.

OLINDA does not support the use of walled organs as source
regions; only the contents of walled organs may be used as sources.
When ICRP publication 128 provided a TIAC for a wall source,
this was appended to the TIAC for the other-organs-and-tissues
region. We note that this approach may critically underestimate the
absorbed dose coefficients for radiopharmaceuticals with elevated
uptake or prolonged retention in walled organs.

Skeleton

For radiopharmaceuticals for which ICRP publication 128 ex-
plicitly specified TIACs for the cortical or trabecular bone source
regions, those values were used without modification. When a
TIAC was specified for a generic bone-surface source region
(i.e., bone surface—seeking radionuclides), the TIAC was reappor-
tioned to the cortical and trabecular bone surfaces in a 40:60 ratio
for the adult, 15-y-old, or 10-y-old phantoms or in a 30:70 ratio for
the 5-y-old or 1-y-old phantoms (8). For bone volume—seeking
radionuclides, 80:20 and 60:40 cortical-to-trabecular ratios, respec-
tively, were used to define bone volume sources for the age groups
above (8).

Blood
A salient difference among the dosimetry programs used here
relates to the treatment of blood. The stylized phantoms used in
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the ICRP publication 128 dose calculations did not directly define
a blood source; instead, ignoring differences in fractional blood
content among organs, a blood source was approximated using a
uniform whole-body source region for those calculations. Simi-
larly, the hybrid phantoms of OLINDA do not directly implement
a blood source. In IDAC-Dose, a blood source is defined and is
based on ICRP publication 133 SAFs for total-body blood content;
this blood source was designed to be used in combination with
organ TIACs supplied for the organ parenchyma only (i.e., exclu-
sive of blood contained within the organs). The ICRP publication
133 blood source region is available in MIRDcalc. MIRDcalc also
contains novel dynamic blood and parenchyma regions to support
either blood-inclusive or blood-exclusive TIAC inputs. Namely,
this feature supports 2 areas of dosimetry research: the first is rou-
tine nuclear medicine dosimetry, with blood-inclusive organ uptake
being quantified via imaging (e.g., volume-of-interest delineation,
with the volume including organ parenchyma and organ blood con-
tent), and the second is radiation protection, with TIACs for organ
parenchyma often being obtained through pharmacokinetic model-
ing. The MIRDcalc dynamic blood model actively removes
blood and parenchyma subregions from the dynamic rest-of-blood
and rest-of-parenchyma source regions, re-

spectively, as well as from the rest-of-body

dose calculations were then summed. For radiopharmaceuticals for
which no explicit blood TIAC was given, a single calculation was
run normally.

In MIRDcalc, when ICRP publication 128 provided a blood
source TIAC, this was assigned to the classic ICRP blood source,
and the ICRP publication 128 other-organs-and-tissues TIAC was
assigned to the rest-of-parenchyma source region to avoid double-
counting (i.e., to avoid source region overlap). For radiopharma-
ceuticals in the absence of a blood source, the ICRP publication
128 other-organs-and-tissues TIAC was assigned to the rest-of-
body source region. In the latter case, the rest-of-body TIAC is dis-
tributed to its constituent regions in proportion to the blood-inclusive
region masses.

COMPARISON OF DOSE COEFFICIENTS

Relative differences in dose coefficients are presented on the
basis of 2 metrics. First, we define the logarithmic relative differ-
ence metric:

dother(rT, Tp, RP)

Aother
dvirpeate (7, Tp, RP)’

MiRDeale 77> Tp, RP) = 100X1In

Eq. 13

source region, as individual organ TIACs
are entered. To implement the dynamic blood
model in MIRDcalc, SAFs for blood regions
including heart contents, major vessels, and
miscellaneous connective tissues were re-
quired. These SAFs were computed via
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methods described previously (10).

ICRP publication 128 considers 2 separate
approaches for specifying TIACs associated
with the blood—either explicit or implicit as-
signment. For radiopharmaceuticals for which
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and ICRP publication 128 other-organs-and-
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FIGURE 2. Organ-level absorbed dose coefficients for adult male compared via log relative
differences (Eq. 13). (Top) ICRP publication 128 compared against MIRDcalc. (Middle) IDAC-Dose
compared against MIRDcalc. (Bottom) OLINDA 2.1 compared against MIRDcalc. Red indicates a
dose coefficient estimate higher than that of MIRDcalc; blue indicates lower. Black indicates off-scale

values (| A | > 300).
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where, for radiopharmaceutical RP, AN (7, Tp, RP) is the log

relative difference (we refer to these here as A-values), dyirpealc
(rr, Tp, RP) is the dose coefficient for target organ r7 computed by
MIRDcalc, and doer (77, Tp, RP) is the corresponding dose coeffi-
cient computed by another software/data source. The approach of
quantifying differences via the log relative difference was selected to
alleviate dependence on reference choice; the magnitude of the re-
ported log relative differences is equivalent regardless of which
method is chosen as the reference. Second, we consider the traditional
percentage error, with MIRDcalc taken as the gold standard reference:

PEI(\)/[I}II}%)calc (rT’ TD’RP) =

dother (Y7, Tp, RP) — dmirpeale (77, Tp, RP)
dmiRpeate (77, Tp, RP)

X100 (%).
Eq. 14

We note that in the second case, the relative error approaches the
log relative difference for very small differences, namely,

other ~ other
AMIRDcalc(rT’ TD,RP) ~ PEMIRDcalc (rT’ TDﬂRP): when

| PEK/tI}Ille{rDcalc(rTﬁ TDQRP) | <100%.
Eq. 15

Dose coefficients for 116 radiopharmaceutical-use scenarios
were obtained with MIRDcalc dosimetry software and compared
against the established reference data of ICRP publication 128 and
against the output of other validated software (IDAC-Dose and
OLINDA). Of the radiopharmaceuticals considered in ICRP publi-
cation 128, we have selected the subset with U.S. Food and Drug
Administration approval as of the year 2020 for presentation in
most of the figures and tables in the print version of this article
(30 radiopharmaceuticals). Effective dose coefficients and associ-
ated relative differences are provided in Table 1 for adult reference
phantoms; for pediatric phantoms, the corresponding data are
given in Supplemental Tables 1-4. Graphical presentation (heat
maps) of log relative differences in organ-absorbed dose coeffi-
cients are provided for reference adults in Figures 2 and 3. Corre-
sponding heat maps for pediatric reference phantoms are given in
Supplemental Figures 1-4. The underlying organ-absorbed dose
coefficients for all phantoms and all ICRP publication 128 radio-
pharmaceuticals are available in the Supplemental Dose Coefficient
Compendium.

All summary statistics (e.g., mean and SD) mentioned in the
text consider the entire ICRP publication 128 radiopharmaceutical
ensemble.
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FIGURE 3. Organ-level absorbed dose coefficients for adult female compared via log relative dif-
ferences (Eq. 13). (Top) ICRP publication 128 compared against MIRDcalc. (Middle) IDAC-Dose
compared against MIRDcalc. (Bottom) OLINDA compared against MIRDcalc. Red indicates a dose
coefficient estimate higher than that of MIRDcalc; blue indicates lower. Black indicates off-scale
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1300

decay data, very close agreement was ex-
pected. Exact agreement was not observed.
Implementation details related to the blood
source in each program are expected to be
the major source of disagreement.
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COMPARISON OF MIRDCALC AND ICRP PUBLICATION 128

Effective dose coefficients calculated from MIRDcalc differed
considerably from those provided in ICRP publication 128 (adult
subjects: mean Aﬁl}f{ﬁ)gﬁ = +6.1, SD = 67), indicating a bias
toward lower values than the ICRP publication 128 dose estimates.
Absorbed dose coefficients for the urinary bladder wall were 2- to
3-fold higher for the ICRP publication 128 estimates than for
MIRDcalc, for renally excreted radiopharmaceuticals (Figs. 2 and 3).
This feature has been observed in many investigations and relates
to conservative simplified methods for estimating the bladder wall
irradiation from the bladder contents (/8,19,23). ICRP publication
128 absorbed dose coefficients for the endosteal cells and adrenals
showed consistent positive and negative biases, respectively, though
to a lesser degree than seen with the urinary bladder. The definition
of the radiosensitive endosteal cell target region has been refined in
modern skeletal models and comprises a 50-pm layer at the surfaces
of the trabecular spongiosa and cortical surfaces of the medullary
cavities of the long bones of the limbs. This is a potential source of
disagreement with dose coefficients derived in ICRP publication
128, which assume a 10-pwm endosteal layer. The negatively biased
adrenal-absorbed doses are likely due to the exaggeration of interor-
gan spacing in stylized phantoms. Cross-irradiation from the kidneys
is an important contributor to the adrenal-absorbed dose for renally
cleared agents and exacerbates the error due to adrenal-kidney spac-
ing mismatch. Few other trends were evident between the absorbed
dose coefficients of ICRP publication 128 and MIRDcalc. A similar
variation was seen between the age-matched pediatric phantoms.

COMPARISON OF MIRDCALC AND OLINDA

Effective dose coefficients calculated with MIRDcalc also dif-

fered from those calculated with OLINDA (adult subjects: mean

A]\OAIf]I{I\[I)]izﬁc = —11, SD = 50). The largest

accepted reference values for the corresponding age and sex. Dose
coefficients depend strongly on organ mass but are also influenced
by other phantom-specific factors including organ shape, interor-
gan spacing, target volumes, degree of detail, and other factors,
none of which are standardized. To generate phantom SAFs/S
values needed for software using MIRD-style formalisms, Monte
Carlo radiation transport simulations are performed within the
phantoms. The details of the Monte Carlo simulations also lack
standardization. Because such factors are not controlled, it is diffi-
cult to stipulate how well dose coefficients derived from different
reference phantoms should agree.

It is generally accepted that variation in the body morphometry
of specific patients—which may deviate substantially from the ref-
erence individual—imparts variation in organ-absorbed dose coef-
ficients on the order of 20%—-60% (8,24); this percentage range
expressed in terms of A-values (Eq. 13) is approximately 18—47.
We are unaware of any studies providing a ballpark guideline on
agreement for reference phantoms, but the variation should be
considerably lower because the organ masses are consistent (8).
Therefore, we consider this range to be an upper limit regarding
reasonable agreement. It is evident in Figures 2 and 3 that there
are many instances in which AQTDA and ANRet2S lie well out-
side this range, and many instances were also present for the radio-
pharmaceuticals not shown. To gain a more comprehensive but
condensed view, we expanded the scope over all 116 cases exam-
ined and aggregated the A-values for each software comparison
into histograms (Figs. 4 and 5, left panel). In each histogram, the
red—green shading encompasses the A-values within the upper
limit of the range of expected variation (A = 47). The left panel
includes A-values for all available target regions that correspond
directly between the software being compared.

relative differences were generally observed
for radiopharmaceuticals with gastrointes-
tinal tract wall TIACs given by ICRP

5 i Largest contribution
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modate. OLINDA estimates for the urinary g il = Ens-
bladder—absorbed and bone endosteum— = % | i g 107

. .. 2 & £ 104 £
absorbed dose coefficients were positively 5 el 5
biased relative to MIRDcalc. Compared § " v . L1 T
X ) . & A00 200 D0 O 100 2000 300 -300 <200 00 00 1000 200 300 00 200 W00 0 00 2000 300
with the stylized phantoms of ICRP publi- 5 ALseul Vot Az
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software. Reference phantoms are designed

to characterize the average individual of a
specified age and sex—that is, the only cri-
terion a phantom must meet to qualify as a
reference phantom is that the organ masses
defined within the phantom should match

CoMPARATIVE EvVALUATION OF MIRDcALC  *

FIGURE 4. Distribution of log relative differences in organ-level absorbed dose coefficients for
adult male phantoms. (Top) ICRP publication 128 compared against MIRDcalc. (Middle) IDAC-Dose
compared against MIRDcalc. (Bottom) OLINDA compared against MIRDcalc. Red—green shaded
region represents range of reasonable agreement discussed in text; percentage value overlying this
region indicates fraction of A-values that fall within this range. Histogram bin width is 10.
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LIMITATIONS AND FUTURE WORK

We provide revised reference dose esti-
mates for the ICRP publication 110 phan-
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toms (or other modernized phantoms) based
on biokinetic data of ICRP publication 128.
There are recognized uncertainties inherent
in the ICRP 128 TIACs—uncertainties that
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Therefore, the dose coefficients provided
here should not supersede those originally
published in ICRP publication 128. Rather,
the dose coefficients we present should be

OLINDA vs. MIRDcalo
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used for comparative purposes; for exam-

el ple, in software validation, as we show. A

FIGURE 5. Distribution of log relative differences in organ-level absorbed dose coefficients for

adult female phantoms. (Top) ICRP publication 128 compared against Ml

gram is negatively skewed because ICRP publication 128 dose estimates are derived from single

70-kg hermaphroditic adult phantom, whereas MIRDcalc, IDAC-Dose, a

female phantom. (Middle) IDAC-Dose compared against MIRDcalc. (Bottom) OLINDA compared

against MIRDcalc. Red-green shaded region represents range of reasona
in text; percentage value overlying this region indicates fraction of A-values
Histogram bin width is 10.

We questioned whether the outlying A-values (Figs. 4 and 5,
left panel) were likely to be dosimetrically significant. For exam-
ple, the critical organ (the organ receiving the highest absorbed
dose) is important in planning administered activities for clinical
trials for new imaging agents and is of greater importance if the
agent is being used in a theranostic role (e.g., to plan therapeutic
administrations based on pretherapy imaging). Is there consensus
among the software and phantoms regarding absorbed dose to crit-
ical organs? To gain insight into this question, we restricted the
histograms to include only the critical organ for each radiopharma-
ceutical (Figs. 4 and 5, middle panel). Notably, the histograms of
AQTDA and ANSREIZS for the critical organs showed a reduced
frequency of negative A-values. This finding indicates that OLINDA
and ICRP publication 128, when compared with MIRDcalc, tend to
provide higher estimates of the dose coefficients for critical organs.
This tendency seems logical, because a large proportion of the radio-
pharmaceuticals included in ICRP publication 128 are rapidly ex-
creted small molecules, which often irradiate the walled clearance
organs to the largest extent, and because OLINDA and ICRP publi-
cation 128 are known to provide conservative overestimates for the
walled organs (/8,19,21,23). Analogous to the critical organ, we
have also provided histograms that include only the organ contribut-
ing maximally to the effective dose (i.e., the maximal wr - A(rr, Tp);
Figs. 4 and 5, right panel). When considering only critical organs or
maximal contributors to the effective dose, agreement between
MIRDcalc and IDAC-Dose improved such that no AjpasDo Jay
outside the range of expected variation.
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current effort within the ICRP focuses on
updating the ICRP publication 128 bioki-
netic datasets to full compartmental models
consistent with the updated phantoms.
After favorable reception of these datasets
by the field, the dose coefficients should be
recalculated with MIRDcalc and other cur-
rent dosimetry software.

