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Safety and Efficacy of Extended Therapy with [177Lu]Lu-PSMA: A German Multicenter Study.
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CLDN18.2 molecular imaging: 68Ga PET targets expression of a
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gastrointestinal cancer. Changsong Qi et al. See page 856.
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The new program offers facilities a mechanism for
demonstrating their commitment to quality and patient
safety in radiopharmaceutical therapy and augments the
existing IAC accreditation areas of Nuclear Cardiology,
General Nuclear Medicine and PET.

Radiopharmaceutical
Therapy Accreditation

SNMMI and IAC are pleased to recognize the first three facilities

to be awarded Radiopharmaceutical Therapy Accreditation:

Visit IAC at SNMMI 2024 (Booth NPK7)!
Scan the QR code to complete an interest
form or visit intersocietal.org/nuclear.

Now Available!

BAMF Health Carilion Clinic Targeted Therapy Center Stanford Health Care

First to Earn Accreditation Discuss Value ...

“The IAC application and review process was an in-depth and
meaningful exercise that allowed us to identify opportunities
for improvements.We are now better positioned to provide
excellent care to our patients. The IAC Radiopharmaceutical

Therapy Accreditation is a testimony to the hard work of everyone
involved in Theragnostics at Stanford and a guarantee of exceptional

services for our patients, referring providers and payors.”

Andrei Iagaru, MD and Tina Visser CNMT

Stanford Health Care | Stanford, CA

“Preparation for accreditation made us stronger requiring
>40 hours of technical support and allowed for improvement
in several areas with new standards. It is important for these

standards to be embraced to solidify our utility in our patients’ care
pathways. We are very grateful for the recognition you have given

our program and look forward to continuing to help define the
path for excellence in these therapies in conjunction with the IAC.”

Jackson W. Kiser, MD
Medical Director and Section Chief Molecular Imaging and Theranostics

Carilion Clinic Targeted Therapy Center



Follow us: www.itm-radiopharma.com

If you can’t stop by but wish to
donate directly, please scan here

For everyone who stops by and signs our anniversary
card we will donate $1.00 to the Dream Foundation,
whose mission is to serve terminally ill adults and their
families by providing end-of-life Dreams that offer
inspiration, comfort and closure.

Join us in ITM Booth #1317
at the SNMMI Annual Meeting

to celebrate 20 years of our shared
dedication to improving clinical
outcomes & quality of life for patients
living with cancer and help us make
aa ppaattiieenntt’’ss ddrreeaamm ccoommee ttrruuee!!
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S N M M I L E A D E R S H I P U P D A T E

Innovation and Dedication Spur Excellence in Nuclear
Medicine and Molecular Imaging

Helen R. Nadel, MD, FRCPC, FSNMMI, SNMMI President

Each June, nuclear medicine and molecular imaging profes-
sionals from around the world gather at the SNMMI Annual Meet-
ing to hear first-hand about the latest research, celebrate successes
in the field, and collaborate with peers to propel the field forward.
This year’s annual meeting will be held June 8–11 in Toronto,
Ontario, where we look forward to seeing old friends and collea-
gues as well as making new connections. My term as SNMMI
president will end at the annual meeting, and I am pleased to share
with you the great progress that has been made by the society in
the past year.
SNMMI strives to expand integration of best practices in all

aspects of nuclear medicine to optimize patient care and access.
With the tremendous growth of radiopharmaceutical therapies,
much work has been completed in this area. The Radiopharmaceu-
tical Therapy Center of Excellence now includes 79 approved cen-
ters, and the Radiopharmaceutical Therapy Registry is actively
collecting data on patient safety and outcomes on Lutathera and
Pluvicto (Novartis), with plans to add a radioactive iodine module.
The SNMMI/Intersocietal Accreditation Commission therapy pro-
gram, which launched at last year’s annual meeting, has now
accredited 3 sites. Pilot sites are being organized for SNMMI’s
new Therapy Clinical Trials Network, and a 1-day meeting is
being planned for September 18, 2024, to address streamlining
collaborations, focusing on study start-ups for radiopharmaceutical
therapy trials. A Radiopharmaceutical Therapy Dosimetry Certifi-
cate program with 3 levels for technologists, physicians, and phy-
sicists is also being developed. Finally, a “Dose Optimization for
Radiopharmaceutical Therapy Development Workshop” was held
May 6–7, 2024, in Bethesda, Maryland, bringing together stake-
holders from academia, industry, and federal agencies, including
the U.S Food and Drug Administration (FDA), to discuss this
important topic.
Additional SNMMI quality of practice initiatives include the

development of procedure standards with peer nuclear medicine
societies on a wide range of topics. The SNMMI Board of Directors
recently approved the Joint EANM/EANO/RANO/SNMMI Practice
Guideline/Procedure Standard for PET Imaging of Brain Metastases
version 1.0 and the Joint SNMMI Procedure Standard/EANM Prac-
tice Guideline on 18F-FDG Hybrid PET Use in Infection and
Inflammation in Adults version 2.0. Other procedure standards
approved over the past year cover consensus recommendations for
PET/MRI in oncology, SPECT/CT in the quantitative assessment
of the future liver remnant function, and estrogen-receptor imaging
of patients with breast cancer.

The SNMMI Pediatric
PET/MR Task Force, formed
in 2022 under my leadership,
continued its good work this
past year. The task force
developed and implemented a
survey to identify current use
and the perceived value of
PET/MR for pediatrics. Also,
an education exhibit titled
“Pediatric PET/MRI: The
How andWhy”was presented
at the RSNA 2023 Annual
Meeting. The exhibit received
a Certificate of Merit and was
solicitated for RadioGraphics
as a full-length manuscript!
The Mars Shot Research

Fund continues to accelerate
critical nuclear medicine and molecular imaging research. To
date, the Mars Shot has raised $3.5 million to fund the transla-
tion of visionary research into tools or treatments that will
improve patients’ lives. Six exciting projects were funded in
2023 and are proceeding well. Soon, SNMMI will announce winners
of 3 new $100,000 grants for innovative nuclear medicine research
focused in 3 areas: diagnostic pathways in prostate cancer,
community-based theranostics, and other topics addressed in the ini-
tial Mars Shot article published in The Journal of Nuclear Medicine
(JNM). SNMMI also signed the 2024 Mars Shot cosponsorship
agreement with the Lobular Breast Cancer Alliance, Inc., to advance
invasive lobular carcinoma breast cancer imaging and treatments to
improve patient outcomes. This new agreement will allow patient
advocates to vote in the application review process.
The great research of nuclear medicine and molecular imaging

professionals is also shared in JNM. A supplement titled Advanc-
ing Global Nuclear Medicine: The Role and Future Contributions
of China was included with the May issue of the journal; it out-
lined the impressive basic research and clinical translation cur-
rently taking place in China. SNMMI also launched the JNM
Podcast in January with its first episode, “The Future of FAPI
Therapy,” and second episode focused on “Advances in Dementia
Imaging: Insights from Experts.” Look for new episodes monthly!
This past year, SNMMI worked diligently to advocate for

nuclear medicine and molecular imaging. The Beta Amyloid PET
National Coverage Determination, which SNMMI has advocated
to retire for many years, was officially retired by the Centers for
Medicare and Medicaid Services (CMS) in October. In December,

Helen R. Nadel, MD, FRCPC,
FSNMMI
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SNMMI and the FIND Act Coalition met with staff at CMS to dis-
cuss unbundling radiopharmaceuticals and the 2024 proposed Out-
patient Prospective Payment System (OPPS) rule. CMS, for the
first time, opened the door to the possibility that it would consider
unbundling radiopharmaceuticals by including a request for infor-
mation in the OPPS proposed rule.
In November, SNMMI, the Medical Imaging & Technology

Alliance, and the PET Coalition hosted a workshop with the FDA
on PET manufacturing, with 232 in-person and 536 virtual atten-
dees. SNMMI also hosted a Hill Day in April to address issues such
as the FIND Act, the Nuclear Medicine Clarification Act, and
research funding for nuclear medicine, drawing in 62 attendees. The
FIND Act was included in a congressional hearing for the first time
last year, and 4 members of Congress spoke in favor of the bill.
SNMMI outreach extended to patients, referring physicians,

and the general public. Representatives from SNMMI presented
at many medical meetings throughout the year, including the
NANETS Medical Symposium, Society of Urologic Oncology
Annual Meeting, and American Association of Geriatric Psychia-
try Annual Meeting, among others. Two SNMMI Outreach Road-
show series targeting referring physicians were also held over the
past year on breast imaging and PSMA imaging and therapy.
SNMMI’s Patient Education Day in June 2023 drew 39 in-person

attendees, and the live stream and recordings have received more
than 7,600 total views to date. Two editions of a new quarterly
SNMMI patient newsletter, QuickScan, have been emailed to 1001
patient groups; the most recent issue had a 55 percent open rate.
SNMMI now offers a members-only online Outreach Toolkit at
www.snmmi.org/OutreachToolkit so members can organize their
own local outreach programs.
To educate the public about nuclear medicine and molecular

imaging, SNMMI has executed a robust consumer awareness media
outreach program. Since last June, SNMMI has placed stories about
breast cancer, prostate cancer, dementia research, pediatric cancer,
and obesity research on ABC, CBC, FOX, and NBC affiliates
around the United States. In addition, SNMMI worked with Gray
Media to package segments on prostate cancer and obesity which
ran on as many as 192 different local TV stations nationwide.
SNMMI also reached members of the nuclear medicine community

through meetings held throughout the year. The 2024 Mid-Winter
and American College of Nuclear Medicine (ACNM) Annual Meet-
ing was attended by more than 750 nuclear medicine professionals
and industry partners from around the world. The meeting included
30 education sessions in 3 distinct tracks—an ACNM Annual
Meeting track, a radiopharmaceutical therapy specialty track, and a
general nuclear medicine track—and featured the largest tabletop
exhibit hall in the meeting’s history, with representatives from 49
companies. The meeting also included both a successful Future
Leaders Academy, with 13 graduates, and SNMMI-TS Leadership
Academy, with 17 graduates.
In September, SNMMI hosted its 2023 Therapeutics Conference

in Baltimore, Maryland. The conference was a tremendous suc-
cess, with nearly 350 nuclear medical professionals in attendance.
The program included an outstanding lineup of speakers who dis-
cussed topics such as dosimetry, clinical trials, and disease-
specific radiopharmaceutical therapies.
SNMMI hosted an Artificial Intelligence (AI) Summit—AI in

Action—in February in Bethesda, Maryland. The summit drew a

full house, involving more than 250 representatives—both in person
and virtual—from major stakeholders in nuclear medicine and AI
spaces to advance the implementation of practical, achievable AI.
This year’s annual meeting will feature an expanded Knowledge

Bowl with new technology, “Best of” sessions, and “Eye on U”
sessions. An expanded Science Pavilion will offer increased POP
and Meet the Author programming, and the exhibit hall will be the
largest in SNMMI history! Popular social and networking events
will also return, including the annual Hot Trot and the Drink &
Think networking event.
In addition to serving as a scientific resource to nuclear medicine

professionals, SNMMI also helps them advance their careers.
SNMMI launched a Nuclear Medicine Careers website (nmcareers.
snmmi.org) that includes information on career pathways for physi-
cians, scientists, and technologists, job opportunities and career
maps, a skills snapshot, and resources for individuals looking to
serve as ambassadors in their community. SNMMI is also excited
to release its Jobs of Tomorrow docuseries, a program that high-
lights different facets of nuclear medicine and therapy, examining
how they have changed and will continue to change. The series of
six 30-min videos will put eye-grabbing content in front of a mas-
sive new audience, positioning SNMMI as the leader in recruitment
into the field.
This year I had the opportunity to travel around the world on

behalf of SNMMI to collaborate with global leaders to advance
the field of nuclear medicine. I attended the EANM Annual Meet-
ing in Vienna, Austria; the Asia Oceania Congress of Nuclear
Medicine and Biology in Amman, Jordan; the Canadian Associa-
tion of Nuclear Medicine Annual Meeting in Ottawa, Ontario; the
WARMTH International Congress of Radiopharmaceutical Ther-
apy in Muscat, Oman; The Israeli Society of Nuclear Medicine
Meeting in Tel Aviv, Israel; the Australia New Zealand Society of
Nuclear Medicine Annual Scientific Meeting in Christchurch,
New Zealand; the Therapeutic World Congress in Santiago, Chile;
as well as many other meetings. I also traveled to the 20th Bien-
nial Congress of the South African Society of Nuclear Medicine in
Gqeberha and Pretoria, South Africa. In Pretoria, I was able to
tour the under-construction NuMeRi facility, which will provide
enabling support for health care research and development by
South African researchers.
The Nuclear Medicine Global Initiative also continues its work.

Current topics for the group include developing a global consensus
on nomenclature for radiopharmaceutical therapies and creating a
neuroblastoma registry for incidence and treatment.
To raise awareness and communicate with its various audiences,

SNMMI has taken intentional steps to grow its social media pres-
ence. SNMMI has honed its social media strategy to optimize con-
tent for each platform, shifted the balance of content that SNMMI
distributes, enhanced the brand aesthetic through elevated design,
and created more video content to maximize both reach and
engagement. This new strategy was piloted in early spring, and
SNMMI is already seeing the benefits.
The accomplishments achieved by SNMMI over the past year

could not have been made possible without the dedication of the
society’s more than 700 volunteers. I thank each of you for your
service to SNMMI over the past year. I’m confident that as Cathy
Sue Cutler, PhD, FSNMMI, takes the reigns as SNMMI president,
the society will only continue its great work for our field.
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E D I T O R ' S P A G E

JNM Editors’ Choice Awards for 2023

Johannes Czernin

David Geffen School of Medicine, University of California Los Angeles, Los Angeles, California

Each year the associate editors and
editorial board of The Journal of
Nuclear Medicine (JNM) work with me
to select outstanding contributions to
the journal for recognition at the annual
meeting of the Society of Nuclear Medi-
cine and Molecular Imaging. The JNM
Editors’ Choice Awards for articles
published in the journal in 2023 were
chosen by anonymous vote from a group
of diverse, high-quality, and cutting-edge
submissions. This year, both awardees’
articles focused on fibroblast activation
protein2related research, an area of extraordinary promise and inter-
est, with implications for theranostic innovation across a wide range of
cancers and in promising cardiac and other applications.
In the category of best clinical article, the award went to

Johanna Diekmann, from the Hannover Medical School (Germany),
and coauthors Jonas Neuser, Manuel R€ohrich, Thorsten Derlin,
Carolin Zwadlo, Tobias Koenig, Desiree Weiberg, Felix J€ackle,
Tibor Kempf, Tobias L. Ross, Jochen Tillmanns, James T. Thack-
eray, Julian Widder, Uwe Haberkorn, Johann Bauersachs, and
Frank M. Bengel for “Molecular Imaging of Myocardial Fibroblast
Activation in Patients with Advanced Aortic Stenosis Before

Transcatheter Aortic Valve Replace-
ment: A Pilot Study” (J Nucl Med.
2023;64:1279–1286). This contribution
was also named the best overall article
in the journal for 2023.
Spencer D. Lindeman, from Purdue

University (West Lafayette, IN), and
coauthors Ramesh Mukkamala, Autumn
Horner, Pooja Tudi, Owen C. Booth,
Roxanne Huff, Joshua Hinsey, Anders
Hovstadius, Peter Martone, Fenghua
Zhang, Madduri Srinivasarao, Abigail
Cox, and Philip S. Low were the recipi-

ents of the award in the category of best basic science article for
“Fibroblast Activation Protein–Targeted Radioligand Therapy for
Treatment of Solid Tumors” (J Nucl Med. 2023;64:759–766).
With articles like these, JNM remains the international journal

of choice for publishing clinical, basic, and translational research
in nuclear medicine, molecular imaging, radiopharmaceutical ther-
apy, and theranostics. This continued success is supported by our
hard-working associate editors and editorial board, who collec-
tively encourage our community to embrace the new techniques
and agents that will benefit our patients today and enhance future
understanding of the potential of molecular medicine.