The scope of this validation was limited
to diagnostic cases only; future validation should investigate agree-
ment of MIRDcalc with other software supporting personalized
dosimetry for therapy and theranostic-use cases.

RDcalc. Upper left histo-
nd OLINDA use a 60-kg

ble agreement discussed
that fall within this range.

CONCLUSION

We report comprehensive testing and validation of MIRDcalc
software based on comparison of dose coefficients for multiple
radiopharmaceuticals across adult and pediatric phantoms, using
validated data sources. Dose coefficients computed with MIRDcalc
showed overall excellent agreement with other types of dosimetry
software implementing the ICRP publication 110 series reference
adult voxel phantoms and showed reasonable agreement with most
dose coefficients derived using other reference phantoms.
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Facial Anonymization and Privacy Concerns in Total-Body

PET/CT
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Total-body PET/CT images can be rendered to produce images of a
subject’s face and body. In response to privacy and identifiability con-
cerns when sharing data, we have developed and validated a work-
flow that obscures (defaces) a subject’'s face in 3-dimensional
volumetric data. Methods: To validate our method, we measured
facial identifiability before and after defacing images from 30 healthy
subjects who were imaged with both ["®F]FDG PET and CT at either
3or 6 time points. Briefly, facial embeddings were calculated using
Google’s FaceNet, and an analysis of clustering was used to estimate
identifiability. Results: Faces rendered from CT images were correctly
matched to CT scans at other time points at a rate of 93%, which
decreased to 6% after defacing. Faces rendered from PET images
were correctly matched to PET images at other time points at a maxi-
mum rate of 64% and to CT images at a maximum rate of 50%, both
of which decreased to 7% after defacing. We further demonstrated
that defaced CT images can be used for attenuation correction during
PET reconstruction, introducing a maximum bias of —3.3% in regions
of the cerebral cortex nearest the face. Conclusion: We believe that
the proposed method provides a baseline of anonymity and discretion
when sharing image data online or between institutions and will help
to facilitate collaboration and future regulatory compliance.

Key Words: total-body PET/CT; facial anonymization; uEXPLORER,;
facial recognition
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Improving the resolution of medical imaging systems and facial
recognition algorithms has given rise to concerns about the identifia-
bility of CT, MRI, and PET image data. In any imaging study includ-
ing the head, the surface of the 3-dimensional (3D) volume can be
rendered to visualize the subject’s face. When shared outside a health-
care setting, such an image could be recognizable to an individual or
computer vision system, potentially compromising the confidentiality
of any findings or linked information. With the introduction of total-
body PET/CT, images of the entire human body can be acquired dur-
ing normal clinical or research examinations (/,2). Renderings of
total-body images contain all the same facial information as dedicated
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brain studies, as well as any sensitive or identifiable structure in the
remainder of the body. Total-body PET/CT is a growing field with
diverse and valuable prospects, making such concerns all the more
pressing (3-6). Continued use of total-body PET/CT must consider
how differences from conventional PET/CT may compromise patient
privacy and anonymity. This is especially true when data are shared
between institutions or uploaded to online research archives, a practice
that will likely become more common given recent changes to the
National Institutes of Health policies on data sharing (7-9).

Prior studies have focused on the degree to which surface-
rendered MRI and CT images are identifiable to a subject’s photo-
graph (10-15). The identifiability of PET images using various
tracers and changes to quantification after defacing were first studied
in 2022 (16). These studies typically assume a motivated attacker with
access to several photographs of a subject, and knowledge that the
subject’s CT or MRI study exists within a certain cohort. Under these
conditions, the chances of correct identification can approach 100%
for MRI data (15). Defacing and refacing can reduce this probability
to 8%, using a method in which face regions are registered to and
replaced with a population average (/6). These methods are all tailored
for dedicated head scans and assume some approximate position of
the face within the imaging field of view. Working with total-body
data presents the challenge that the face is not restricted within the
field of view and that the head is typically not fixed. Patient height,
rotation of the head, and positioning of the arms can all complicate the
process of locating the patient’s face as part of the defacing process.

The uEXPLORER PET/CT scanner is the first total-body PET/CT
scanner and was installed at the University of California—Davis Health
in 2019 for clinical and research use (1,17). The uEXPLORER has an
axial field of view of 194 cm, permitting simultaneous PET acquisition
of the whole body. The uEXPLORER also contains an 80-row 160-
slice CT scanner capable of image acquisition with a minimal slice
thickness of 0.5mm. A head-to-foot CT scan is acquired with each
PET scan and used for attenuation correction and anatomic localiza-
tion. Because of the potential for high-resolution, low-noise imaging
of the whole body, we believe that facial anonymization is an impor-
tant consideration for data acquired on the uEXPLORER or any other
high-resolution PET scanner with a long axial field of view.

In this work, we first present a method for surface rendering of
total-body PET/CT data obtained from the uEXPLORER scanner.
Subsequently, we present a method to locate and obscure faces in a
way that provides a baseline of anonymity when sharing data. After
applying our defacing workflow, we then tested the identifiability
of the initial and defaced PET and CT images using a facial recog-
nition system built on Google’s FaceNet (/8,79). Finally, we have
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TABLE 1
Scan Details for 30 Subjects Imaged at 3 or 6 Time Points

Participants
Cohort (n) Modality Initial* 90 min 3h 6h 9h 12h
Low-dose 15 CT parameter 140 kVp/ 140 kVp/ 140 kVp/ NA NA NA
cohort 5 mAs 50 mAs 5 mAs
PET activity” 15 MBqg 11 MBqg 6.3 MBqg NA NA NA
Full-dose 15 CT parameter 140 kVp/ 140 kVp/ 140 kVp/ 140 kVp/ 140 kVp/ 140 kVp/
cohort 5 mAs 50 mAs 5 mAs 5 mAs 5 mAs 5 mAs
PET activity" 288 MBq 209 MBqg 117 MBq 36.8 MBq 11.6 MBq 3.65 MBq

*Initial CT and PET images were at 0 and 40 min, respectively.

TReported PET activity is actual injected dose averaged over all subjects. Later time points indicate remaining activity after decay of

['®F] (not accounting for excreted activity).
NA = not applicable.

considered the use of a defaced CT scan for attenuation correction
during PET reconstruction to evaluate the impact of CT defacing
on PET quantitation.

MATERIALS AND METHODS

uEXPLORER PET/CT Data Acquisition

In this work, we used a group of healthy volunteers who underwent
uEXPLORER ['®F]FDG PET/CT scanning at multiple time points during
a single visit. The study was approved by the Institutional Review Board
at the University of California—Davis, and all subjects provided written
informed consent. One cohort of 15 participants was injected with 20 *
2 MBq of ["*F]FDG and underwent total-body PET/CT imaging at 0,
1.5, and 3 h after injection. A second cohort of 15 participants was
injected with 372 = 17 MBq and underwent 6 PET/CT scans at 0, 1.5, 3,
6, 9, and 12 h after injection. In full, the study contained 30 participants,
16 of whom were female (mean age, 47 £ 13 y; mean body mass index,
28 + 5 kg/m?; mean height, 175 + 10 cm), with 135 PET scans and
135 CT scans. CT images were reconstructed with a voxel size of 0.97 X
0.97 X 2.3 mm, whereas PET images were reconstructed with a 2.3-mm
isotropic voxel size. The details of each acquisition for the 2 cohorts are
shown in Table 1.

For all 30 participants, the CT scan obtained at the 90-min time point
was acquired following the PET/CT clinical low-dose protocol with
140 kVp, an average of 50 mAs, and automatic dose modulation. For
all other time points, the CT scan followed a research ultra-low-dose
protocol with 140 kVp, an average of 5 mAs, and automatic dose
modulation.

PET imaging was performed for 60 min at

capturing the surface structure from either modality. In CT, Otsu’s
method (20) for binarization is applied to the central transverse slice. In
PET, half the mean value of the central coronal slice is used as the
threshold. Voxels exceeding the threshold and not attached to the larg-
est region (the body) are removed to provide a clearer surface render-
ing. In the second step, a 2-dimensional distance image is computed in
which pixel value represents the distance from the back of the imaging
volume to the first nonzero voxel in the binary image mask. The third
step is computing of the 2-dimensional Sobel filter on the distance
image, with gradient values being clipped at 10 times the pixel size for
PET or 20 times the pixel size for CT. Finally, for a more realistic ren-
dering, the gradient image is inverted. This step ensures that pixels in
flatter regions are brighter and that those on edges are darker, creating a
more natural-looking, front-lit image (Supplemental Fig. 1; supplemen-
tal materials are available at http:/jnm.snmjournals.org).

Other software packages exist for rendering surfaces from 3D
image volumes and have been used successfully in dedicated head and
brain studies (/5,21). Our purpose in developing a custom rendering
process was to establish a fast, automated method optimized for total-
body data. Furthermore, we wished to minimize external dependen-
cies, for easier integration into an in-house defacing workflow.

Face Detection and Blurring

For face detection in the rendered images, 2 methods were used. In
the first method, a multitask cascaded convolutional neural network
(MTCNN) was trained for face detection (22,23). This approach requires

the first time point (0—60 min) and 20 min for
all other scans (e.g., 90-110 min). The PET
image at the initial time point was recon-
structed from 40 to 60 min to produce a static
image matching the acquisition duration of
other time points. Reconstructed PET images
from all other time points were generated from
data acquired over 20 min. As the injected
activity decays over time, it is expected that the
quality of surface-rendered images will also
decrease.

0 min

Surface Rendering

3h 6h 9h 12h

Rendering of surfaces from PET or CT fol-
lows several steps. The first is identification of
an optimal threshold to create a binary image,

FIGURE 1.

FaciaL ANoNYMIZATION IN TotaL-Bopy PET ¢

(Top) Faces rendered from CT images at 6 time points. Ninety-minute time point used
clinical low-dose CT protocol. All others used research ultra-low-dose protocol. (Bottom) Rendering
of defaced images at each time point.

Selfridge et al. 1305



Defacing Workflow

The defacing workflow (illustrated in Sup-
plemental Fig. 1) consists of creating a surface
rendering, identifying the face position in the
image, and blurring the corresponding surface
in the input 3D image. This workflow was
applied to PET and CT images acquired for all
subjects at all time points. We subsequently
visually evaluated whether the face detection
algorithm had correctly identified a face in each
image. Visual evaluation allowed us to gauge
the quality of rendered images, to tune the

FIGURE 2. (Top) Faces rendered from PET images at 6 time points. (Bottom) Rendering of defaced

images at each time point.

minimal preprocessing and is robust for varying face angle and lighting.
However, we found that the MTCNN struggles to identify faces in low-
resolution images or when facial features are not prominent, as may
occur in rendered PET images. In the second method, a Haar cascade
classifier was implemented in OpenCV (24). This approach is computa-
tionally inexpensive but more susceptible to noise and false-positives.
Compared with the MTCNN detector, we found that this approach may
not accurately detect faces at an angle or in different lighting conditions.

The MTCNN face detector was applied first, as we found it to pro-
vide an accurate face-bounding box with few false-positive detections.
If no face was identified by the MTCNN detector, the Haar cascade
classifier was applied as a fallback option since it could be tuned for
greater sensitivity. The resultant bounding boxes tended to be smaller,
with a greater tendency for false-positives on nonface regions.

The process of obscuring the face in a 3D volume followed several
steps. The first was to create a 3D mask of face and nonface voxels using
the 2-dimensional distance image and the coordinates of the face rectan-
gle identified by the face detection algorithm. The 3D mask indicates the
surface of the face and can be extended to cover an appropriate volume.
In our case, we extended the mask 1 cm inward and 3 cm outward from
the face surface. The second step was to down-sample the original image
by a factor of 8 and then up-sample to create a pixelated or blurred ver-
sion of the input with equal dimensions. Linear interpolation was used
while resampling to preserve an approximation of a face structure without
any clearly identifying features. The third step was to replace voxels in
the original image with those in the pixelated image according to the 3D
face mask.

binarization threshold selection and image con-
trast to provide more realistic renderings, and
to ensure that the pixelation process sufficiently
obscured the face. All algorithms were imple-
mented in Python, version 3.10, and run on a dedicated server without
multithreading or acceleration. Defacing a single PET or CT image took
approximately 16 s and 8 GB of memory. Code for running the defacing
workflow is available at a public GitHub repository (https://github.com/
aaron-rohn/total-body-anonymization).

Facial Recognition and Validation

We further validated our method by quantifying the identifiability
of PET and CT images before and after defacing. An implementation
of FaceNet was used to map each face image to a 128-dimension
embedding vector, where Euclidian distance is used as a measure of
similarity (/8,19). After embeddings for a cohort are measured, clus-
tering methods can be applied to identify distinct members.