Johanna Diekmann Spencer D. Lindeman
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D I S C U S S I O N S W I T H L E A D E R S

Inventing His Own Career Path
Freek Beekman Talks with Johannes Czernin and Christine Mona About Success in
Academia and Industry

Freek Beekman1, Johannes Czernin2,3, and Christine Mona2,3

1Department of Radiation Science & Technology, Technische Universiteit Delft, Delft, The Netherlands; 2David Geffen School of
Medicine, UCLA, Los Angeles, California; and 3Department of Molecular and Medical Pharmacology, UCLA, Los Angeles, California

Johannes Czernin, MD, editor-in-chief of The Journal of
Nuclear Medicine (JNM) and a professor at the David Geffen
School of Medicine at UCLA, and Christine Mona, PhD, an assis-
tant professor in Molecular and Medical Pharmacology at UCLA,
spoke with Frederik (Freek) J. Beekman, PhD, a distinguished
inventor, entrepreneur, and professor of Applied Physics at the
Technische Universiteit Delft (TU Delft; The Netherlands), about
his career in academia and industry. Dr. Beekman, who leads the
Biomedical Imaging Division at TU Delft, is widely known for his
innovations in advancing molecular imaging. He studied experi-
mental physics at Radboud University Nijmegen (The Nether-
lands) and in 1995 received his doctorate from Utrecht University
(The Netherlands), graduating in 1995 with a thesis entitled,
“Fully 3D Reconstruction of SPECT Using Object Shape–Depen-
dent Scatter Models.” From 1995 to 2008, he was a faculty mem-
ber at the Image Sciences Institute and Department of Nuclear
Medicine at University Medical Centre Utrecht (UMC Utrecht). In
2007, he went to TU Delft to head the radiation detection and
medical imaging section.
In 2006, Dr. Beekman founded MILabs BV, a molecular imag-

ing spin-off from UMC Utrecht, focusing on his inventions in
high-resolution PET and SPECT and the design of multimodal
and stand-alone scanners for preclinical and clinical applications.
MILabs was sold to the Rigaku Corp. in 2021. In 2023 Beekman
launched the Molecular Imaging Foundation and Free Bee Interna-
tional BV, a company that currently focuses on novel g-imaging
devices for clinical use.
Dr. Beekman’s work has advanced technologies in detectors, colli-

mators, reconstruction algorithms, and artificial intelligence for vari-
ous imaging modalities, including PET, SPECT, CT, and optical
tomography. He has published more than 170 peer-reviewed articles
and holds more than 20 patent families. Recognitions for his achieve-
ments have included the Physics Valorisation Prize from the Dutch
Science Foundation, multiple SNMMI and IEEE awards, and two
times the Innovation of the Year Award from the World Molecular
Imaging Society. Many of the cutting-edge imaging systems pio-
neered by Dr. Beekman and his teams are deployed across biomedical
research institutions worldwide, driving a broad range of discoveries
and facilitating the development of novel tracers and pharmaceuticals.
Dr. Czernin: You have the reputation of having been a difficult

child and difficult student. How did you make it through high

school? What was your career path
when you converted to being a regular
boring human being?
Dr. Beekman: I hope I didn’t become

too boring! My parents divorced when I
was young, and I had to move between
my mother and father. That was difficult.
And I was very short-sighted so couldn’t
read well at school. School was a mess. I
also was not very good at sitting still and
learning things; I was too active. Other
things in my village were so much more
interesting—like we had a big dirt-bike racing track. Every year there
was a Motocross Grand Prix—that was something I liked. I got a
moped, which I hid at a farm, when I was 13 y old. I bought it for $10
and repaired it. A year later I mounted the back part of a scooter to the
back of a soapbox car to create a makeshift car, which I crashed dur-
ing the first test drive. After that I got more serious motorbikes. I think
that building, tuning, repairing, etc., improves problem-solving skills
and brings unique perspectives.
Dr. Czernin: How did you finish high school?
Dr. Beekman: I didn’t. I dropped out. Then I went to school to

become an electrician but didn’t do well there either, because I barely
attended. However, I somehow finished that school. I still wanted to
be a dirt-bike racer, but they wouldn’t let me through because of my
poor vision. Then I played in a rock band, where the members influ-
enced me very positively. Some of them went to university, and I got
interested in studying other things. I thenwent to a higher-level school
to train to become a technician. After I was done with this school, I
went into the chip industry. I joined Philips, where I invented some-
thing to improve etching of chips. I stayed there only a short time,
because I then met Frans H.M. Corstens, MD, PhD, a nuclear medi-
cine physician from Nijmegen. I was interested in medical technol-
ogy, and I joined his group at RadboudUniversity.
Dr. Czernin: Where did this interest in medical technology

come from?
Dr. Beekman: My father was a vet. I always went with him to

farms to treat animals. He performed surgery on all kinds of animals.
When I was 7 y old, I assisted my father with a cesarean section on a
cow, which probably ignited my fascination for technology to
improve health care. Later, learning about the development of the CT
scanner and its ability to replace invasive procedures further fueled
that interest.
Dr. Mona: Your path is quite diverse and somewhat nonlinear

and chaotic. Do you think that a more conventional path would

Freek Beekman, PhD
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have led to this creativity and given you the resources to bounce
from one idea to another?
Dr. Beekman: It’s difficult to determine. Although some indivi-

duals with conventional paths are also creative, many don’t necessar-
ily innovate after completing higher education. On the other hand,
some people who just quit the educational system become the greatest
innovators in the world. TakeMark Zuckerberg or Steve Jobs.
Dr. Mona: Could you expand on this?
Dr. Beekman: Creative people are attracted by problems and then

work to find the information they need to educate themselves to solve
the problem. In school, students learn material and then forget it. I
always want to learn things that I can use immediately. Maybe stu-
dents should be challenged very often by problems that they want to
solve at that moment. But that’s, of course, difficult. You cannot have
a curriculum in medical school, for example, composed solely of case
studies. I think education is moving more toward problem solving.
My 12-y-old son gets a much more interesting education than I had.
Mathematics are immediately applied to real-world problems, and
that is, of course, good. He’s a little bit like me, so I don’t knowwhere
this is going. And, he’s likely to say, “Yeah, Daddy, I read your inter-
view, and you didn’t do so well at school either.”
Dr. Mona: Do you see a role for yourself in education in The

Netherlands?
Dr. Beekman: I try to get students to play with ideas. I want

them to tell me that my idea is not the best one, that they can think
of something better—because there’s always something better. A
mix of practical and theoretic education is important. You have to

have a real feel for the process, for example, of building a
machine. You need hands-on experience, and these kinds of skills
aren’t necessarily learned at university.
Dr. Czernin: Dr. Mona referred to your “chaotic” educational

path. How did that affect your ability to work in a company or
structured environment? How did you manage to adapt to real-life
challenges?
Dr. Beekman: I think I never really adapted, which is perhaps

both a problem and an advantage. I started MILabs, where I could
do more or less what I wanted because I didn’t have a supervisory
board. Only at the end, when we had venture capital, we had a board,
which made it more difficult, because there were too many nonpro-
ductive ideas that they thought I should follow up on. It’s very
important to listen but still go your own way. Sometimes this is a lit-
tle bit like school—it can be a waste of time. That’s maybe the same
thing that has always been difficult for me.
Dr. Czernin: Was the freedom to make decisions one motivation

for you to leave academia and go into the business world, or did you
have decision freedom in the hierarchy of your university as well?
Dr. Beekman: I actually managed to have a reasonable amount

of freedom within academia. So, founding MILabs in 2006 wasn’t
primarily about seeking more freedom. At the university we had
built U-SPECT-I, which resulted in the 2004 SNM Annual Image
of the Year and the 2005 JNM Best Basic Science Paper, demon-
strating the potential for commercialization. People asked me then
whether I wanted to start a business. What attracted me was the
idea of transforming an idea into a product. And I thought, “Let’s

get the valorisation grants and create a device that all the researchers
can use.” But business developers then wanted a big stake in the
start-up. That’s when my lawyer said, “Drop them. Be CEO your-
self, and get rid of them. You can always take on another CEO later
if you’d like.” So, the company started, and I was the CEO.
Dr. Mona: When I listen to you, it’s clear how much you value

the freedom to operate. It’s getting harder and harder to have this
type of freedom. How much stability and how much freedom to
operate should we have in research?
Dr. Beekman: Freedom is good, but you should also persist.

Both persistence and freedom are important. You can still write
the grant proposals you want, can’t you? Of course, they often
have to fit into the needs and interests of the department in which
you are working. But don’t you join a department where there’s
synergy with your own plans?
Dr. Mona: With innovation, one is always taking risks. I cannot

see innovation without freedom, without risk. Following paths that
are already explored rarely leads to innovation.
Dr. Beekman: Freedom is essential. You have to have space

for crazy good ideas. But writing a grant proposal on those ideas
too quickly can be too crazy for the National Institutes of Health,
for example. Getting grants can take a long time.
Dr. Mona: So how do you navigate this balance between safety

and innovation/freedom?
Dr. Beekman: The mix of having a company and an academic

appointment is ideal for me. At the university I can work on a new
image reconstruction algorithm, which can take a long time

because it involves deep and difficult research. But in the company I
can have an idea for a new product that can be delivered in 3 months.
It’s very challenging at a university to organize and produce a fast
adaptation to a machine or a new tool. In your own company, you can
simply ask, “Canwemake this happen by next week?”
Dr. Mona: Would you be in favor of a hybrid system, where

faculty have their research labs and also spin off companies where
they can take risks?
Dr. Beekman: Yes, that is nice. In a company you can do the

really crazy things very quickly. That’s why many of the big inno-
vations come from companies.
Dr. Czernin: Universities want to benefit from intellectual prop-

erty. They structure technology transfer agreements that can be
complex and convoluted and require special expertise. In addition,
the universities may want ownership.
Dr. Beekman: This is an intriguing area. Whether universities

should have a stake in companies depends on the circumstances,
but in many cases, it seems reasonable. In my experience, if you
develop intellectual property using university funds, the university
typically asserts ownership and seeks shares in your company or
royalties. I encountered this with MILabs, where both the technol-
ogy transfer offices of UMC Utrecht and TU Delft (where I later
moved) obtained significant stakes. When we sold MILabs, they
each made millions. This arrangement was fair, considering the
universities’ investments in patents developed during academic
work. They also took a risk investing in a very small company
with this very poor guy with not much money in the bank.

`̀ The mix of having a company and an academic appointment is ideal for me….It’s very challenging at a university to
organize and produce a fast adaptation to a machine or a new tool. In your own company, you can simply ask,

‘Can we make this happen by next week?’´́
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Dr. Mona: This brings us to the question of why you chose to
sell MILabs. You had good university partners, good investors.
Right now, there is a boom in nuclear medicine. Good imaging
tools such as SPECT/CT and PET/CT are crucial to successful
preclinical and clinical developments. So why did you sell?
Dr. Beekman: The timing for the sale was opportune. Despite

the challenges of the COVID-19 pandemic, MILabs experienced
rapid growth, significantly boosting its value. Now I have new-
found freedom, allowing me more time to spend with my children.
Moreover, many innovators who sell their companies find them-
selves wanting to move on, as a result of corporate bureaucracy,
for example. I remain active in the field and have already
embarked on a new venture: Free Bee International, initially con-
ceived as a lighthearted celebration of my newfound freedom and
now focusing on molecular imaging.
Dr. Mona: How do you continue to create cutting-edge innova-

tion? How do you stay creative?
Dr. Beekman: One always sees only a part of the world. My

patent lawyer has known me for 20 years. He says that I am more
creative now than ever, since I am no longer a CEO. I also have
hobbies—it’s important to do other things with your brain to get
distracted. Then you can be more creative.
Dr. Mona: You leave space for other interests to grow and to

bring innovation to your primary field. It’s a work/life balance in
some ways.
Dr. Czernin: When we say work/life balance, what does that

trigger in your mind?
Dr. Beekman: One of my role models and friends, Ronald

Jaszczak, PhD, once shared with me over a significant number of
beers the mantra “Work hard, play hard.” I believe his message
was about finding enjoyment outside of work, which in turn makes
work more enjoyable. I truly believe in that.
Dr. Czernin: But your work/life balance means that you have a

lot of fun at work, too?
Dr. Beekman: Not many people work the way I do. I feel I

have a great work/life balance, because the work can be a really
fun part of life, so that I can do it for many hours. In the busy

times at MILabs, I didn’t often play guitar or paint. But it still felt
great, because there were so many interesting things to do and I
could create machines. That, for me, is like what going to art les-
sons may be for another person.
Dr. Mona: What is your advice for young people who are just

starting in this booming field? How do we face future challenges?
Dr. Beekman: If you have good ideas, go for it! Believe in

yourself. Leave people behind who you think are smart but don’t
encourage you. Just go and listen closely to what is needed to take
your next step. If you do all of this, success will come.
Dr. Mona: And what’s next for you? You spoke a little bit about

Free Bee—what is it?
Dr. Beekman: Free Bee is dedicated to advancing g-imaging

technologies to address unmet needs in areas such as cancer
research, diagnostics, and therapy. Although PET has seen rapid
development, I believe there’s untapped potential in SPECT, espe-
cially as radionuclide therapy grows. In addition, Free Bee is
exploring breast-specific g-imaging (BSGI) as a more accurate and
painless alternative to x-rays for detecting breast cancer, particularly
in women with dense breast tissue. In 20% of women, conventional
x-ray imaging cannot visualize anything; an alternative is needed.
The notion that BSGI can be dramatically improved is, for me, a
no-brainer, and I believe it may even become the screening tool of
choice: no pain, much more accuracy, and a dose similar to or lower
than that from conventional x-ray imaging.
Dr. Mona: Do you have any interest in a-emitter imaging for

theranostics? There is a very important unmet need as a-emitter–
based therapies come to the market.
Dr. Beekman: This is very important. For preclinical use we

have already developed special SPECT methods (described in sev-
eral articles, including in this journal) suitable for imaging high
g-energies or low abundances, needed to image distributions of a-
and b-emitters. At Free Bee International and TU Delft we are
working on novel technologies to meet these needs, as well as for
clinical applications.
Dr. Czernin: Congratulations, Freek, for your great success,

and thank you for spending this time with us and our readers.
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Antiamyloid therapies for Alzheimer disease recently entered clinical
practice, making imaging biomarkers for Alzheimer disease even
more relevant to guiding patient management. Amyloid and tau PET
are valuable tools that can provide objective evidence of Alzheimer
pathophysiology in living patients and will increasingly be used to
complement 18F-FDG PET in the diagnostic evaluation of cognitive
impairment and dementia. Parkinsonian syndromes, also common
causes of dementia, can likewise be evaluated with a PET imaging
biomarker,18F-DOPA, allowing in vivo assessment of the presynaptic
dopaminergic neurons. Understanding the role of these PET biomark-
ers will help the nuclear medicine physician contribute to the appropri-
ate diagnosis and management of patients with cognitive impairment
and dementia. To successfully evaluate brain PET examinations for
neurodegenerative diseases, knowledge of the necessary protocol
details for obtaining a reliable imaging study, inherent limitations for
each PET radiopharmaceutical, and pitfalls in image interpretation is
critical. This review will focus on underlying concepts for interpreting
PET examinations, important procedural details, and guidance for
avoiding potential interpretive pitfalls for amyloid, tau, and dopaminer-
gic PET examinations.
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Over 55 million people worldwide live with dementia. The
World Health Organization ranks dementia as the seventh leading
cause of death (1). The most common type of dementia is Alzhei-
mer disease (AD), characterized by neuropathologic hallmarks of
extracellular amyloid-b plaques and intracellular hyperphosphory-
lated tau neurofibrillary tangles (2). Aside from AD, many other

causes of dementia occur, with distinct neuropathologic features,
presentations, and prognoses. Neurodegeneration is a feature of all
types of dementia, whereas the underlying neuropathologic mech-
anism and distribution differ among types (3,4). For example, Par-
kinson disease and dementia with Lewy bodies are characterized
by pathologic a-synuclein deposition, and pathologic tau deposi-
tion can underlie corticobasal degeneration and progressive supra-
nuclear palsy (5).
Neuropathologic changes in dementia precede clinical onset

during a latent period in which lab and imaging studies such as
PET can detect abnormalities. Between different types of neurode-
generative entities, variations and overlap in clinical presentation
and neuropathologic changes can lead to diagnostic ambiguity (3).
For this reason, multiple imaging biomarkers for neuropathologic
changes are useful for evaluating dementia in vivo. Furthermore,
copathology is common, more so as patients age, which can fur-
ther complicate and confound accurate diagnosis. With the clinical
availability of targeted amyloid therapies for AD and other amy-
loid- and tau-targeted therapeutic agents under investigation, pars-
ing out an accurate neurodegenerative diagnosis based on imaging
biomarkers is more germane to clinical practice than ever before
(6,7). The inaccurate characterization of a patient’s underlying
neurodegenerative disease may lead to inappropriate therapy, sub-
optimal supportive care, and provision of incorrect prognostic
information. Nuclear medicine studies using multiple PET radio-
tracers assess an array of biomarkers that can be useful in the diag-
nosis and differentiation of neurodegenerative processes. This
educational article will discuss the role of PET imaging of multi-
ple imaging biomarkers in the evaluation of dementia, specifically
amyloid, tau, and dopaminergic PET.
For AD, a conceptual framework, the ATN classification, has