We first considered the 15 participants of the full-dose cohort since
images could be rendered at 6 separate time points (90 images for each
modality). After rendering and creating facial embeddings for each PET
and CT image, a nearest-neighbor classifier was used to identify the most
likely matching subject. Cross validation was repeated 6 times (folds), at
each stage leaving out 1 time point for each subject during training. The
remaining time point was then used for testing. Accuracy at each stage
was then measured as the fraction of faces matched to the correct subject
and averaged over the 6-folds. To create a visual representation of clusters
within the 128-dimension FaceNet-generated embeddings, we applied
t-distributed stochastic neighbor embedding (t-SNE) to reduce dimensional-
ity from 128 to 2 and plotted the resulting values (25). To estimate the
degree of clustering in t-SNE plots, the mean within-cluster and between-
cluster deviations were measured. Deviation was measured as ...
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S o]
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within-cluster deviation: 1.84 within-cluster deviation: 16.17 where 7 is the number of imaging time points
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p-value: 0.000 . p-value: 0.668 L. L.
e%0%, > t-SNE plot. For within-cluster deviation, the
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% @B @ ol % °% » '5: to calculate the likelihood that the within-
“ 504 @ 20 - 3: e ¢ cluster deviation was significantly different
3 ® “.', from that of the between-cluster deviation (26).
R ¢ % P values are reported on the t-SNE plots. Sig-
e =40 nificantly lower within-cluster deviation indi-
T T T T T T T ; T cates identifiability. Within-cluster deviation
40 -20 0 20 40 -40 -20 0 20 40 .
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FIGURE 3. (A) Facial embeddings for 15 full-dose cohort subjects at 6 time points, plotted in 2 In addition to these evaluations of the high-

dimensions using t-SNE. Before defacing, facial embeddings are highly clustered. (B) After defacing,

data are no longer clustered.
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dose cohort, we measured the identifiability of
CT images acquired from all 30 subjects at the
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A B attenuation correction and then using the de-
e it faced CT image for attenuation correction.
Within-cluster deviation: 1,95 within-cluster deviation: 32.55 Various brain regions of interest (ROIs) were
75 4 |between-cluster deviation: 58764 75 4 |between-cluster deviation: 33.40 compared with measured qua_ntitative differ-
p-value: 08.008 p-value: 0.211 .
Ea ences between the 2 reconstructed PET images.
30 4 @ an 7 50 4 0 By, . . .
. B 8 & B Five 1-cm-diameter spheric ROIs were placed
E 251 &3 é 24 3 25 1 o © at 5 positions along the outer aspect of the
1] G =9 .
E od o & ol s ® o © cerel?ral coﬁex., from the front of the brain
° L B @ @4 & & moving posteriorly. The selected transverse
5 251 e A T -25 - N & plane was near the top of the defaced region,
e L [ ] . . .
50 P ¢ & 2 50 & just above the brow. The relative difference at
dJ0 @ i each point was measured and plotted.
75 - -75
RESULTS
-100 ; : : -100 : . T
-100 -50 0 50 100 -100 -60 0 50 100
P — P Performance of Au.tomated Workflow
Among 135 CT images, faces were cor-
FIGURE 4. (A) Facial embeddings for all 30 full- and low-dose cohort subjects at first 3 time points.  rectly identified for all subjects using the

Before defacing, clusters are present for each participant. (B) After defacing, participants are not

uniquely associated with clusters.

TABLE 2
Identifiability of PET Images Using Classifier Trained with
PET (PET-to-PET) or CT (PET-to-CT) Images

Identifiability (%) Initial 90min  3h  6h 9h 12h
PET-to-PET 643 50.0 57.1 571 286 7.1
PET-to-CT 50.0 429 286 214 286 143

first 3 time points only (90 images). We performed a similar series of
cross-validations as well as clustering through t-SNE with this larger
cohort.

When measuring the identifiability of PET images, we considered
both PET-to-PET identification and PET-to-CT identification. The lat-
ter is more alike to some prior studies, which matched renderings to
facial photographs (/5,16). Identifiability was measured at each time
point, as activity decayed and image quality decreased.

To verify the quantitative impact of our defacing method, we recon-
structed PET raw data twice: first using the original CT image for

MTCNN detector, and the Haar cascade
classifier was not needed as a fallback
option. The CT protocol (low-dose vs. ultra-
low-dose) had no major visual impact on the quality of the rendered
image or the performance of the face detector (Fig. 1). Among the
135 PET images (Fig. 2), the success of the face detector was influ-
enced by the image activity; high-activity images produced render-
ings of the face with lower noise and a smoother surface, from
which faces were more easily identified. The MTCNN detector per-
formed better at earlier time points, and the Haar cascade classifier
was necessary for robust face detection at later time points (Supple-
mental Fig. 2). In either case, faces were completely obscured after
correct detection in all cases (Fig. 2, bottom).

CT ldentification Accuracy—Full-Dose Cohort
Before defacing, faces rendered from CT scans were matched to
the correct subject at a rate of 96% = 4%. After defacing, faces
were matched in 10% of cases, marginally exceeding the probabil-
ity of random chance (7%, 1/15). In the t-SNE plot before defacing
(Fig. 3A), 15 well-defined clusters corresponded to faces rendered
from the CT images of each subject. Variance of the within- and
between-cluster deviance was statistically different in the original
CT images, with a P value of 8.53 X 10729, After defacing, no sta-
tistical difference was observed between
with within- and between-cluster deviance,

A B with a P value of 0.668. The absence of
subject-specific clusters after facial blurring
within-cluster deviatign: 14.69 within-cluster deviation: 208.95 H H : : H :
40 between-cluster dEViEtitgn: 19,59 40 1 between-cluster deviation: 9.088 (Flg 3B) lmphes a relathe IOSS Of dlStlnCthn
p-value: 0.030 p-value: @,035 between faces.
# & 20 ‘ ) [ ] 3.
201 [ e 20 4 ] CT ldentification Accuracy—Full- and
o @ 8 ag °
5  ~£% EA i ...o '.;.a.o Low-Dose Cohorts
2 a ® . .
E ol ® 3 @ o G - .e;. % ° ® a0 ‘When tl}e first 3 t.1me pomt's were used for
i i 2 e .3 4 o0 % °® % all 30 subjects, the identification accuracy of
[ ] .
# ¢ ". .S‘g Soore §2° 0e®*2", ®ee :e rendered images from CT scans was 93% =+
S a . .
=20 o oan @ =207 .950. o ® 3%. After anonymization, faces were
& oo B ** hed in 6% of inall d
Y & matched in 6% of cases, marginally exceed-
40 4 40 4 ing the probability of random chance (3.3%,
1/30). The t-SNE plots showed 30 distinct
-40 -20 0 20 40 -40 -20 0 20 40 clusters corresponding to each subject—the
-SME dimension 1 +-SNE dimension 1 P value for clusten'ng was 3.32 X 10—26
FIGURE 5. (A) Facial embeddings for 15 full-dose cohort subjects at 6 time points. Clustered facial (Fig. 4A). After defacing, the P value for

embeddings for PET images indicate modest but significant (P < 0.05) degree of identifiability.
(B) No clusters are present after defacing. Within-cluster deviation is significantly greater than

between-cluster deviation.

FaciaL ANoNYMIZATION IN ToTaL-Bopy PET

clustering was 0.211, indicating a loss of
identifiability (Fig. 4B). Some clusters were
still present after defacing; these were random
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Original

De-faced Relative change

change (SUV) 0

and eyebrow, in the regions where the CT
image was modified (Supplemental Fig. 3).
Immediately behind the face and modified
regions, the percentage change decreased rap-
idly. As shown in Figure 7, the difference in
PET activity in ROI 0, nearest the modified
face region, was —3.3%. In ROI 4, the differ-
ence was —0.24%.

*1

DISCUSSION

The proposed workflow reliably detected

FIGURE 6.

and related to t-SNE parameter selection. The number of clusters was
less than the number of subjects, and subjects were no longer uniquely
associated with individual clusters.

PET Identification Accuracy—Full-Dose Cohort

In cross-validation of faces rendered from PET images, iden-
tifiability depended on the imaging time point (Table 2). PET-to-
PET identifiability reflects the accuracy of a classifier trained
using PET images only, when querying the identity of a PET
image. PET-to-CT identifiability reflects the accuracy of a classi-
fier trained using CT images, when querying the identity of a PET
image. Before defacing, the maximum PET-to-PET identifiability
was 64% and PET-to-CT identifiability was 50%, both at the ini-
tial 40-min time point. After defacing, the average PET-to-CT and
PET-to-PET identifiability were both 7%, equivalent to the proba-
bility of random chance (7%, 1/15).

The P value for clustering in the original PET images was 0.03,
although the magnitude of the difference between the within- and
between-cluster deviations was less than for CT-derived faces
(Fig. 5A). The P value for clustering after defacing was 0.035, in
this case indicating that the within-cluster deviation was signifi-
cantly greater than the between-cluster deviation, as is consistent
with a lack of identifiability (Fig. 5B).

PET Quantitation with Anonymized CT for
Attenuation Correction

After reconstruction of the PET raw data with the original and
defaced CT scans, the images were qualitatively similar (Fig. 6A). The
normalized difference approached 30% in the face and around the chin

(A) Grid showing CT slices before and after defacing. PET images are reconstructed
from same raw data, with different CT scans for attenuation correction. (B) Normalized difference
image showing percentage change in PET activity. High-intensity region in brain largely overlaps
ventricles, which have low ['®F]FDG uptake. (C) Absolute difference in PET SUV.

and obscured faces in both CT (Fig. 1) and
['®F]FDG PET (Fig. 2) images. It should
also scale equally well to other tracers, pro-
vided that there is sufficient superficial
uptake and that an appropriate threshold
for binarization is selected. Validation will be required, however.
Images in this study included scans with both arms up and arms
down and of patients with a range of heights and sizes—factors
that pose a unique challenge to defacing in total-body PET images.
Although the quality of the facial rendering is consistently high in
CT (Fig. 1), PET images vary greatly depending on the degree to
which the radiotracer has decayed, resulting in degraded image
quality (Fig. 2). At delayed time points (or when scan duration or
injected activity is reduced), automated face detection is prone to
false-negative and -positive detections due to increased image
noise (Supplemental Fig. 2). In these cases, however, the images
retain fewer potentially identifying facial features. For reference,
the 3-h time point in the high-dose cohort is closest to the standard
clinical protocol used at our institution (296 MBq, 120 min after
injection) (/7). At this time point, PET-to-CT identifiability was
28.6% (Table 2).

In our validation, we found that identifiability between modalities
(PET-to-CT) was generally lower than that within a single modality
(Table 2). This difference likely reflects the changing appearance of
faces rendered from PET and CT. PET images have a lower resolu-
tion, and patterns of ['®F]JFDG uptake may not directly correspond to
the structures imaged in CT. This difference in identifiability is nota-
ble since prior studies on image defacing have focused primarily on
the identifiability of medical images to photographs, such as those
mined from social media (/6). Using the Microsoft Azure Face
application programming interface, 1 prior study measured an identi-
fication rate of 78% between faces rendered from CT and photo-
graphs (/4). This rate is consistent with the high rate of CT-to-CT

identification measured here, although differ-
ent numbers of participants and methods for

-

=]

Percent change >

B +5%
I' g ; .. \
J 2 "\
0%

facial recognition will lead to different iden-
tification rates.

For most purposes, the defacing process
should have no major impact on image quan-
titation. Image voxels outside the immediate
region of the face are not altered. We have
not tested the impact of our defacing process
on automated brain segmentation methods,
which may be impacted by defaced images
(15). When defaced PET or CT images are
used for reconstruction or reprojection, as in

24
-3
_4- T T T T T
i} 1 2 3 4
ROI
FIGURE 7. (A) Percentage change when using defaced CT for PET attenuation correction. Values

were measured at 5 spheric ROIs along cerebral cortex. Error bars correspond to SD within ROI.

(B) Difference image and corresponding CT slice, overlaid with 5 ROls.
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motion correction or other advanced applica-
tions, we expect that PET values outside the
immediate region of the face should not
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show substantial changes beyond a few percentage points (Fig. 7).
When defacing is called for, it is a necessary trade-off that the mea-
sured uptake or attenuation in regions around the nose, eyes, and
cheeks will be altered substantially, potentially obscuring skin or other
superficial lesions.

We note that for many institutions and applications, defacing of vol-
umetric image data is not standard practice and is not currently
required for regulatory compliance. Furthermore, whereas we have
demonstrated identifiability of faces under very specific circumstances,
these do not necessarily represent those of our presumed motivated
attacker. As in any task of identifying anonymized data, there still
exists the problem of the perfect register—a reference database with
one and only one match for the desired target (27). Image data may
indeed make creation of such a database more possible, since an indi-
vidual’s face has the potential to be a highly identifying feature (as
opposed to name, address, birthday, or other identifiers). However
facial recognition is probabilistic, and images must still be mined from
social media or elsewhere, which may not be trivial. Institutional bod-
ies considering the adoption of defacing should weigh these factors
against the associated complexity and loss of image information.

CONCLUSION

We have described a method for defacing total-body ['*F]FDG
PET and CT data that makes facial identification of volumetric
images more challenging and has a minimal impact on PET quan-
tification. We believe that the presented workflow provides a base-
line of patient privacy and discretion and will be a valuable
component of data-sharing workflows, which are expected to
become more widespread in the future.
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KEY POINTS

QUESTION: What are the unique privacy concerns from surface
renderings in total-body PET/CT, and how can we mitigate them?

PERTINENT FINDINGS: Total-body PET/CT images are
identifiable and uniquely sensitive because of their capacity

for rendering of the whole surface of the body. The presented
defacing workflow minimizes the possibility of facial identification
without impacting image quantitation.

IMPLICATIONS FOR PATIENT CARE: Image processing
developments that benefit patient care often depend on the
availability of large volumes of image data. Robust anonymization
processes, such as facial anonymization, help to support the
requisite data sharing and archiving.
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The endogenous p.-opioid receptor (MOR) system plays a key role in
the mammalian reward circuit. Human and animal experiments sug-
gest the involvement of MORs in human sexual pleasure, yet this
hypothesis currently lacks in vivo support. Methods: We used PET
with the radioligand ["'C]carfentanil, which has high affinity for MORs,
to quantify endogenous opioid release after orgasm in man. Partici-
pants were scanned once immediately after orgasm and once in a
baseline state. Hemodynamic activity was measured with functional
MRI during penile stimulation. Results: The PET data revealed signifi-
cant opioid release in the hippocampus. Hemodynamic activity in the
somatosensory and motor cortices and in the hippocampus and thal-
amus increased during penile stimulation, and thalamic activation was
linearly dependent on self-reported sexual arousal. Conclusion: Our
data show that endogenous opioidergic activation in the medial tem-
poral lobe is centrally involved in sexual arousal, and this circuit may
be implicated in orgasmic disorders.

Key Words: orgasm; manual penile stimulation; arousal; opioids;
fMRI; PET

J Nucl Med 2023; 64:1310-1313
DOI: 10.2967/jnumed.123.265512

The endogenous opioid system plays a key role in the mamma-
lian reward circuit (), and the opioid receptor also regulates sexual
desire and arousal (2). Opiates suppress sexual behaviors in both
humans and animals (3), and p-opioid receptor (MOR) agonists, in
particular, decrease human sexual desire and pleasure acutely and
chronically (4). The roles of opioid receptor agonists and antago-
nists in exciting and suppressing sexual behaviors is complex and
varies between species and conditions. Opioid antagonists and ago-
nists may also promote sexual behavior: naltrexone stimulates eja-
culations and increases copulation rates in male rats (5). Opioid
agonists may also induce copulation when injected to the medial
preoptic area (6), whereas striatal administration does not, at least

Received Jan. 24, 2023; revision accepted May 10, 2023.

For correspondence or reprints, contact Patrick Jern (patrick.jern@abo.fi).

Published online Jul. 13, 2023.