been introduced that incorporates categories of biomarkers for
neuropathologic changes into a sequential model, reflecting the
hypothesis that amyloid-b plaques (“A”) develop initially, fol-
lowed by pathologic tau deposition (“T”), neurodegeneration
(“N”), and finally memory impairment and functional decline. Rel-
evant biomarkers for measuring features of AD pathophysiology
in living patients can be classified into one of these categories
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(Tables 1 and 2) (6,8). Amyloid and tau PET are important imag-
ing biomarkers for this framework. Neurodegeneration includes
both decreased metabolic neuronal function as assessed by
18F-FDG PET and structural changes such as volume loss,
detected by MRI. The combined grouping of MRI and 18F-FDG
PET data into the neurodegeneration category is a limitation of the
framework, as abnormalities on 18F-FDG PET can precede struc-
tural changes on MRI, predict progression of cognitive decline,
and categorize types of neurodegenerative conditions in the
absence of specific changes on MRI (9,10). Although the ATN
classification is a research framework and not intended as a clini-
cal diagnostic staging mechanism for AD, it is useful to under-
stand that PET examinations represent an array of biomarkers that
underlie the biologic features of AD and illustrate that variable
results in markers for tau and neurodegeneration can be seen in
the Alzheimer continuum (Table 2) (6). This framework is actively
being updated by the Alzheimer Association workgroup to incor-
porate additional biomarkers, including biomarkers for comorbid
pathology such as vascular injury, neuroinflammation, and
a-synucleinopathy. Further details of the revised criteria can be
reviewed in a working draft currently available (Tables 1 and 2)
(6,11). In clinical practice,18F-FDG PET and amyloid PET have
complementary roles in that 18F-FDG PET patterns can suggest
alternative neurodegenerative diagnoses. Characteristic regions of
AD pathology may be abnormal on 18F-FDG PET in alternative
non-AD causes of dementia and cognitive impairment, in which
case amyloid PET may help clarify the diagnosis. The role of 18F-
FDG PET and MRI in dementia is discussed more extensively in
other articles focused on those modalities (4,12). In addition to
PET, serum and cerebrospinal fluid biomarkers for neuropatho-
logic amyloid-b and tau can also be used but have the

disadvantage of lacking information about spatial distribution.
Corresponding to the spatial distribution of neurodegeneration,
Alzheimer pathology can result in varied clinical presentations
besides the more typical amnestic cognitive impairment, including

TABLE 1
ATN Biomarker Framework

ATN category Pathophysiology Biomarker(s)

A Amyloid-b proteinopathy Amyloid PET

CSF hybrid ratios

Amyloid-b42/40

p-tau 181/amyloid-b42

t-tau 231/amyloid-b42

T Tau proteinopathy Tau PET

CSF hybrid ratios:

Amyloid-b42/40

p-tau 181/amyloid-b42

t-tau 231/amyloid-b42

N Neurodegeneration (injury of neuropil) 18F-FDG PET

MRI (volume assessment)

CSF total tau

I Inflammation (astrocyte activation) CSF GFAP

V Vascular brain injury MRI (infarcts, white matter T2
hyperintensity, and abundant dilated
prevascular spaces)

S a-synuclein CSF a-synuclein-SAA

CSF 5 cerebrospinal fluid; p-tau 5 hyperphosphorylated tau; t-tau 5 total tau; GFAP 5 glial fibrillary acidic protein; SAA 5 seed
amplification assay.

TABLE 2
NIA-AA Diagnostic Framework Classification

Research framework category ATN classification

Normal A2 T2 (N)2

AD pathologic change

Alzheimer continuum A1 T2 (N)2

AD A1 T1 (N)2

A1 T1 (N)1

AD 1 suspected non-AD
pathologic change

A1 T2 (N)1

Non-AD pathologic change A2 T1 (N)-

A2 T2 (N)1

A2 T1 (N)1

This framework is actively being updated, incorporating
biomarkers of inflammation, vascular injury, and evidence of
comorbid pathology. Furthermore, distinction will be made among
tau PET staging categories of TMTL (positive only in medial
temporal lobes), TMOD (moderate uptake in neocortical regions),
and THIGH (high uptake in neocortical regions). For purposes of this
article, only core biomarkers with regulatory approval are included.
Proposed update can be accessed online (https://aaic.alz.org/
diagnostic-criteria.asp#guidelines).
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posterior cortical atrophy, limbic predominant AD, behavioral
variant/dysexecutive AD, and logopenic primary progressive apha-
sia. Interpreting multiple imaging biomarkers together and putting
the spatial distribution of changes into context can help increase
diagnostic certainty when an atypical AD presentation is
suspected.
After AD, Parkinson disease is the second most common neuro-

degenerative condition. In Parkinson disease, intracellular Lewy
bodies—aggregates of a-synuclein—drive degeneration of striatal
dopaminergic neurons (13,14). L-6-18F-fluoro-3,4-dihydroxyphe-
nylalanine (18F-DOPA) is a PET radiopharmaceutical that can
detect uptake of dopamine precursor molecules in viable presynap-
tic dopaminergic neurons. Atypical parkinsonian disorders are also
characterized by dopaminergic neurodegeneration but not neces-
sarily Lewy body pathology. 18F-DOPA can be useful for detect-
ing striatal dopaminergic neuron loss in these conditions with high
sensitivity and specificity above 90% (15).

AMYLOID PET

The guidelines of the Society for Nuclear Medicine and Molec-
ular Imaging and the European Association of Nuclear Medicine
define clinically appropriate use of amyloid PET, indicated in the
setting of objective evidence of unexplained mild cognitive
impairment assessed by a dementia expert. Amyloid PET is also
appropriate for those who meet clinical criteria for possible AD
but with uncertainty about the diagnosis, as well as patients who

have progressive dementia at an atypically early age (,65 y)
(16,17). Recently, disease-modifying amyloid antibody therapies
have entered clinical practice. Confirmation of abnormal amyloid-
b deposition as a therapeutic target may be obtained with amyloid
PET (Table 3) (18–21). The clinical trials leading to accelerated
U.S. Food and Drug Administration (FDA) approval of the amyloid-
targeted therapies aducanumab and lecanemab used amyloid PET as
a method to define amyloid-b positivity, a core inclusion criterion
for the trials, as well as to evaluate therapeutic efficacy (19–21).
Amyloid clearance measured on PET was a trial endpoint for both
aducanumab and lecanemab (19,20). Follow-up amyloid PET scans
after administration of antiamyloid therapies may be clinically useful
for assessing response to treatment, in parallel to the use of amyloid
PET as a biomarker in trials, although accessibility for this use is
limited by reimbursement. For example, decreased amyloid-b depo-
sition as evaluated by PET after lecanemab was correlated with the
therapeutic benefit of delayed cognitive decline (20). Amyloid PET
may provide clinically useful prognostic information when weighing
the risks and benefits of continued therapy.
The amyloid radiotracer 11C-Pittsburgh compound B was the

first available amyloid tracer and has been used extensively in the
research setting (22). At present, 3 amyloid radiotracers have FDA
approval: 18F-florbetaben, 18F-florbetapir, and 18F-flutemetamol
(Table 4). Each of these has specific properties and differences in
procedural standards and acceptable interpretation methods, as
defined in the FDA package inserts (Table 4) (23–25). For each,
the final goal in interpretation is a binary decision of positive

TABLE 3
AD Therapeutics

Drug Phase 3 clinical trial Trial finding summary Current FDA status

Aducanumab EMERGE, ENGAGE,
NCT02477800,
NCT02484547

Both halted at 50% enrollment on
basis of futility analysis; EMERGE:
Over 78 wk, average 22% slowing
of cognitive decline in high-dose
arm of study

Accelerated approval

Lecanemab CLARITY-AD, NCT003887455 Over 18mo, average 25% slowing of
cognitive decline

Approved

Donanemab TRAILBLAZER-ALZ2,
NCT04437511

Over 18mo, average 35% slowing of
cognitive decline

Not approved; under
consideration

TABLE 4
Amyloid and Tau PET Radiotracer Properties

Radiotracer
Administered
activity (MBq)

Uptake
time (min)

PET scan
duration (min) Display parameters Link to training modules

Amyloid-b
18F-florbetaben 300 45–130 20 Grayscale https://www.neuraceqreadertraining.