Immediate Open Access: Creative Commons Attribution 4.0 International
License (CC BY) allows users to share and adapt with attribution, excluding
materials credited to previous publications. License: https://creativecommons.
org/licenses/by/4.0/. Details: http://jnm.snmjournals.org/site/misc/permission.
xhtml.

COPYRIGHT © 2023 by the Society of Nuclear Medicine and Molecular Imaging.

1310

not consistently (7). A recent study also showed that MOR avail-
ability in cortical and subcortical areas correlated positively with
sex drive in men (2). Animal studies also demonstrate postcoital
endogenous opioid release: copulation releases endogenous opioid
peptides in rats in the medial preoptic area of the hypothalamus (8).
In humans, opioid agonists increase pleasure, and opioid abusers
describe the sensations after opioid administration as euphoric and
orgasmic (9). Accordingly, evidence suggests that the opioid recep-
tor contributes to human sexual drive and pleasure, but in vivo evi-
dence for endogenous opioid release after sexual behaviors is
lacking. Here, because of the potential implications in orgasmic
disorders, we tested the hypothesis that sexual arousal peaking in
orgasm leads to endogenous opioid release in men.

MATERIALS AND METHODS

The participants were 6 heterosexual males (mean age, 35.4 y, range,
21.6-43.2 y). Participants gave informed, written consent and were
compensated for their participation. The Hospital District of Southwest
Finland’s ethics board approved the protocol. The study was conducted
in accordance with the Declaration of Helsinki. The participants’
female partners served as confederates, providing tactile penile stimula-
tion (scanning details are provided in the supplemental materials (avail-
able at http://jnm.snmjournals.org). The participants were scanned with
PET at baseline and after receiving orgasm-leading penile stimulation.
The scans were done on separate days, and their order was counterba-
lanced (Fig. 1, top row). The mean time between PET and MRI scans
was 14.67 d (SD, 12.59 d). The couple was led to a private room 30
min before the orgasm scan; the partner was instructed to time the parti-
cipant’s orgasm as close to the PET scan as possible. MOR availability
was measured with the radioligand ['!C]carfentanil (10), synthesized as
described previously (/7). Regional time—activity curves were obtained
from 21 regions of interest, and regional nondisplaceable binding
potential values were obtained for each scan using the simplified refer-
ence tissue model with the occipital cortex as a reference (Supplemen-
tal Table 1) (/0-22). PET imaging was performed with a Discovery
690 PET/CT scanner. The tracer was administered as a single bolus via
a catheter placed in each participant’s antecubital vein. PET emission
data were acquired for 51 min after injection. Regional nondisplaceable
binding potentials across the orgasm and baseline conditions were
compared using paired-sample ¢ tests without multiple-comparison cor-
rection across regions of interest.

The MRI data were acquired using a Phillips Ingenuity TF PET/MRI
3-T scanner. The participant was covered with a blanket, and the partner
was sitting next to the MRI bed. The partner received auditory instruc-
tions to stimulate her partner in approximately 10-s blocks (Fig. 1).
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baseline and orgasm scans. The region-of-
RN fov 5 MAR Bxperiment interest analysis (Fig. 3) yielded a significant
Stimulation - rest blocks looped until orgasm is reached effect in the hippocampus (#(5) = 2.90, P =
T 0.03), indicating endogenous opioid release
Penile | |Break/no| | Penile | |Break/no after orgasm (AM = 13%). No other signifi-
stimulation| | stimulus | |stimulation| | Stimulus Orgasm cant effects were observed. Sexual arousal
10s 10-12s 10s 10-12s ] . . . .
> increased linearly during functional MRI
mne (fMRI) scans (Supplemental Fig. 2). Hemody-
Design for the PET experiment Order counterbalanced mc responses to recerving pemle. stim-
ulation minus rest were stronger in the
Arousal Arousal hippocampus and thalamus and in the poste-
Arousal Arousal self-reports Arousal self-reports : H H .
self-report  self-report every 10 min self-report every 10 min rior parle.tal, pnmal?/ mOtor’ and somatoset}
T Poskargasrm Standon . Hasaiine sory cortices. Deactivations were observed in
enile : ; Resting A . . .
stimulation | ©r9asm ["Clearfentanil scan separate taseting [""Clearfentanil scan the anterior cingulate cortex in the nucleus
o 51 min days 51 min . .

- accumbens and insula (Fig. 4A). The paramet-
Time ric model for pleasure yielded positive effects
in the thalamus and inferior parietal cortices.
FIGURE 1. Depiction of study design. fMRI = functional MRI. Negaﬁve associations were observed in the

insula, putamen, and frontal pole (Fig. 4B).

The participant used buttons to indicate his moment-to-moment sexual ~DISCUSSION

arousal (on a scale of 0—100). Stimulation blocks were interspersed with
approximately 11-s rest blocks (= 1-s jitter). Functional data were prepro-
cessed with FMRIPREP (version 1.3.0) (/5) and analyzed using a gen-
eral linear model with t-contrast for manual penile stimulation versus rest
as well as moment-to-moment parametric modulation of sexual arousal.
All results were corrected using a false-discovery-rate P value of less
than 0.05.

RESULTS

The mean pleasure rating for the orgasm was 8.1 units, and the
mean arousal rating was 6.33 units (scale, 1-10 units; Supplemen-
tal Fig. 1). Arousal after the orgasm was significantly higher than
during any other time point (fs > 3.27, Ps < 0.02 in paired-
sample ¢ test). Figure 2 shows mean MOR availability during

Baseline

y=-19

BPup

4]  e——

FIGURE 2. Mean MOR availability during baseline and orgasm scans.

ENDOGENOUS OPIOID RELEASE AFTER ORGASM ~ *

We provide an indication that in vivo endogenous opioid release
may be raised in the male hippocampus after orgasm. Orgasm led
to increased opioid release in the medial temporal lobe. Hemody-
namic activity during penile stimulation increased in limbic
regions and the somatosensory cortex, whereas responses in the
thalamus reflected the moment-to-moment intensity of sexual
arousal.

PET data revealed higher nondisplaceable binding potential in
the hippocampus in the baseline versus orgasm scan, consistent
with increased neurotransmitter release after an orgasm. These
changes were paralleled by hemodynamic responses in the hippo-
campus during penile stimulation. The fMRI results also implied a
central role of the thalamus in modulating sexual arousal. To our
knowledge, these data yield the most detailed picture, to date, of the
functional and molecular brain basis of sexual arousal and climax in
man and support the general role of the MOR system in modulating
the calmness—arousal axis (2,23).

1.0 1
Participant
0.8 1
- 1
a \ % 2
£ 061 - 3
o - 4
.0-_..__ o 5
0.4 4 6
0.2 1
Bastleline Org.asm
Condition

FIGURE 3. Mean participantwise nondisplaceable binding potential in
hippocampus for baseline and orgasm scans. Difference is statistically
significant at P < 0.05 (paired t test). BPND = nondisplaceable binding
potential.
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sexual functioning in rodents (6). This may
reflect insufficient statistical power, yet we
observed no hypothalamic effects even at
lower statistical thresholds. The hypothalamus
is, however, a small structure whose accurate
quantification using PET with limited spatial
resolution is complicated.

Brain activity increases during sexual
reward in humans and animals. fMRI re-
vealed increased activation in the hippocam-
pus and thalamus during penile stimulation
versus rest, the former according with
increased MOR activation observed in the
PET study. The thalamus modulates arousal
and awareness (28), and the male thalamus
becomes activated during penile erection,
acting as a relay station transmitting periph-
eral sexual sensations to the brain (29). We
also observed deactivation in the anterior cin-
gulate and activation in the posterior parietal,
primary motor, and somatosensory cortices.
These areas have been shown to activate dur-
ing sexual arousal and orgasm in men (30).

Our study had some limitations. Evidence
for opioid release was found only in 1 region
(hippocampus) of 21 a priori regions of inter-
est, and although the hippocampus contains
MORs, the regional nondisplaceable binding
potentials were moderately low. Because full-
volume false-discovery-rate—corrected results

FIGURE 4. (Top) Brain regions showing amplified responses during manual penile stimulation minus
rest. (Bottom) Brain regions whose activity increased linearly as function of sexual arousal during scans.
Data are thresholded at P < 0.05, false-discovery-rate—corrected at cluster level. Color bar indicates
t statistic range. ACC = anterior cingulate cortex; Hipp = hippocampus; Ins = insula; Fp = frontal pole;
Put = putamen; M1 = primary motor cortex; NnACC = nucleus accumbens; PCC = posterior cingulate
cortex; Prec = precuneus; S1 = primary somatosensory cortex; Tha = thalamus.

Opioid release after sexual activity corroborates findings of in-
creased opioid receptor activity after sexual behaviors in other
mammals (8). This finding parallels human PET studies demon-
strating endogenous opioid release after consumption of rewards
ranging from feeding to sociability (24) and extends the role of the
human MOR system to sexual pleasure. Data were also in line
with recent PET data indicating MOR-dependent individual differ-
ences in male sex drive, corroborating the role of MORs in sexual
motivation and pleasure (2). Because of the temporal resolution of
PET, we cannot, however, state whether opioid release reflects
pleasure evoked by sexual stimulation, orgasm, or refractory
activity in the postorgasmic phase.

Perhaps surprisingly, orgasm-dependent MOR activation was ob-
served only in the hippocampus. However, animal electrophysiologic
studies have demonstrated hippocampal activity during orgasm (25).
Furthermore, 0-hippocampal activity can be induced by injecting opi-
ates into the brain stem (26). Indeed, the rat brain may enter a learning
mode during the postorgasmic phase, analogous to the memory con-
solidation that is known to occur during sleep after learning (27). We
did not observe MOR activity in the hypothalamus despite its role in
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were not observed, the finding should be
considered preliminary until replicated. Only
men were studied, and the sample size was
limited by the complex multimodal imaging
setup; however, significant effects were none-
theless observed. Brain responses during the
orgasm phase in fMRI could not be analyzed
because of head motion.

CONCLUSION

We observed endogenous opioid release in the male brain after
orgasm in 6 healthy volunteers. In a parallel fMRI experiment, we
observed activation of—above all—the hippocampus. Altogether,
these data show that endogenous opioidergic activation in the
medial temporal lobe is centrally involved in sexual arousal,
whereas modulation of sexual arousal in the thalamus and striatum
may be supported by other neuromodulators.
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KEY POINTS

QUESTION: Does sexual arousal peaking in orgasm lead to
endogenous opioid release in men?

PERTINENT FINDINGS: In a combined PET/fMRI study involving
6 healthy participants, we found evidence of opioid release in the
hippocampus (P < 0.05).

IMPLICATIONS FOR PATIENT CARE: Endogenous opioidergic
activation in the medial temporal lobe is centrally involved in
sexual arousal, and this circuit may be implicated in orgasmic
disorders.
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Comparative Evaluation of [18F]5-Flu0r0amin0suberic Acid
and (45)-4-3-['°F]fluoropropyl)-L-Glutamate as System
Xxc—Targeting Radiopharmaceuticals
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System x; is an appealing biomarker for targeting oxidative stress
with oncologic PET imaging and can serve as an alternative PET bio-
marker to other metabolic indicators. In this paper, we report a direct
comparison of 2 ®F-labeled amino acid radiopharmaceuticals target-
ing system xg, ['®F]5-fluoroaminosuberic acid (['®F]FASu) and (45)-4-
(3-["®FIfluoropropyl)-L-glutamate (['®F]FSPG), in terms of their uptake
specificity and ability to image glioma and lung cancer xenografts
in vivo. Methods: Both tracers were synthesized according to previ-
ously published procedures. In vitro uptake specificity assays were
conducted using prostate (PC-3), glioblastoma (U-87), colorectal (HT-
29), ovarian (SKOV3), breast (MDA-MB-231), and lung cancer (A549)
cell lines. PET/CT imaging and biodistribution studies were conducted
in immunocompromised mice bearing U-87or A549 xenografts.
Results: In vitro cell uptake assays showed that the tracers accumu-
lated in cancer cells in a time-dependent manner and that the uptake
of ["®F]FASu was blocked by the system X¢ inhibitor sulfasalazine
and rose bengal, but not by system L inhibitor 2-aminobicyclo-(2,2,1)-
heptane-2-carboxylic acid, system x,, inhibitor L-trans-pyrrolidine-2,
4-dicarboxylic acid, or L-serine, which is a substrate for transporter
systems A, ACS, B®, and B%". Conversely, ['®F]FSPG uptake de-
creased significantly in the presence of an excess of L-trans-pyrroli-
dine-2,4-dicarboxylic acid in 2 of 3 tested cell lines, indicating some
reliance on system x, in these cells. In an in vivo setting, ['®F]FASu
and ["®FJFSPG generated good-contrast PET images in U-87 and
A549 tumor-bearing mice. Tracer accumulation in A549 tumors was
5.0 + 0.8 percentage injected dose (%ID)/g (['®FIFASu, n = 5) and
6.3+ 1.3 %ID/g (('®F]FSPG, n = 6, P = 0.7786), whereas U-87 xeno-
grafts demonstrated uptake of 6.1 +2.4 %ID/g (("®FIFASu, n = 4)
and 11.2 + 4.1 %ID/g ("®FIFSPG, n = 4, P = 0.0321) at 1 h after injec-
tion. Conclusion: ['®FIFSPG had greater in vitro uptake than ['®FJFASu
in all cell lines tested; however, our results indicate that residual uptake
differences exist between ['®FIFSPG and ['®F]FASu, suggesting alter-
native transporter activity in the cell lines tested. In vivo studies dem-
onstrated the ability of both ['®FJFASu and ['®FIFSPG to image
glioblastoma (U-87) and non-small cell lung cancer (A549) xenografts.

Key Words: system x ¢ transporter; tumor imaging; amino acid tracer;
8F; rose bengal
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()xidative stress (OS), resulting from the imbalance between
the production of reactive oxygen species and their elimination by
antioxidants (7), has been implicated in the metabolic reprogram-
ming of cancer cells, causing them to become less sensitive to
high levels of reactive oxygen species than normal cells (/,2). Sys-
tem X is a transmembrane transporter protein playing a partial
role in this process through its action as the primary importer of
intracellular cystine (3), which on entry into the cell is reduced to
cysteine, the rate-limiting precursor in the biosynthesis of glutathi-
one (2). Glutathione is vital for the maintenance of cellular redox
balance and protection from OS (4,5). Consequently, system X
is upregulated under OS and is found to be overexpressed in sev-
eral different malignancies, including breast, pancreatic, and brain
cancers (6-8). As a result, system x has emerged as a promis-
ing target in PET imaging, with several '®F or !'C radiopharma-
ceuticals reported to target system X to date (9-I4). Among
them, ['®F]5-fluoro-ASu (['*F]FASu) and (45)-4-(3-['®F]fluoro-
propyl)-L-glutamate (['®F]FSPG) are the most studied (Figs. 1A
and 1B). ['®F]FSPG, a glutamate analog that demonstrated spe-
cific tumor uptake, is currently under evaluation in multiple mul-
ticenter clinical trials to determine its efficacy in detection and
staging of various types of cancer, including, but not limited to,
colorectal, breast, pulmonary, abdominal, and head and neck neo-
plasms (15). ['®F]FASu has been used in preclinical evaluations of
breast cancer, lung cancer, and glioblastoma (16,17). Both tracers
demonstrated the ability to target tumors with good specificity and
contrast.

Herein, we report a comparative preclinical evaluation of 2 sys-
tem X —imaging agents, ['F]FASu and ['®F]FSPG, in tumor accu-
mulation and specificity toward X.. The comparison study was
performed in non—small cell lung cancer (A549) and glioblastoma
(U-87) cell lines and xenograft-bearing mice.

MATERIALS AND METHODS

Chemicals and Instrumentation

All chemicals and solvents were obtained from commercial sources
and used without further purification. The quantity of injected radio-
fluorinated tracers was measured using a Capintec CRC-25R/W dose
calibrator, and the radioactivity of mouse tissues collected from bio-
distribution studies was counted using a Perkin Elmer Wizard 2480
v-counter. PET imaging experiments were conducted using an Inveon
multimodality small-animal PET/CT system (Siemens Healthineers).
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For competition experiments, the cells were
coincubated with competitors either in excess
at 1 mM or in a dose-dependent manner
(0.001-1 mM). Tracer uptake was stopped by
removal of the assay buffer at the indicated
time points. Cells were quickly washed twice
with 400 pL of ice-cold N-(2-hydroxyethyl)-
piperazine-N'-(2-ethanesulfonic acid) basal
salt solution buffer and lysed with the addition
of 1 M NaOH. The cell lysate was removed
from the plates. Radioactivity of '|F samples
was determined using a y-counter.
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Animal Studies

All animal experiments were conducted in
accordance with the guidelines established by
the Canadian Council on Animal Care and
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FIGURE 1. (A) ['®FIFASuU in vitro uptake at 20, 40, and 60 min in absence and presence of xCT
inhibitor sulfasalazine (1 mM). (B) ['®F]FSPG in vitro uptake at 20, 40, and 60min in absence and
presence of 1mM sulfasalazine. Radiotracer structures are embedded into graphs. (C) ['®F]FASu
and ["®F]JFSPG in vitro uptake in presence of sulfasalazine (1 mM). Cells were incubated with tracer
(red bars for ['®F]FASu, black bars for ['®FIFSPG) for 20, 40, or 60 min. Sulfasalazine was coadded
with tracer. All uptake values are normalized to protein concentration and presented as percentage
uptake per minute per milligram of protein (A and B) or as counts per minute per microgram of
protein (C). SSZ = sulfasalazine. *P < 0.05. P < 0.01. **P < 0.001. ***P < 0.0001.

['®F]FASu Synthesis

['®F]FASu was synthesized as previously reported (18), with a minor
change in formulation. The supplemental materials provide further
details (available at http:/jnm.snmjournals.org). The original ['*F]JFASu
formulation used a trifluoroacetic acetate counterion, but for this study,
we used a tracer formulated with a chloride counterion. This change was
implemented to match formulations between ['*F]JFASu and ['®F]FSPG.
Our validation biodistribution studies indicated no statistically significant
differences in biodistribution of ['*F]FASu based on the formulation
used (Supplemental Fig. 1). Decay-corrected radiochemical yield (d.c.
RCY) was 18 £ 6% (n = 6), radiochemical purity was greater than
98%, and molar activity was 17.5 = 7 GBg/mmol (n = 6).

['®FIFSPG Synthesis

['8F]FSPG was synthesized as previously reported (/2). The final
product was purified by an SCX cation exchange column and taken up
in phosphate-buffered saline buffer. The decay-corrected radiochemi-
cal yield was 28 * 7% (n = 4), radiochemical purity was greater than
98%, and molar activity was 15 = 5 GBg/mmol (n = 4).

In Vitro Uptake Specificity Studies

All cell lines used in this study were authenticated by DDC
Medical.

For tracer uptake and competition studies, the tumor cells were seeded
in 24-well plates at appropriate concentrations. The cell number used for
seeding was adjusted for every tumor cell line to yield approximately
200,000 cells per well on the day of the uptake study. Cells were usually
grown for 2-3 d under standard conditions (37°C, 5% CO,) until sub-
confluency. The cell number on the day of the uptake assay was deter-
mined by detaching cells in 3 representative wells and counting the cells
using the MOXI Z mini automated cell counter kit (Orflo). Uptake data
were normalized to 100,000 cells or per the protein content in representa-
tive wells.

Before the radioactive uptake assay, the cell culture medium was
removed, and the cells were washed twice with N-(2-hydroxyethyl)pi-
perazine-N'-(2-ethanesulfonic acid) basal salt solution buffer. Radio-
tracers were added to the assay buffer using 148 kBq per well.

CoMmpARISON OF ['*F]JFASU anp ['*F]FSPG - Colovic et al.

approved by the Animal Ethics Committee of
the University of British Columbia. Immuno-
deficient 129S6/SvEvTac-Rag2™'"™ (Rag2M)
mice were bred in-house at the Animal Re-
search Centre, British Columbia Cancer Re-
search Institute, and used in this study. Food
and water were provided ad libitum for the
entire duration of the study.

Tumor Inoculation

Mice were anesthetized briefly with 2.5% isoflurane in oxygen,
2.0 L/min, during cell implantation. After the upper back area below
the left shoulder was shaved, the injection site was wiped with an alco-
hol prep pad, and a 28.5-gauge needle was used to subcutaneously inject
approximately 5 X 10° U-87 cells or approximately 2 X 10° A549 cells
(in 100 pL 1X phosphate-buffered saline and BD Matrigel Matrix at a
1:1 ratio). Biodistribution studies and PET/CT imaging were performed
when tumors reached 5-7 mm in diameter.

Biodistribution Studies

Tumor-bearing mice were briefly anesthetized with isoflurane inha-
lation and injected with 0.9-2.5 MBq of ['8F]FASu or ['*F]FSPG
(100200 pL in saline, intravenously). The mice were allowed to
roam freely in their cages for 1 h and were then killed by CO, asphyxi-
ation. Their blood was promptly harvested by cardiac puncture. Organs
or tissues of interest were collected in a subsequent necropsy, washed
with phosphate-buffered saline, blotted dry, and weighed, and their
activity was counted, normalized to the injected dose, and expressed as
the percentage injected dose per gram of tissue (%ID/g).

PET Imaging and Data Analysis

Anesthetized mice were injected with 3.94-5.22 MBq through the
caudal vein. A 10-min CT scan was performed, followed by a 15-min
static or 60-min dynamic PET acquisition on the small-animal PET/
CT scanner. PET data were acquired in list mode. After the static
acquisition at 1 h after injection, the mice were killed by CO, asphyxi-
ation, followed by cardiac puncture. The tissues of interest were har-
vested, weighed, and counted on the y-counter. The PET data were
reconstructed using the 3-dimensional ordered-subset expectation
maximization (2 iterations) maximum a priori (18 iterations) algorithm
with CT-based attenuation correction. Inveon Research Workplace
software (Siemens Healthineers) was used for image analysis and
drawing 3-dimensional regions of interest to determine the %ID/g of
tissue for selected organs. In addition, Inveon Research Workplace
software was used to generate maximum-intensity projection images
for visualization.
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Statistical Analysis

All data are expressed as mean * SD. Statistical analysis was per-
formed using GraphPad (7.0-h) software. Two-way ANOVA analysis
was performed for all tracer comparisons for in vitro and biodistribution
studies. Multiple comparisons were corrected using the Sidak method.
Student ¢ tests were performed for all organs and tumor-to-organ ratios
in the biodistribution blocking studies. The difference was considered
statistically significant at a P value of less than 0.05.

RESULTS

In Vitro Cell Uptake Studies

Uptake of both ['®F]FASu and ['®F]FSPG was measured in 5
different human cancer cell lines: MDA-MB-231 (breast), U-87
(glioblastoma), HT-29 (colorectal), A549 (lung), and SKOV3
(ovarian). The uptake generally increased over time and was blocked
by the system x. inhibitor sulfasalazine (1 mM) in all cases
(Figs. 1A and 1B). ['"®F]FSPG had greater uptake overall, with
U-87 cells retaining 5.8% =+ 0.5% activity/mg of protein at 60 min
and A549 and SKOV3 exceeding 29.6% = 2.4% uptake/mg of
protein (Fig. 1B). ['8F]FASu uptake was also inhibited by the addi-
tion of sulfasalazine in all cell lines studied (Fig. 1A); however, the
activity taken up by the cells in the absence of sulfasalazine ranged
from 1.8% = 0.1% uptake/mg of protein to 12.2% = 1.0% uptake/
mg of protein at 60 min in A549 cells. Figure 1C illustrates uptake
values in the presence of excess sulfasalazine, where it is evident
that the uptake of the 2 tracers no longer differed by severalfold, in
all cell lines except SKOV3. Furthermore, we observed that the
uptake of ['®F]FASu in the presence of 1mM sulfasalazine did not
change with increasing incubation time, except in A549 cells, where
it increased from 0.650% = 0.042% uptake/mg of protein at 20 min
to 0.988% = 0.242% uptake/mg of protein at 60 min (P < 0.0001).
Under the same conditions, ['*F]FSPG uptake continued increasing
with prolonged incubation in all cell lines despite the presence of
1 mM sulfasalazine, with the exception of U-87 cells, which demon-
strated no significant change over time (P = 0.7069 for 20- vs.
60-min comparison and P > 0.89 for 20- vs. 40-min and 40- vs.
60-min comparisons; Fig. 1C).

In vitro specificity assays were performed in A549, U-87, and
MDA-MB-231 cell lines using the system X inhibitor sulfasalazine
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and inhibitors of the excitatory amino acid transporter protein
(EAAT) family of transporters (L-trans-pyrrolidine-2,4-dicar-
boxylic acid [PDC]) (19) of vesicular glutamate transporters (rose
bengal) (20) and of system L transporter (2-aminobicyclo-[2,2,1]-
heptane-2-carboxylic acid) (2/-23), in addition to L-serine, which
is a known substrate of transporter systems A, ASC, B, and asc
(24). Once again, sulfasalazine significantly inhibited uptake of
both ['®F]FASu and ['®F]FSPG (P < 0.05 for each comparison,
n = 3; Fig. 2; Supplemental Fig. 2). ['*F]FASu uptake was not sig-
nificantly inhibited in the presence of excess PDC, L-serine, or 2-
aminobicyclo-[2,2,1]-heptane-2-carboxylic acid (P value varied but
exceeded 0.463 for each comparison). Conversely, ['F]FSPG uptake
decreased significantly in the presence of excess PDC in A549 and
MDA-MB-231cells (P = 0.0006 and P = 0.0002, respectively,
equivalent to 26.7% and 28.7% uptake inhibition), but not in the
U-87 cell line (P = 0.4570, corresponding to 8.9% uptake inhibi-
tion), which indicated possible involvement of EAATS in these cell
lines. This finding is consistent with those of Koglin et al. and
Greenwood et al., who also reported competition of ['*F]JFSPG
uptake with both aspartate and glutamate, which are the natural
substrates of the EAATSs (/2,24). Moreover, we observed signifi-
cant uptake blocking in the presence of L-serine in all 3 cell lines
(P = 0.0047 for A549, P = 0.0340 for U-87, and P = 0.0001 for
MDA-MB-231 cells, equivalent to 21.7%, 17.0%, and 40.2% ['3F]
FSPG uptake inhibition, respectively). We also found that the most
potent vesicular glutamate transporter inhibitor, rose bengal (25),
inhibited the uptake of both ['*F]FASu and ['®F]FSPG (P value var-
ied but was =0.0015 for each comparison) and that it had better
blocking efficacy than sulfasalazine in the case of both tracers and
across all cell lines studied (Fig. 2; Supplemental Fig. 3). Western
blotting indicated expression of EAAT3 and EAAT4 transporters in
U-87 and MDA-MB-231 whole-cell lysates (Supplemental Fig. 4).
Furthermore, blotting of EAAT1 and EAAT? indicated bands corre-
sponding to the expression of glycosylated proteins, causing a band
shift of 5-15kDa (26), as well as detection of EAAT1 homodimers
and homotrimers in all 3 cell lines tested.

The affinity of ['®F]JFASu and ['®F]FSPG to system x transporter
was further studied in a dose-dependent manner in competition assays

A [18F]FASu B ['8FIFSPG
g 09 — g 09 —A
2 06 -+ L-Cystine £ 06 - L-Cystine
E -= L-Glutamate = = L-Glutamate
= 03 203
0.08—— ; 0.0r ,
0 50 100 150 1,000 0 50 100 150 1,000
Substrate concentration {pM) Substrate concentration (ph)
A549 cells Ab549 cells
1.0 —
0.8 —_—
& = — - 0.8
S 06 £ o0s
:E 0.4 - L-Cystine ﬁ 4 -+ L-Cystine
# 52 - L-Glutamate & 0.2 -= L-Glutamate
0.0
"0 50 100 150 700 1,050 0 50 100 150 700 1,050
Substrate concentration (M) Substrate concentration (M)
MDA-MB-231 cells MDA-MB-231 cells

FIGURE 2. Two-way ANOVA analysis of 1-h uptake of ['®F]FASu (A) and
['®FIFSPG (B) in A549, U-87, and MDA-MB-231 cells, expressed as per-
centage of control sample uptake. BCH = 2-aminobicyclo-(2,2,1)-heptane-
2-carboxylic acid. *P < 0.05. *P < 0.01. **P < 0.001. ***P < 0.0001.
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FIGURE 3. Dose-dependent competition cell uptake assays were per-
formed in A549 (top) and MDA-MB-231 (bottom) cells using 148 kBq per
well of either ['®F]FASu (A) or ['®F]FSPG (B) and increasing concentration
of L-cystine or L-glutamate.
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TABLE 1
Half-Maximal Inhibitory Concentrations (.M) from Tracer Competition Uptake Assays Against L-Cystine and L-Glutamate

Substrate Cell line ['8FIFASU (=SE) ['8FIFSPG (+SE)
L-Cystine A549 3.92 + 0.60 3.23+1.01
L-Glutamate A549 10.93 = 1.00 5.20+1.18
L-Cystine MDA-MB-231 4.56 = 0.89 7.88 = 1.36
L-Glutamate MDA-MB-231 41.01 +6.32 29.29 +3.60

Assays were performed in A549 and MDA-MB-231 cells (n = 3).

against the natural substrates of system X : L-cystine and L-gluta-
mate. Half-maximal inhibitory concentrations of 3.92 + 0.60 and
3.23+1.01 pM were determined for L-cystine in competition with
['8F]FASu and ['8F]FSPG, respectively, in A549 cells (Fig. 3;
Table 1). These values are less than the values determined in com-
petition with L-glutamate: 10.93 + 1.00uM for ['®F]FASu and
520+ 1.18pM for ['*F]FSPG. Although the difference in half-
maximal inhibitory concentrations for L-cystine was not significant
(P = 0.6503), the L-glutamate half-maximal inhibitory concentra-
tions significantly differed (P = 0.0002).