com/learn
18F-florbetapir 370 30–50 10 Grayscale https://amyvid.myregistrationp.com/

amyvid/index.do
18F-flutemetamol 185 90 20 Color scan (rainbow,

vendor-specified)
https://www.readvizamyl.com/

Tau
18F-flortaucipir 370 80 20 Color scale (2 colors);

transition at 1.653
cerebellar average

https://tauvidreadertraining.com/login/
signup.php
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or negative. As more experience with antiamyloid therapy accu-
mulates, the ability to monitor changes and therapeutic response
with amyloid PET may influence patient management decisions. If
amyloid PET is used for monitoring treatment response, as has
been done in the clinical trial setting, quantification techniques will
also likely become germane to clinical interpretation.
For all FDA-approved amyloid tracers, image interpretation

should be performed without consideration of collateral clinical
information, mirroring the methods used in clinical studies asses-
sing the radiotracers’ performance (4). Although this approach
may be counterintuitive, the aim is not to synthesize comprehen-
sive information into a clinical diagnosis such as AD but rather to
categorize the PET as a positive or negative biomarker for
amyloid-b in an unbiased manner.
For all amyloid tracers, the underlying principle for image inter-

pretation is that the tracer binds to normal white matter but spares
gray matter. In a normal (negative) scan, this results in a clearly
visible outline of the branching white matter structures (Fig. 1).
Loss of gray–white differentiation, outward extension of radio-
tracer from the white matter to the cortical surface, or more intense
gray matter radiotracer binding relative to white matter are fea-
tures of abnormal scans.
For 18F-fluorbetapir, a method for systematic image interpreta-

tion of grayscale axial images is defined, starting with inspection
of the cerebellar gray–white differentiation and proceeding to the
occipital lobe, the temporal lobe, the frontal lobe, and finally the
parietal lobe. Each of these lobes in both hemispheres count as one
region. A total of 2 regions must be abnormal for a scan to qualify
as positive on the basis of loss of gray–white differentiation; how-
ever, one abnormal region may qualify a scan as positive on the
basis of cortical uptake exceeding the adjacent white matter (24).
For 18F-florbetaben, a similar method is defined scrolling from

inferior to superior but with slightly different regions, starting with
the cerebellum and proceeding to the temporal lobe, frontal lobe, pre-
cuneus and posterior cingulate, and finally the parietal lobe. These
regions may contribute to a positive scan designation, with the precu-
neus and posterior cingulate considered separately from the parietal
lobe. Positive scans require abnormal uptake in most slices within a

brain region, and this uptake can be further subdivided into moderate
amyloid-b deposition (small areas of abnormal uptake within
$1 region) or pronounced amyloid-b deposition (large and confluent
areas of abnormal uptake within$1 region) (25).
For 18F-flutemetamol, a manufacturer-specified color scale

should be used with the pons set at 90% of the maximum intensity
and a minimum intensity of 0. The following regions are reviewed
separately in specified planes, each of which counts toward criteria
for a positive scan: the frontal lobe (axial, optional sagittal), the
precuneus/posterior cingulate (sagittal, optional coronal), the lat-
eral temporal lobe (axial, optional coronal), the inferolateral parie-
tal lobe (coronal, optional axial), and the striatum (axial, optional
sagittal) (23). The striatum is assessed only for 18F-flutemetamol,
and the optional sagittal plane can be helpful for detecting a nor-
mal striatal gap between the frontal white matter and the thalamus.
Regionally positive amyloid PET scans can be more difficult to

identify, and it is necessary to scrutinize each lobe of the cerebral

FIGURE 1. Amyloid PET. (Top row) Positive amyloid PET scan with loss
of gray–white differentiation and areas of abnormally increased cortical
uptake in multiple regions of cerebral hemispheres. This is compatible
with presence of moderate to frequent amyloid-b neuritic plaques. (Bot-
tom row) In contrast, negative amyloid PET scan has distinct gray–white
contrast in all lobes, with distinctly visible branching white matter tracts.
SUVR5 SUV ratio.

FIGURE 2. Regional positive amyloid PET: baseline and follow-up
11C-PiB PET examinations. (Top row) Right parietal regionally positive
examination with loss of gray–white contrast in right parietal lobe.
Regional uptake progressed on follow-up in 7y (arrows) and correlated to
amyloid-b neuritic plaques at autopsy. Cerebrospinal fluid markers for
amyloid were negative. (Bottom row) Bilateral frontal regionally positive
examination with loss of gray–white contrast in left greater than right fron-
tal lobes (arrows). Uptake progressed over 6 y and correlated with frontal
amyloid-b neuritic plaques at autopsy. Cerebrospinal fluid markers for
amyloid became positive in second case 7 y after baseline PET.
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hemispheres for the integrity of the gray–white contrast (Fig. 2).
Amyloid PET interpretation can also be challenging in the setting
of brain parenchymal volume loss, a common scenario. Enlarge-
ment of the cerebrospinal fluid spaces due to volume loss may
mimic a normal branching white matter pattern when the PET
images are reviewed alone (Supplemental Fig. 1; supplemental
materials are available at http://jnm.snmjournals.org). Use of mul-
tiplanar reconstructions and fusion with anatomic images can be
most helpful for clarification of the outer borders of the cortex.
Familiarity with the major white matter tracts can also be helpful,
as the association tracts within a cerebral hemisphere should be
clearly visible as distinct radiotracer-avid structures (Fig. 1). Other
potential pitfalls that may result in an inaccurate interpretation can
be technical in nature. A low-count study can reduce gray–white
matter contrast, resulting in an inaccurate categorization of a nor-
mal scan as positive. When one is systematically reviewing the
images, starting with the cerebellum may provide a reliable inter-
nal control for the degree of gray–white contrast to expect in the
cerebral hemispheres. Increased image noise may be conspicuous
in the extracranial soft tissue, an additional indicator of a low-
count study. Increased uptake in an extracranial structure, such as
the parotid glands, scalp, or even an osseous or intracranial mass,
can impact automated windowing and leveling of the study, lead-
ing to an inaccurate interpretation. To correct the windowing and
leveling of the examination, the abnormally radiotracer-avid struc-
ture can be omitted from a selected representative region of the
brain that includes cerebral gray and white matter. Some intracra-
nial masses such as meningiomas are
known to bind to some amyloid radiotra-
cers, and it is important to avoid mistaking
such lesions for radiotracer-avid cortex
(Supplemental Fig. 2) (26). Anatomic
fusion images or comparison MRI exami-
nations may be helpful for confirming the
presence of a mass lesion and diagnosing
such lesions more definitely.
A limitation of amyloid PET for charac-

terizing AD pathology is that radiotracer
binding correlated with both neuritic
amyloid-b plaques and diffuse amyloid-b
plaques. Diffuse plaques are noncompact
deposits that lack neuritic components.
Diffuse plaques are commonly found in
aged brains and are not specific for AD. A
positive amyloid PET study reflective of
diffuse plaques may be present in patho-
logic aging or alternative neurodegenera-
tive diagnoses (Fig. 3) (27). Tau PET may
potentially provide additional diagnostic
certainty. Cases of low amyloid-b plaque
burden may be undetectable with amyloid
PET, an additional limitation of the imag-
ing modality (27,28). Follow-up scans
may be useful for detecting progressive
amyloid accumulation. Amyloid-b accu-
mulation detected on amyloid PET has
been observed with other neurodegenera-
tive processes such as dementia with
Lewy bodies, atypical AD, and frontotem-
poral lobar degeneration, and in isolation,
a positive amyloid PET study should not

be viewed as sufficient for a diagnosis of AD (29,30). Nevertheless,
a negative amyloid PET study is able to reliably exclude AD—clini-
cally valuable information in deciding whether to pursue antiamy-
loid therapy or whether to consider alternative diagnoses.

TAU PET

The spatial distribution of pathologic tau hyperphosphorylation
and neurofibrillary tangle deposition corresponds to AD pathology,
as characterized in Braak neurofibrillary tangle staging as a mea-
sure of abnormal tau at autopsy. Antemortem evaluation of patho-
logic tau distribution can be performed with PET. 18F-flortaucipir
(AV-1451) is the only FDA-approved radiopharmaceutical for tau
PET and has been found to closely follow neurofibrillary tangle
Braak staging for AD (Table 4) (31,32).
Per the FDA package insert, 18F-flortaucipir is indicated to

assess tau burden in cognitively impaired adults being evaluated
for AD. The scan should be interpreted without consideration of
collateral information such as clinical data or other biomarkers,
which may bias the interpretation. At present, tau PET is not indi-
cated for evaluating non-AD tauopathies or chronic traumatic
encephalopathy (32,33).