In Vivo PET Imaging

['®F]FASu and ['8F]JFSPG were evaluated in subcutaneous
models of glioblastoma (U-87) and non—small cell lung cancer
(A549). The expression of XCT, the light chain subunit of system
X¢, in these tumors was confirmed ex vivo with Western blotting
(Supplemental Fig. 5), which revealed a greater abundance of xCT
in the A549 tumor lysate. Representative decay-corrected fused
PET/CT images and biodistribution data of A549 tumor—bearing
Rag2M mice are shown in Figure 4A and Table 2. Both ['®F]FASu
and ['F]JFSPG gave PET images with low background uptake,
high image contrast, and clear tumor visualization. Renal clearance
was evident from both biodistribution data and images. [ *F]FASu
and ['8F]FSPG both had high pancreatic uptake: 24.93 +2.92 and
17.71 = 3.63 %ID/g, respectively. Both A549 tumor and pancreatic
uptake were blocked with coinjection of the nonradioactive stan-
dard aminosuberic acid (ASu, 100 mg/kg, intravenously), indicating
uptake specificity of the tracers to system x. (Table 2) (/7). More-
over, ASu coinjection resulted in measurable decreases in tumor-
to-muscle, -brain, and -lung uptake ratios for ['®F]FASu and a
decrease in tumor-to-blood ratio for ['®F]FSPG, as indicated in
Table 2. Although ['®F]FSPG tumor uptake reduction with ASu
coinjection was not statistically significant (P = 0.0688), it is
worth noting that tumor uptake decreased more than 40% with
ASu coinjection. It may also be worth noting that differences in
['8F]FSPG tumor-to-brain and -muscle uptake were not significant
in the presence of ASu, which is in contrast to the results obtained
for ['®F]FASu. Tumor uptake of ['®F]FASu and ['®F]FSPG was
5.00=0.83 and 6.27 = 1.32 %ID/g, respectively, although it was
not significantly different between ['®F]FASu and ['SF]FSPG
(Figs. 4B and 4C). ['®F]FSPG had a significantly greater tumor-to-
brain ratio than ['8F]FASu (P < 0.05); otherwise, there were no
significant differences in the biodistribution of these 2 tracers.

In the case of U-87 tumor—bearing Rag2M mice, the images
(Fig. 5A) and biodistribution data (Table 3) resemble those of A549
tumor-bearing animals. Radiofluorinated amino acids ['*F][FASu and
["®F]FSPG generated good-contrast PET images in xCT-expressing

CoMmpARISON OF ['*FJFASuU anp ['®*F]JFSPG - Colovic et al.

glioblastoma xenografts. The 2 tracers indicated a similar biodistribu-
tion pattern in the organs and tissues that were studied (Table 3).
In addition to tumor, excretory organs such as the kidneys and blad-
der showed uptake, indicating a renal excretion pathway (Fig. 5).
Blood clearance was rapid, with 0.84 = 0.50 and 0.59 £ 0.08 %ID/g
of ["®F]FASu and ['®F]FSPG present at 1h after injection, respec-
tively. ['*F]FASu and ['®F]FSPG both had high pancreatic uptake,
2642+ 11.59 and 16.81 = 1.38 %ID/g, respectively, because of
high xCT expression in this organ (27). U-87 tumor uptake of
['8F]FASu and ['®F]FSPG at 1h after injection was 6.05 + 2.40

A

['®FIFSPG [18F]FASu

unblocked 100 ma/kg ASu unblocked 100 mgikg ASu
B 8 A549 tumor c T/muscle
: 50
o L

30
20
1

Ratio

/]
['®FIFSPG  [FIFASU

['°FIFsPG ['®FIFASU

Lungs Tlungs

%IDig

Ratio
il e i B bl

'*FIFsPG ["PFIFASU [®FIFsPG ["*FIFASU

FIGURE 4. (A) Uptake of ['®F]FSPG and ['®F]FASu in A549 tumor-bearing
mice at 1h after injection with and without blocking reagent (100 mg/kg
ASu). Arrows indicate location of A549 tumors on fused PET/CT
maximume-intensity projection images. (B and C) Two-way ANOVA of
tumor-to-muscle and tumor-to-lung ratios (C) and tumor and lung
uptake (B) for ['®F]FSPG and ['®F]FASu in A549 tumor-bearing mice at
1h after injection. P value varied for each comparison but was always
>0.05. T = tumor.
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TABLE 2
Biodistribution and Tumor-to-Nontarget Ratios of ['8F]JFASu and ['®F]FSPG in A549 Xenograft-Bearing Rag2M Mice

['®FIFASu ['®FIFSPG

Organ Unblocked (n = 6) 100 mg/kg ASu* (n = 4) Unblocked (n = 6) 100 mg/kg ASu* (n = 4)
Blood 0.78 = 0.44 0.64 = 0.11 0.51=0.08 0.55*0.16
Fat 0.04 = 0.01 0.04 = 0.01 0.03 = 0.01 0.02 = 0.00
Ovaries 2.91 +0.50 0.91 = 0.217 9.183£2.77 1.14 = 0.207
Uterus 7.96 +2.88 0.59 = 0.11% 6.29 = 2.99 0.91+0.34
Small intestine 2.53 +0.21 0.87 = 0.617 2.51+0.37 0.46 = 0.13"
Stomach 0.66 =0.12 0.61=0.42 0.85*0.29 0.33+0.18
Pancreas 24.93+2.92 3.96 +1.18" 17.71 +3.63 3.99 = 0.70"
Spleen 3.89 = 2.01 1.04 +0.26 6.14 = 0.84 1.02 = 0.20"
Adrenal glands 0.65*0.15 0.51+0.24 0.53 = 0.05 0.59+0.16
Kidneys 13.29 +1.60 22.19+5.85 17.49 +2.11 21.07 = 10.60
Liver 0.74 = 0.08 0.75*0.17 0.63+0.13 0.60 = 0.32
Heart 0.24 +0.06 0.26 = 0.05 0.16 = 0.03 0.17 +0.08
Lungs 1.92 + 0.46 2.66 +0.28 1.36 + 0.07 1.00 * 0.37
Muscle 0.15+0.02 0.16 = 0.03 0.17 £ 0.05 0.10 + 0.03
Bone 0.56 * 0.08 0.33 = 0.077 0.14 = 0.04 0.20 = 0.07
Brain 0.13+0.02 0.09 = 0.01 0.64 * 0.21 0.09 + 0.04
Tail 1.25 +0.20 0.75*0.29 0.21 *0.01 0.44 +0.207
A549 tumor 5.00 + 0.83 2.04+0.36" 6.27 +1.32 3.53 +0.69
Tumor/blood 7.61+3.58 3.22 +0.58 12.36 +2.52 6.67 = 1.81%
Tumor/muscle 33.18 +4.39 13.72 + 4.407 37.92 +9.55 39.15+11.34
Tumor/lungs 2.70 + 0.65 0.78 = 0.207 459 +0.92 377117
Tumor/brain 39.79 = 6.67 23.40 = 6.53" 52.95+10.29 45.58 = 17.86

*Blocked with coinjection of cold standard, ASu.

TCoinjection significantly reduced uptake of same organ for tracer or tumor-to-organ ratio (P < 0.05).
Biodistributions and ratios are at 1 h after injection. Values (%ID/g) are presented as mean * SD.

and 11.18 * 4.12 %ID/g, respectively. Glioblastoma xenograft uptake
of ['®F]FSPG was significantly greater than that of ['®F]JFASu (P <
0.05), as were tumor-to-muscle and tumor-to-brain uptake ratios
(P < 0.0001; Figs. 5B and 5C). Region-of-interest analysis of the
dynamic scans with ['"®F]FASu and ['®F]FSPG in U-87 tumor—
bearing mice showed a steady increase of tracer uptake by the
tumor and a clear delineation from the background activity, as evi-
dent on the time—activity curves (Supplemental Fig. 6).

DISCUSSION

Cellular antioxidant machinery functions as a tightly controlled
system, in which the purpose is to maintain an intracellular redox
balance (28,29). Glutathione is a major endogenous nonenzymatic
antioxidant involved in reactive oxygen species neutralization and
containment of intracellular OS levels (30). Given the dependency
of glutathione biosynthesis on the import of cystine into the cell,
system X is considered a marker of cellular OS (10) and, as
such, has become an appealing target for therapeutic and imag-
ing purposes. The aim of this study was to directly compare the
uptake specificity, biodistribution profile, and imaging utility of
2 tracers targeting system X, both of which have previously been
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reported as promising noninvasive tools for imaging of intracellular
redox status.

In vitro uptake studies indicate system x--—mediated uptake of
both ['®F]FASu and ['®F]FSPG. We found that ['3F]FSPG was
taken up more readily in vitro and that it had severalfold greater
uptake than ['®F]FASu in all tested cell lines. We hypothesize that
this could be because of reliance of ['®F]FSPG on other modes of
transport across the plasma membrane, and we tested this hypothe-
sis in a series of specificity assays in which we measured uptake
of each tracer in the presence of several different amino acid trans-
porter inhibitors (Fig. 2). In at least 2 of 3 tested cell lines,
['8F]FSPG uptake was significantly inhibited by PDC and L-serine
(P < 0.05), indicating some involvement of EAATSs and numerous
serine transporters in the import of this tracer into these cells. Fur-
thermore, we were able to detect the expression of EAAT3 and
EAAT4 and predicted glycoproteins of EAAT1 and EAAT2 (26)
in these cell lines (Supplemental Fig. 4), further supporting our
hypothesis that there might be some reliance on EAATSs in the
import of ['®F]FSPG into these cells. An additional finding in this
study was the ability of rose bengal, a known vesicular glutamate
transporter inhibitor, to block transport of both ['F]FASu and
['®F]FSPG across the plasma membrane in all cell lines studied
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TABLE 3

Biodistribution and Tumor-to-Nontarget Ratios of ['F]FASu
and ['8F]FSPG in U-87 Xenograft-Bearing Rag2M Mice

Organ ["°FIFASU ['®FIFSPG
Organ Unblocked (n = 4)  Unblocked (n = 4)
Blood 0.84 +0.50 0.59 +=0.08
Fat 0.04 +0.02 0.02 = 0.00
Ovaries 3.07 £1.48 5.62 +4.09
Uterus 5.97 +3.08 5.07 £0.73
Small intestine 1.83£0.64 2.18+0.40
Stomach 1.66 +1.13 1.08 =0.73
Pancreas 26.42 +=11.59 16.81 =1.38
Spleen 4.47 £1.65 6.58 +1.58
Adrenal glands 0.46 =0.15 0.55 +0.05
Kidneys 17.79 £7.20 17.92 £ 2.49
Liver 0.95+0.44 0.59 £0.14
Heart 0.36 = 0.21 0.17 = 0.01
Lungs 3.41£2.20 1.39+0.16
Muscle 0.26 = 0.11 0.12 +£0.02
Bone 0.76 = 0.46 0.76 +0.17
Brain 0.16 =0.09 0.12 £0.01
Tall 1.82 +0.90 1.26 =0.24
U-87 tumor 6.05 £2.40 11.18 = 4.12
Tumor/blood 7.96 = 2.81 18.67 +6.30
Tumor/muscle 24.08 =5.20 97.86 + 38.99
Tumor/lungs 1.96 = 0.51 8.04 =2.60
Tumor/brain 41.30+12.73 97.22 +33.15

FIGURE 5. Comparative study. (A) Uptake of ['®FJFSPG and ['®F]FASu
in U-87 tumor—bearing mice at 1 h after injection. Arrows indicate location
of U-87 tumors on fused PET/CT maximum-intensity projection images.
(B and C) Two-way ANOVA of tumor-to-muscle and tumor-to brain ratios
(C) and tumor and brain uptake (B) for ['®FIFSPG and ['®F]FASu in
U-87 tumor-bearing mice at 1h after injection. *P < 0.05. **P < 0.01.
P < 0.0001.

(P < 0.01; Fig. 2). When coincubated with either one of these 2
radiotracers, rose bengal caused a dose-dependent reduction in
intracellular tracer content (Supplemental Fig. 3). Only 10uM
rose bengal was sufficient to prevent greater than 90% of activity
from entering A549 cells, which is equivalent to the percentage
inhibition achieved by 1 mM sulfasalazine in this study. With these
results, the finding that rose bengal inhibits system X raises the
prospect that this compound may induce a therapeutic response
(31,32) via glutathione depletion, thus sensitizing the target tissue
to other chemotherapeutics (6,33—35).

['8F]FASu and ['®F]FSPG biodistribution and imaging potential
was tested in mice bearing U-87 and A549 xenografts. These 2
tumor models were selected for the in vivo experiments because
of their disparate uptake pattern in vitro. U-87 cells were on the
lower end of the uptake spectra of both tracers, and no increase in
blocked uptake of either tracer was evident in vitro. The lung can-
cer cells, A549, conversely, demonstrated high in vitro uptake of
both radiotracers and increasing uptake over time despite oversa-
turation with sulfasalazine, which is a system X inhibitor.

CompARISON OF ['®FJFASuU anp ['®*F]JFSPG - Colovic et al.

Biodistributions and ratios are at 1 h after injection. Values
(%1D/g) are presented as mean *+ SD.

In contrast to the in vitro uptake, ['*F]JFASu and ['®F]FSPG
have similar biodistribution profiles and excretion pathways, irre-
spective of the tumor inoculated (A549 or U-87; Tables 2 and 3).
Both tracers exhibited low background uptake and moderate to
high tumor-to-blood, tumor-to-brain, and tumor-to-muscle ratios.
The principal difference between ['*F]FASu and ['3F]FSPG was
found in the greater in vivo tumor uptake of the latter, with signifi-
cantly greater uptake in the U-87 tumor (Fig. 5B; P < 0.05) yet
nonsignificantly greater uptake in A549 tumors (Fig. 4B; P =
0.79), despite greater xCT expression in these tumors (Supplemen-
tal Fig. 5). This may be an indication that [!®F]FSPG is transported
into the cells by the action of alternative transporters, including the
EAATS, or system X,, in addition to system x (36). Moreover,
an early report on the specificity of ['*F]FSPG by Koglin et al. (12)
demonstrated that, although ['*F]FSPG does predominantly use sys-
tem X to enter cells, both L-cystine and L-glutamate achieved
higher levels of tracer uptake inhibition than a potent system X
inhibitor, p-carboxy-phenylglycine, indicating that ['*F]FSPG may
be a suitable substrate for other AATs that include L-glutamate or
L-cystine as substrates, such as EAATs (EAATI1, EAAT2, EAAT4,
and EAATS for L-glutamate and EAATS3 for both) (24). The authors
also reported observing a minor competition with either L- or
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p-aspartate, both of which are substrates along with L-glutamate
for the EAAT family members 1-5 (24). Webster et al. (10) per-
formed a similar in vitro uptake inhibition uptake assay with
['8F]FASu, and in their study, sulfasalazine was more effective
in blocking tracer uptake than r-glutamate, signifying a preference
of ["*F]FASu for system xc. The authors reported observing little
effect of p-aspartate on [*H]ASu, [*H]Glu, and [*H]Leu uptake,
which is in agreement with our finding reported here that ['*F]JFASu
uptake was not affected by the system x,; inhibitor PDC.

Notwithstanding the data presented here, we are aware of other
potential explanations for the in vitro uptake fluctuations of ['®F]
FSPG involving the complex interplay between amino acid trans-
porters and their respective substrates. Inhibition of EAATSs has
been previously shown to alter intracellular glutamate levels, which
are known to affect system x activity (37). Given that fluctuations
in intracellular glutamate levels also affect ['SF]JFSPG retention
(38) because of system x-—mediated exchange, this phenomenon
may account for changes in cell retention together with alternative
transport mechanisms. Moreover, serine is a precursor for the bio-
synthesis of cysteine, the levels of which have been shown to affect
['8F]FSPG retention in cells through x; exchange (38).

Several recent studies have examined the potential use of ['*F]
FSPG and ['8F]FASu for measuring intracellular redox status.
McCormick et al. found that in vitro ['®F]FSPG uptake in ovarian
cancer cells was sensitive to an elevation in glutathione biosynthesis
after drug-induced OS (38). Our group recently reported a positive
correlation between in vitro ['*F]JFASu uptake and intracellular glu-
tathione fluctuations in breast cancer models caused by radiation-
and diethylmaleate-induced OS (/7). Despite the methodic and
detailed approach taken in previous studies, a side-by-side study
comparing ['8F]JFASu and ['®F]FSPG in the same cancer model
became warranted to better understand the subtleties in tracer behav-
ior. The data presented here suggest that the degree of non—system
X uptake may vary depending on the cancer model studied and the
mode of action of the OS-inducing drug used. Other reports testify
to the emerging (poor) prognostic significance of xCT/SLC7A411
overexpression in several different malignancies, including non—
small cell lung cancer (39), laryngeal squamous cell carcinoma (40),
glioblastoma (41,42), hepatocellular carcinoma (43), colorectal
cancer (44,45), and acute myeloid leukemia (46,47). Additional
studies speak to the increasing potential of using xCT-targeting
therapeutics to sensitize cancers to chemotherapy or radiation ther-
apy (6,33-35,48-50). Therefore, early identification of xCT-
expressing tumors would help with patient stratification, treatment
plan development, and therapeutic monitoring and intervention
because xCT has been recognized as an emerging therapeutic or
adjuvant target.

The main objective of this work was to compare the 2 tracers
with respect to their specificity for the target transporter and tumor
visualization potential. ['®F]FSPG is currently in use in pilot clinical
studies (5/—53) and is showing promise as a marker of therapeutic
response in the preclinical setting in high-grade serous ovarian can-
cer models (54). ['®F]FASu performed as well as ['*F]FSPG as an
in vivo oncologic imaging agent in a preclinical setting and may
warrant further consideration for clinical use.

CONCLUSION

We found that ['8F]FSPG is taken up more readily in vitro by
all cell lines tested, whereas ex vivo biodistribution was generally
equivalent between ['8F]FSPG and ['®F]FASu, with the exception
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of greater ['®F]JFSPG uptake in glioblastoma xenografts. This study
examined the participation of alternative AATSs, such as system
Xjg- in the transport of both tracers. Nevertheless, we found that
['8F]FSPG and ['8F]FASu have comparable biodistribution and
tumor-imaging ability in vivo, supporting the further pursuit of
either tracer for non-['®F]FDG oncologic imaging.
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KEY POINTS

QUESTION: How do the 2 system x; imaging agents, ["®F]FASU
and ["®FJFSPG, compare with respect to their uptake specificity
and tumor imaging potential?

PERTINENT FINDINGS: Our in vitro specificity assays indicated
greater overall uptake of ['®FJFSPG than of ['®FJFASu but also
potential participation of other AA transporters. Moreover, we
found that rose bengal inhibited uptake of both tracers in vitro.
In preclinical subjects, however, both tracers were successful at
visualizing glioma (U-87) and lung cancer (A549) xenografts and
had comparable tumor uptake and pharmacokinetics.

IMPLICATIONS FOR PATIENT CARE: ['®F]FASu and ['®FIFSPG
are redox PET tracers that, when translated into the clinic, have
the potential to serve as indicators of the redox state of the lesion,
companion diagnostics, and, potentially, patient prognosis.
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Terbium—161 is a B-emitting radionu- A  T——

clide that resembles 177Lu in terms of its Anterior Posterior Anterior Posterior Anterior Posterior
in vivo and in vitro chemical and pharmaco-
kinetic properties, exhibiting similar behavior . ' A
with regard to radioligand-specific cell uptake i
and internalization, as well as emitting a
modest fraction of photons useful for post- Y P * . 5 3
therapy imaging. Unlike !”’Lu, a significant ¥ 6““3

amount of conversion and Auger electrons »
are emitted per decay, making it particu-
larly appealing for targeted radionuclide
therapy (7).

Here, we present whole-body scintigraphic
and SPECT/CT images acquired with '*! Tb-
PSMA-617 in a 69-y-old man diagnosed
with metastatic prostate cancer refractory to
hormonal therapy and chemotherapy who
was referred for PSMA radioligand therapy
(Fig. 1).

The patient received an empiric well-
tolerated dose of '’ Tb-PSMA-617 (5,550
MBq) without having acute or early adverse
events (compassionate use on a named-
patient basis under the local regulatory frame-
work and international ethical and radiation
safety standards).

Two vy-energies with high frequencies
were identified from the decay scheme of
161Th: 48.9keV with a 17% frequency and
74.5keV with a 10.2% frequency (/). As a
result, whole-body planar and SPECT/CT s
scanning protocols have been created.
Spatiotemporal distribution of the radio-
nuclide in the target and nontarget poten-

18 hpi. 69 h pi. 80 h pi.

FIGURE 1. (A) Whole-body images at different time points after injection. (B) Representative
SPECT/CT sagittal and axial slices and CT axial slices demonstrating physiologic biodistribution of
181TH-PSMA in lacrimal, parotid, and submandibular glands; nasopharyngeal mucosa; liver; intesti-
tially dose-limiting organs was obtained  ng| tract; kidneys; and urinary bladder, as well as pathologic uptake in primary prostate tumor and
by acquiring time-sequential planar and  metastatic bone lesions. p.i. = after injection.

. . SPECT/CT datasets: 18h after injection, 69h after injection,
Received Dec. 5, 2022; revision accepted Jan. 31, 2023. .. . . .
For correspondence or reprints, contact Akram Al-lbraheem (aibraheem@ and 90 h after injection. SPECT/CT images were acquired from

khcc.jo). the lower cervical level to the pelvis at 69 h after injection, aid-
Published online Feb. 9, 2023. . . fined i _derived tivit tificati d
COPYRIGHT © 2023 by the Society of Nuclear Medicine and Molecular Imaging. ~ 11& 11 MOre relined mmage-derived activity quantincation an
DOI: 10.2967/jnumed.122.265291 characterization of tissue kinetics. The obtained images were of
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good quality, enabling visualization of all previously identified ~DISCLOSURE
PSMA-avid primary and metastatic bone lesions using a *%Ga-
PSMA PET/CT scan.
In-human posttherapy imaging with '®'Tb SPECT/CT has been REFERENCES
proposed as a predefined clinical protocol using a radiolabeled
1. Miiller C, Umbricht CA, Gracheva N, et al. Terbium-161 for PSMA-targeted radionu-

somatostatin analog of up to 113 after injection (2). We present ™ 1\ /e cancer. Eur ) Nucl Med Mol Imaging. 2019:46:1919-1930,
here, to the best of our knowledge, the first-in-humans posttherapy 2. Baum RP, Singh A, Kulkarni HR, et al. First-in-humans application of '*'Tb: a fea-

161Th-PSMA SPECT/CT imaging. sibility study using '®'Tb-DOTATOC. J Nucl Med. 2021;62:1391-1397.
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LETTERS TO THE EDITOR

Radiopharmaceutical Extravasations Can
Have Consequences

TO THE EDITOR: Regarding “Adverse Clinical Events at the
Injection Site Are Exceedingly Rare After Reported Radiopharma-
ceutical Extravasation in Patients Undergoing **™Tc-MDP Whole-
Body Bone Scintigraphy: A 12-Year Experience” (I), I read this
article with some interest from a purely scientific perspective. I am
concerned that the results reported might be used to justify certain
courses of action, or inaction, without the evidence to support these
approaches. I have several misgivings about this article.

First, the numbers thathave been reported for inclusion in this study
are likely to be significantly underestimated. Of the approximately
32,000 scans that the authors examined, they found 118 cases of docu-
mented extravasation in the clinical reports, of which only 96 could be
followed up. The authors cite other audits of bone scan administra-
tions that quote extravasation rates of around 15%—20% in routine
clinical practice. On the basis of the 15%—-20% rate, the number of
extravasations should have been more like 4,750-6,300 cases in the
12-y cohort. A rate of 15%—-20% seems, from my experience, to be
not unexpected for some degree of extravasation at the injection
site. As the authors have included only patients for whom an extrav-
asation had been noted in the clinical report—a notation that is rarely
made—they acknowledge that this could lead to an underestimation
of the incidence of extravasation. Indeed, the authors state that “this
approach has the possibility [my emphasis] of missing studies in
which [a radiopharmaceutical extravasation] occurred but was not
documented in the report.” The lack of documentation by the reporting
physicians may be because the technologist or nurse injecting the
patient did not recognize the extravasation at the time of injection
(often due to the low injected volumes used) and, hence, the extrava-
sation was detected only when the scan was acquired some hours later.
This is a serious underestimate and tends to undermine the authors’
conclusions.

Second, the authors have little clinical or other follow-up informa-
tion on extravasations that were not documented (assuming the true
incidence of around 5,000-6,000 is correct) and seem to assume
that if they did not hear anything from the patient then there was no
problem. I propose that it is likely most extravasations will not lead
to any significant unintended acute or chronic tissue damage but
that just because one does not follow up about extravasation does
not mean one has evidence of no extravasation issues. The authors
may suggest that, on the basis of my estimates, in a cohort of
5,000-6,000 individuals the authors would likely learn of an adverse
event even if there is only the slightest possibility of it. However, in
complex, fragmented health-care systems, the feedback between
primary-care and secondary or tertiary service providers is often ten-
uous at best, and many primary-care practitioners may not make a
connection between the bone scan performed 1 mo previously and
the ongoing issue at the patient’s injection site.

Third, whereas the impact of quantification on clinical interpreta-
tion is mentioned in the introduction, little emphasis is given to the
fact that any quantitative procedure, such as measuring an SUV .«
in a PET scan or a bone scan, or even a glomerular filtration rate

COPYRIGHT © 2023 by the Society of Nuclear Medicine and Molecular Imaging.
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estimation based on blood sampling, is invalidated when the entire
dose is not delivered into the bloodstream for full mixing and redistri-
bution throughout the body. This is a concern for any nuclear medi-
cine procedure but takes on greater importance in serial studies
when monitoring changes in organ function or tumor response.

Finally, as the interest in the use of a-particles for therapy
increases, the spectre of issues that arise from an extravasated
a-emitting therapeutic radiopharmaceutical injection becomes a con-
sideration. There has already been at least one case report of a skin
lesion (squamous cell carcinoma) attributed to an extravasated injec-
tion of ?**Ra (2). Although molecules and small vectors such as pep-
tides may be able to readily drain from a site of extravasation via the
lymphatics, larger biologic agents such as antibodies would be partic-
ularly concerning.

Although the authors have presented their data with full disclosure
about the methodology used, they would appear to have underesti-
mated the limitations of their approach. Readers could be misled
were this article to be quoted as a “definitive reference based on large
numbers,” suggesting that extravasations in nuclear medicine proce-
dures are without consequence. It is clear that they are not.
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REPLY: We would like to thank the author for his interest in our
work and for this opportunity to address his queries. The author
raises several concerns about our large retrospective study.

We had described a limitation of our methodology that involved
reviewing the clinical reports for reported radiopharmaceutical ex-
travasation (RPE) instead of reviewing the scintigraphy images (/).
Reviewing the scintigraphy images of around 32,000 studies would
surely have been a more accurate but certainly a much less feasible
exercise in a finite period. Further, the primary objective of this study
was not to detect the rate of RPE of any magnitude but to evaluate the
clinical adverse events, if any, associated with the RPE events. We
agree that although the actual RPE rate (of any extent) might likely
be higher than the clinically reported RPE rates, it is also expected
that major RPEs are the most likely to be documented in the report,
compared with minimal RPEs. Our results showing no long-term
adverse events in patients with reported RPE (likely to represent
major RPEs) therefore validate our conclusion. In the absence of clin-
ical adverse events with the documented RPEs, it is highly
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implausible that the undocumented RPEs (likely of minor extent)
would lead to a significant number of clinical adverse events that
could change our estimates. Despite the perceived and existent limi-
tations with the health-care systems, clinical follow-up was available
for over 80% patients, with the studies performed over approximately
12 y. In addition, comprehensive review of the clinical charts of these
patients (including clinical encounters from our medical center and
other centers) ensured that we would very likely detect symptoms
or signs at the local RPE site, irrespective of whether they were attrib-
uted to the RPE event. Our conclusion that clinical adverse events are
rare with reported RPEs is therefore firmly supported by our research
methodology and the results. We agree that it might be of interest to
review all of the approximately 32,000 scintigraphy images directly,
and we suggest that an international experience would provide a
greater breadth of understanding.