18F-flortaucipir binds with high affinity to paired helical filament
tau, and abnormal radiotracer binding in the neocortex above back-
ground is the basis for identifying a positive tau PET scan (Fig. 4)
(34). A threshold level of background uptake is set at 1.65-fold the
average cerebellar uptake, and the manufacturer-specified display

FIGURE 3. Pitfall of diffusely positive amyloid PET in dementia with Lewy bodies. (Top row)
11C-PiB PET is positive and shows diffuse loss of gray–white contrast in both cerebral hemispheres.
(Bottom row) 18F-FDG PET z score map (left and center) in same person shows hypometabolism in
occipital lobes, atypical region for AD, in pattern suggestive of dementia with Lewy bodies. 123I-ioflu-
pane SPECT (DaTscan; GE Healthcare) is abnormal (right), further supporting diagnosis of dementia
with Lewy bodies, which was ultimately confirmed at autopsy. In non-Alzheimer neurodegenerative
pathology, presence of diffuse plaques without neuritic components may still be associated with
abnormal amyloid PET. SUVR5 SUV ratio.
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guidelines for 18F-flortaucipir are devised to set the color scale to
show a transition above background level uptake. Sequentially,
neocortical uptake should be assessed in each lobe: temporal,
occipital, parietal, and frontal. The temporal lobe should be subdi-
vided into quadrants (Fig. 4) including anterolateral, anterior
mesial, posterolateral, and posterior mesial temporal. Only the pos-
terolateral temporal quadrant can contribute to classification of a
positive tau PET scan. Uptake in the anterior and medial temporal
lobe does not meet visual interpretation criteria for a positive tau
PET scan. Abnormal uptake in the parietal lobe/precuneus or in the
occipital lobes may also qualify a scan as positive for widely dis-
tributed tau pathology. Abnormal frontal uptake may or may not be
identified in positive scans. Negative scans may have 18F-flortauci-
pir uptake in the medial or anterolateral temporal lobes, frontal
lobes, or deep gray nuclei and white matter (32,34).
As with amyloid PET radiotracers, volume loss can be a pitfall,

rendering distinction of neocortical binding from white matter
uptake difficult. Careful correlation with anatomic images can be
useful in the setting of parenchymal volume loss. Small noncontig-
uous foci of uptake should be interpreted with caution, particularly
in scans with increased noise, as these can lead to a false-positive
assessment (35).
Off-target binding of 18F-flortaucipir is a limitation (Fig. 5) and can

involve structures such as the brain stem nuclei and substantia nigra,
striatum, choroid plexus, leptomeninges, and blood vessels (36).

Possible mechanisms have been suggested for off-target binding,
such as radiotracer affinity for monoamine oxidase A and B, pig-
mented compounds such as neuromelanin, and mineralized struc-
tures (32,36).18F-flortaucipir binding has also been reported within
meningiomas (Supplemental Fig. 2) (37). Binding to the leptome-
ningeal structures could be mistaken for cortical uptake, a pitfall
that may be avoided with careful attention to coregistered anatomic
images. Off-target binding may potentially be ameliorated with
next-generation tau radiotracers (36).

18F-flortaucipir uptake correlates strongly with the 3R1 4R iso-
form of tau associated with AD but is not strongly associated with
preferential 3R or 4R isoforms of tau, a limitation of the radiotra-
cer’s ability to assess other non-AD tauopathies in cases of Pick
disease (3R predominant), corticobasal degeneration (4R predomi-
nant), or progressive supranuclear palsy (4R predominant). Weak
binding to TDP-43 (transactive response DNA binding protein of
43 kDa) may confound diagnosis in cases of frontotemporal lobar
degeneration TDP. Although tau PET is an important biomarker

FIGURE 4. Tau PET with 18F-flortaucipir. (Top row) Positive tau PET with
areas of abnormally increased (red and orange color overlay) uptake in lat-
eral temporal, frontal, and parietal lobes, including precuneus and poste-
rior cingulate. Temporal lobes are divided into quadrants (dotted lines).
Only uptake in posterolateral quadrant of temporal lobe should be used to
consider 18F-flortaucipir PET scan positive using visual interpretation.
(Bottom row) Negative tau PET with no abnormally increased regions of
uptake in cerebral hemispheres. SUVR5 SUV ratio. FIGURE 5. Off-target binding on tau and amyloid PET. (Top 2 rows) 18F-

flortaucipir PET shows off-target uptake in substantia nigra (red rectangle),
choroid plexus (white arrows), muscles of mastication (yellow rectangles),
extraocular muscles (cyan arrows), and multiple osseous structure includ-
ing calvarium (yellow arrows), occiput (pink arrow), and sphenoid bones
(green arrows). (Bottom row) Off-target osseous uptake can also be seen
on amyloid PET (18F-florbetapir PET/CT) showing avid region of hyperos-
tosis frontalis interna (ellipses), which in some cases could mimic cortical
uptake without anatomic correlation. SUVR5 SUV ratio.
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for AD, positive uptake on tau PET can be seen in alternative neu-
rodegenerative conditions such as semantic dementia (Fig. 6) and
prion protein defects (Supplemental Fig. 3) (27,28).
A significant limitation of 18F-flortaucipir PET in evaluation of

AD is poor detection of early tau deposition. According to the
FDA package insert instruction for 18F-flortaucipir PET, the

regions of early tau deposition corresponding to early Braak stages
are to be excluded from visual interpretation (Fig. 4). In general, path-
ologic tau neurofibrillary tangle accumulation occurs earliest in the
mesial temporal structures such as the entorhinal cortex, correspond-
ing with early Braak stage distribution (38). Specificity for diagnosing
AD on the basis of medial temporal involvement alone may be lim-
ited, as this can occur in cognitively unimpaired patients. Tau uptake
in the entorhinal cortex, hippocampal formations, parahippocampal
gyrus, and middle temporal lobe gyrus strongly correlates with poor
memory performance, even in cognitively unimpaired individuals
(39). One factor limiting accurate assessment of early tau on PET is
the detection of low levels of uptake above background noise. Techni-
cal developments and innovative image processing techniques may
help to improve early tau detection, such as the use of the overlap
index in sequential scans (40). Future updates in Alzheimer diagnostic
criteria may incorporate distinct categories of positive tau PET, dis-
tinguishing categories of isolated medial temporal uptake and mod-
erate or high neocortical uptake (11). At present, these distinctions
are not made in the clinical visual interpretation of tau PET (32).
Tau PET in cognitively unimpaired individuals has demonstrated

uptake in regions that would correspond to early Braak stage
involvement but also in extratemporal locations corresponding to
more advanced Braak stages (38). The variable distribution of tau
pathology in both cognitively unimpaired and cognitively impaired
individuals underscores the need for placing a positive tau PET
scan within a greater clinical context to support a diagnosis of AD.

DOPAMINERGIC PET

Dopaminergic PET is indicated for the evaluation of parkinso-
nian syndromes in adults (Table 5) (41). Parkinsonian syndromes
result from loss of the dopaminergic neurons projecting from the
substantia nigra pars compacta to the striatum and presents as a
movement disorder characterized by bradykinesia, rigidity, tremor,
or postural instability. Typical parkinsonian syndrome (idiopathic
Parkinson disease) is the most common parkinsonian syndrome
(13,42). Other distinct neurodegenerative entities that present as
parkinsonian syndromes include dementia with Lewy bodies, progres-
sive supranuclear palsy, multisystem atrophy, and corticobasal degen-
eration and are collectively termed atypical parkinsonian syndromes
(43). Typical parkinsonian syndrome is a clinical diagnosis relying
of the presence of bradykinesia and either rigidity or rest tremor, as
well as other supportive criteria and absence of findings suggesting
an alternative diagnosis. Response to dopaminergic therapy is an
important supportive criterion for typical parkinsonian syndrome,
and poor response is suggestive of an atypical parkinsonian syn-
drome (44).

18F-DOPA is a molecular precursor of the dopamine neurotrans-
mitter, and physiologic uptake is expected in viable presynaptic
dopaminergic neurons (45). One hour before intravenous radio-
tracer injection, 150mg of oral carbidopa should be administered
to inhibit peripheral decarboxylation of 18F-FODA and augment
brain radiotracer availability. Multiple drug classes used in treated

FIGURE 6. Positive tau PET in semantic dementia. (Top row) Multiple
PET examinations from patient with semantic dementia, commonly with
underlying TDP-43 proteinopathy. 18F-flortaucipir PET was positive, more
prominently in left than right temporal lobes (white arrows) and left parietal
lobe (yellow arrow). (Second row) 11C-PiB PET was negative, with pre-
served gray–white contrast indicating lack of moderate or frequent
amyloid-b neuritic plaques. (Third and fourth rows) 18F-FDG PET z score
maps demonstrated regions of hypometabolism correlating with tau PET,
worst in left anterior temporal lobe (arrows). Pattern of hypometabolism is
characteristic of semantic dementia. Although tau PET was positive, which
can be seen with AD, alternative neurodegenerative entities can also result
in abnormal tau PET. In this case, negative amyloid PET and pattern of
18F-FDG hypometabolism suggest semantic dementia. SUVR5 SUV ratio.