We have endorsed and advocate for improving quantification in
nuclear medicine studies. Accurate delivery of radiopharmaceutical
activity is important for obtaining reproducible and precise estimates
of quantitative parameters such as SUV (2,3). We also acknowl-
edged the potential impact of extravasations on quantification and
clinical interpretation of studies in our article. However, quantitative
evaluation is not routinely performed and is not required for clinical
interpretation of planar bone scintigraphy studies, the study popula-
tion we assessed. Planar bone scintigraphy studies are generally
interpreted with qualitative assessment, hence the rationale for
incorporating the requirement of a repeat scan as a surrogate metric
for scan quality. The focus of the current study, as mentioned earlier,
was on adverse clinical events at the injection site rather than the
impact on quantification, which can be addressed in future investiga-
tions. Additionally, whereas delivery of the entire radiopharmaceu-
tical activity into the appropriate compartment is surely desired,
labeling quantitative results as invalid with less than 100% activity
delivery is certainly an overstatement (e.g., a 0.1% extravasation
would not meaningfully change quantitation).

Lastly, the consideration of extravasations of therapeutic radio-
pharmaceuticals is a valid concern for future research. Although
this was not an objective of the current study, the need to exercise
caution while administering therapeutic radiopharmaceuticals is
well recognized in view of their high-energy emissions. However,
the author cites a case report attributing extravasation of *>Ra
to the development of cutaneous squamous cell carcinoma a few
months later (4). All the methodologic limitations of a descriptive
single-case report set aside, this report has several additional com-
plexities that make the conclusion of local-radiation—induced carci-
nogenesis debatable. We would like to highlight some of the major
concerns here. The development of a radiation-induced solid tumor
at4 mo after radiation exposure is highly unusual. Several prior stud-
ies have reported that solid tumors typically occur 10-15y after
exposure to high-dose ionizing radiation (5—7). It is thus improbable
that the extravasation of ***Ra led to exceptionally rapid mutagene-
sis in the absence of any local tissue damage, with the latter widely
recognized as an acute effect of ionizing radiation (8). The likely
explanation for these discrepancies in the case report, as well as the
absence of other literature documenting similar results, is the possibil-
ity of confusing correlation with causation. A brief review of the Brad-
ford Hill criteria for causation clearly shows that the report describes
an unfortunate possible correlation and not necessarily causation (9).

A very interesting read that emphatically represents this issue is the cor-
relation of annual chocolate consumption with the number of Nobel
laureates produced (10). We, however, share the concern that RPE
with radiopharmaceutical therapies must be avoided. The author also
raises the issue of RPE with antibodies. Although any RPE should cer-
tainly be avoided, the clearance of radiolabeled antibodies (whole anti-
bodies and fragments) from the interstitial compartment is relatively
rapid (11).

In conclusion, whereas we appreciate the queries raised by the
author and his interest in our study, we firmly stand by the findings
of our study and believe that our concluding remarks are data-
driven and well supported by an appropriate research methodology.
We also recognize the potential of future studies with larger patient
populations to assess for potential clinical risks of RPE. The sample
size of these studies would likely need to be large because the risk of
clinical adverse events after radiopharmaceutical injections for diag-
nostic bone scans appears to be vanishingly low.
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PSMA TIs Not Specific to Prostate Cancer

TO THE EDITOR: Since the large-scale deployment of coronavi-
rus disease 2019 vaccination, several publications have mentioned
many false-positive findings on PET examinations, mainly with
8E_FDG but also with other radiopharmaceuticals (7). For instance,
Notohamiprodjo et al. recently reported that the prevalence of vaccine-
associated lymphadenopathy (VAL) on '*F-thPSMA-7.3 PET/CT
was high, at 45% (2), but some points of the study deserve comment.

First, the authors stated that “increased ipsilateral axillary uptake of
[prostate-specific membrane antigen (PSMA)] ligand is common” but
omitted to mention some contradictory results in the literature. In
fact, we prospectively constituted a cohort in which 120 and 79
patients underwent '®F-fluorocholine or *Ga-PSMA-11 PET/CT,
respectively, and we reported a 42.5% incidence of VAL for '*F-flu-
orocholine PET/CT (which was comparable to the findings with '°F-
FDG) but only a 12% incidence for ®*Ga-PSMA-11 PET/CT (3). This
difference cannot be due entirely to variable definitions of VAL
between studies but may be explained by differences in the studied
populations or in the radiopharmaceutical itself (4).

Second, the authors did not provide a documented hypothesis
explaining the false-positive cases. A possible explanation comes
from PSMA uptake in the context of neoangiogenesis (5). We
hypothesized that coronavirus disease 2019 vaccination could induce
production of vascular cell adhesion molecules and vascular endothe-
lial growth factor, as observed during severe acute respiratory syn-
drome coronavirus 2 infection (6), leading to neovasculature and
therefore PSMA uptake.

Third, as mentioned by the authors, “separate analysis among
those vaccines was not performed.” Nevertheless, differences between
vaccines could be expected since a metaanalysis found VAL more
frequently after the Moderna vaccine than after the Pfizer-BioNTech
vaccine (7), whereas a comparative study reported higher metabolic
activity in the lymph nodes after Pfizer-BioNTech than after
AstraZeneca (§).

Last, the authors do not suggest a clear management plan for these
lymph nodes in clinical practice. Should they be closely monitored
for development or regression by physical examination or by imag-
ing? Should they be systematically analyzed by a pathologist? Some
researchers are exploring ways to address this issue. For instance,
radiomics could help differentiate VAL from malignant lymphade-
nopathies (9). Besides, innovative radiopharmaceuticals are under
development and capable of overcoming postvaccination pitfalls,
such as use of the **Ga-fibroblast-activation protein inhibitor, which
showed no fixation in postvaccination axillary nodes, to replace
8E_FDG (10).

In conclusion, the study provides valuable information about
false-positive cases on PET imaging due to vaccination—a recurrent
issue that needs to be addressed, even if some results can be chal-
lenged by other existing findings, notably in our work published pre-
viously. However, this study has the merit of reminding the imaging
interpreter and the prescriber that PSMA ligand is not specific to pros-
tate cancer and not even to the prostatic gland.

ACKNOWLEDGMENTS

We would like to thank the French National Agency for Research
(Investissements d’Avenir), LabexIRON no. ANR-11-LABX-0018-
01 and EquipexArronaxPlus no. ANR-11-EQPX-0004, for their
support.

1326

REFERENCES

1. Minamimoto R. Oncology and cardiology positron emission tomography/computed
tomography faced with COVID-19: a review of available literature data. Front Med
(Lausanne). 2022;9:1052921.

2. Notohamiprodjo S, Eiber M, Lohrmann C, Weber WA. Temporary reactive response
of axillary lymph nodes to COVID-19 vaccination on '*F-rhPSMA-7.3 PET/CT in
patients with prostate cancer. J Nucl Med. 2022;63:1673-1676.

3. Ah-Thiane L, Ferrer L, Maucherat B, et al. Vaccine-related lymph nodes: the emerg-
ing pitfalls of '*F-fluorocholine and **Ga-PSMA-11 PET/CT in the era of COVID-19
vaccination. Clin Nucl Med. 2022;47:575-582.

4. Piron S, Verhoeven J, Vanhove C, De Vos F. Recent advancements in *F-labeled
PSMA targeting PET radiopharmaceuticals. Nucl Med Biol. 2022;106-107:29-51.

5. Chang SS, O’Keefe DS, Bacich DJ, Reuter VE, Heston WD, Gaudin PB. Prostate-
specific membrane antigen is produced in tumor-associated neovasculature. Clin
Cancer Res. 1999;5:2674-2681.

6. Amraei R, Rahimi N. COVID-19, renin-angiotensin system and endothelial dysfunc-
tion. Cells. 2020;9:1652.

7. Treglia G, Cuzzocrea M, Giovanella L, Elzi L, Muoio B. Prevalence and significance
of hypermetabolic lymph nodes detected by 2-['*F]FDG PET/CT after COVID-19
vaccination: a systematic review and a meta-analysis. Pharmaceuticals (Basel).
2021;14:762.

. Ayati N, Evans S, Zakavi SR, Gruenewald SM. Comparison between viral vector
and mRNA based COVID-19 vaccination in prevalence and severity of regional
immune reactions, and '*F-FDG PET/CT features. Asia Ocean J Nucl Med Biol.
2023;11:4-12.

9. Eifer M, Pinian H, Klang E, et al. FDG PET/CT radiomics as a tool to differentiate
between reactive axillary lymphadenopathy following COVID-19 vaccination and
metastatic breast cancer axillary lymphadenopathy: a pilot study. Eur Radiol. 2022;
32:5921-5929.

10. Demmert TT, Maric I, Pomykala KL, et al. Novel %8Ga-FAPI PET/CT offers onco-

logic staging without COVID-19 vaccine-related pitfalls. J Nucl Med. 2023;64:
368-371.

o0

Loic Ah-Thiane*

Ludovic Ferrer

Caroline Rousseau

*ICO René Gauducheau

St-Herblain, France

E-mail: loic.ah-thiane@jico.unicancer.fr

Published online Jun. 22, 2023.
DOI: 10.2967/jnumed.123.265720

REPLY: We are grateful for the commentary on our paper (/) by
Ah-Thiane et al. and appreciate the reference to their publication
on prostate-specific membrane antigen (PSMA) radioligand uptake
by axillary lymph nodes after vaccination. We submitted the final
version of our manuscript to The Journal of Nuclear Medicine on
February 17, 2022, and their study was published in July 2022 (2).
Therefore, we were unfortunately unable to discuss the study by
Ah-Thiane et al.

It is interesting that Ah-Thiane et al. reported a substantially lower
incidence of PSMA-positive axillary lymph nodes with *®Ga-
PSMA-11 (12%) than we found for '*F-thPSMA 7.3 (45%). This
large difference may indeed point to differences in the studied pop-
ulation or of the radiopharmaceutical itself, but confirmation will
require future studies.

We also thank Ah-Thiane et al. for pointing out that PSMA
expression during angiogenesis may contribute to PSMA expression
after vaccination. We had discussed that PSMA expression is not
specific to the prostate and that PSMA RNA is found in many tis-
sues, including lymph nodes (3,4). At the moment, there are, to
our knowledge, no data to allow for definitive statements on what
precisely causes PSMA radioligand uptake after vaccination.
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It is well conceivable that different vaccines or vaccine dosages
cause different degrees of PSMA radioligand uptake. Unfortunately,
information on the vaccine type was not available for all patients in
this retrospective study. However, we assume that most patients
received the Pfizer-BioNTech vaccine, which was the most commonly
used coronavirus disease 2019 vaccine in Germany.

With respect to the clinical consequences of PSMA radioligand
uptake in axillary lymph nodes, it is important to remember that the
axilla is an uncommon site of metastatic disease in prostate cancer
patients. Axillary lymph nodes may be involved in advanced stages
of prostate cancer, but in this setting, the presence or absence of metas-
tases in the axilla will only rarely affect therapeutic decisions. In such
cases, we believe that histologic confirmation will be required to dif-
ferentiate between inflammatory and metastatic nodes because we are
not aware of alternative radiotracers that are similar to PSMA ligands
in sensitivity for prostate cancer metastases but have a substantially
higher specificity. As pointed out by Ah-Thiane et al., the main mes-
sage of our paper is that PSMA is not specific for prostate cancer and
that substantial PSMA radioligand uptake may be observed in acti-
vated lymph nodes. We hope that our study stimulates future research
in this area, which will be important to understand the strengths and
limitations of PSMA PET imaging in the clinic. A particularly intrigu-
ing question is perhaps why the specificity of PSMA PET/CT for pel-
vic lymph node metastases has been extremely high in almost all

studies, despite the fact that inflammatory nodes in the axilla can
show such high uptake of PSMA radioligands.
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BE PREPARED. GET CERTIF[ED

2023 SNMMI Nuclear Medicine Review Course -
Live Virtual Meeting

This comprehensive review course is designed to help individuals prepare
for their ABNM board certification, as well as providing a refresher for
more experience clinicians. The program will be offered in a live virtual
environment over two days, covering the following topics:

Day 1 Program — September 9, 2023

« Neurology « Pulmonary/Thoracic

« Thyroid/Parathyroid/Head & Neck - Cardiovascular

- Pediatrics « Infection/Inflammation
« PET/CT « Musculoskeletal

Day 2 Program — September 10, 2023

» Renal « Treatment Response-Criteria/lmaging
- Gastrointestinal « NRC Regulations/Radiation Safety

« Male/Female-Benign/Malignant - Artifacts/Corrections

- Therapies « Physics/Instrumentation

Register Today:
www.snmmi.org/nmrc

M| |

SOCIETY OF
NUCLEAR MEDICINE &
MOLECULAR IMAGING




ser1 21232023 SNMMI
THERAPEUTICS Ry

CONFERENCE N0

The SNMMI Therapeutics Conference is coming to Baltimore, Maryland on September 21-23, 2023!
This exciting event will bring together leaders in radiopharmaceutical therapy to explore the latest
innovations and advancements in the field.

This conference is a must-attend if you want to expand your knowledge and stay up-to-date on the
latest developments. With two-and-a-half days of informative sessions and networking opportunities,
you’ll have the chance to connect with colleagues, enhance your knowledge, learn from experts, and
gain invaluable insights.

This year’s program will focus on the latest innovations and clinical applications in radiopharmaceutical
therapy, including the following topic areas:

« Setting up a Theranostics Clinic « GI/Neuroendocrine Therapies Lectures & Mock
- Radiopharmaceutical Supply Chain Tumor Board
. Thyroid Therapies Lectures & Mock - Pediatric Therapies Lectures & Mock Tumor
Tumor Board Board
- Prostate Therapies Lectures & Mock - Radiopharmaceutical Dosimetry
Tumor Board « Updates on Clinical Trials

Remember to register by the Early-Bird Deadline: August 17, 2023 to lock in the best registration rates!
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Don’t miss out on this incredible opportunity — become a Therapeutics Conference Sponsor.
Contact us today and join us in Baltimore for what promises to be an unforgettable event: I]
» Sharon G. Jenkins, EdD: sjenkins@snmmi.org  » Catherine Lamb: clamb@snmmi.org
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