TABLE 5
18F-DOPA Properties

Administered activity (MBq) Uptake time (min) PET scan duration Positive scan criteria

185 80 20 Loss of caudate or putamen uptake above background
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parkinsonian syndromes should be discontinued 12 h before radio-
tracer injection, including dopamine agonists, reuptake inhibitors,
releasing agents, catechol-O-methyltransferase inhibitors, and
monoamine oxidase inhibitors. After 18F-DOPA injection and
uptake, a 3-dimensional PET acquisition is recommended. Axial
images should be reconstructed along the anterior–posterior com-
missure line. Images are to be interpreted on the basis of visual
inspection, without collateral clinical information used to influence
the classification as normal or abnormal (41).
A normal (negative) scan should demonstrate radiotracer-avid

basal ganglia structures including the caudate head and putamen
(Fig. 7), together forming a crescent shape. A positive (abnormal)
scan may have asymmetric or symmetric reduction of uptake in
the putamen, resulting in either diminished intensity of uptake or a
truncated region of uptake in the putamen. Uptake may also be
reduced in the caudate nuclei in a positive scan.
A positive scan may indicate a typical or atypical parkinsonian syn-

drome by detecting loss of striatal dopaminergic neurons in Parkinson
disease, progressive supranuclear palsy, corticobasal degeneration, and
multiple-system atrophy. Dopaminergic PET may also be useful in
diagnosing dementia with Lewy bodies (46). These different entities
cannot be distinguished on the basis of dopaminergic PET. Conditions
resulting in a negative scan may include essential tremor or other
causes of parkinsonian syndromes including pharmacologic, psycho-
genic, or vascular etiologies (15). In vascular parkinsonism, correlation
with anatomic imaging may help avoid an interpretation pitfall. A
basal ganglia infarct may explain the patient’s symptoms and could
result in an abnormal truncated appearance on dopaminergic PET.

18F-DOPA PET has been reported to have a diagnostic perfor-
mance similar to that of 123I-ioflupane SPECT/CT; however, some
discrepancies have been reported, suggesting that more cases are
positive with 123I-ioflupane SPECT (47–49). In the setting of
dopaminergic neuron loss, upregulation of dopamine synthesis in
the residual neurons could preserve uptake of 18F-DOPA relative
to 123I-ioflupane. Advantages of 18F-DOPA PET include improved
spatial resolution and a shorter uptake time of 1.5 h, compared with

3–6h for 123I ioflupane SPECT (41,50). At
present, 123I-ioflupane SPECT is more
widely available and reimbursed.
Multiple investigational agents can image

the dopaminergic and monoaminergic sys-
tems, including postsynaptic dopamine recep-
tor ligands and presynaptic targets such as
the dopamine active transporter. 18F-DOPA
and 123I-ioflupane are the radiopharmaceuti-
cals used clinically in the United States, with
123I-ioflupane being more frequently used
(51,52).
In addition to parkinsonian syndromes,

dopaminergic PET has been investigated
for use in evaluation of schizophrenia,
psychosis, and glioma but does not have
current FDA regulatory approval for these
indications (53,54).

CONCLUSION

Multiradiopharmaceutical assessment
with amyloid, tau, and 18F-FDG PET pro-
vides a relatively comprehensive charac-
terization of the different components of

Alzheimer pathophysiology. Amyloid and tau PET contribute a
greater level of detail and diagnostic certainty in characterizing
AD pathophysiology, which may be critical, particularly when
evaluating patients for antiamyloid therapies. Furthermore, amy-
loid PET confirms the therapeutic target for these therapies.
The multiple PET radiopharmaceuticals discussed in this review

can yield a robust characterization of neuropathologic processes, but
inherent limitations to the multiple-biomarker approach remain.
Challenges remain in detecting early abnormal amyloid and tau on
PET. At present, no clinically available radiopharmaceuticals
are available for evaluation of some important proteinopathies,
including TDP-43 and certain isoforms of tau. Furthermore, reliance
on multiple-radiopharmaceutical PET examinations come with
increased societal health care costs, increased direct costs to patients,
and practical challenges of performing multiple imaging studies. For
these reasons, the ability of 18F-FDG PET to distinguish a variety of
neurodegenerative patterns and functional information with a single
examination is one advantage over the amyloid, tau, and dopaminer-
gic PET examinations discussed in this review.
Familiarity with the visual interpretation methods and protocols

for amyloid and tau PET is essential for accurate categorization of
a positive or negative scan. For amyloid PET, careful correlation
with anatomic imaging may help avoid pitfalls in interpretation
such as the common scenario of an abnormal amyloid PET scan
with advanced brain parenchymal volume loss, which can mimic
normal white matter uptake. For tau PET, knowledge of which
regions may have off-target radiotracer binding and which brain
parenchymal regions should be excluded from visual interpretation
is important for accurate interpretation.
Dopaminergic PET characterizes parkinsonian syndromes but

may be abnormal in a variety of parkinsonian syndrome etiologies.
Awareness that multiple medications may interfere with uptake is
important for avoid a misleading result.
The variety of brain PET radiopharmaceuticals increasingly

seen in clinical practice is an indicator of the complexity of
dementia. Advances in the in vivo characterization of dementia

FIGURE 7. Dopaminergic PET. (Left) Normal 18F-DOPA PET examination with expected uptake in
caudate and putamen bilaterally (arrows). (Center) Abnormal 18F-DOPA PET examination in 43-y-old
woman with onset of Parkinson disease at early age. Abnormal examination shows diminished
uptake in bilateral putamina, asymmetrically worse on patient’s right, and subtle decreased uptake in
patient’s right caudate (arrows). (Right) In same patient, 123I-ioflupane SPECT (DaTscan; GE Health-
care) was also abnormal, with decreased basal ganglia uptake (arrows) causing loss of expected
comma-shaped region of uptake, asymmetrically worse on patient’s right. SUVR5 SUV ratio.

836 THE JOURNAL OF NUCLEAR MEDICINE % Vol. 65 % No. 6 % June 2024



with PET will likely continue to augment our understanding of the
underlying pathophysiology and facilitate evaluation of innovative
therapies.
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PET using the radiolabeled amino acid O-(2-[18F]fluoroethyl)-L-tyrosine
(18F-FET) has been shown to be of value for treatment monitoring in
patients with brain metastases after multimodal therapy, especially in
clinical situations with equivocal MRI findings. As medical procedures
must be justified socioeconomically, we determined the effectiveness
and cost-effectiveness of 18F-FET PET for treatment monitoring of multi-
modal therapy, including checkpoint inhibitors, targeted therapies, radio-
therapy, and combinations thereof in patients with brain metastases
secondary to melanoma or non–small cell lung cancer. Methods: We
analyzed already-published clinical data and calculated the associated
costs from the German statutory health insurance system perspective.
Two clinical scenarios were considered: decision tree model 1 deter-
mined the effectiveness of 18F-FET PET alone for identifying treatment-
related changes, that is, the probability of correctly identifying patients
with treatment-related changes confirmed by neuropathology or clinico-
radiographically using the Response Assessment in Neuro-Oncology cri-
teria for immunotherapy. The resulting cost-effectiveness ratio showed
the cost for each correctly identified patient with treatment-related
changes in whom MRI findings remained inconclusive. Decision tree
model 2 calculated the effectiveness of both 18F-FET PET and MRI, that
is, the probability of correctly identifying nonresponders to treatment.
The incremental cost-effectiveness ratio was calculated to determine
cost-effectiveness, that is, the cost for each additionally identified nonre-
sponder by 18F-FET PET who would have remained undetected by MRI.
One-way deterministic and probabilistic sensitivity analyses tested the
robustness of the results. Results: 18F-FET PET identified 94% of
patients with treatment-related changes, resulting in e1,664.23 (e1.00 5

$1.08 at time of writing) for each correctly identified patient. Nonrespon-
ders were correctly identified in 60% by MRI and in 80% by 18F-FET
PET, resulting in e3,292.67 and e3,915.83 for each correctly identified
nonresponder by MRI and 18F-FET PET, respectively. The cost to cor-
rectly identify 1 additional nonresponder by 18F-FET PET, who would
have remained unidentified by MRI, was e5,785.30. Conclusion: Given
the considerable annual cost of multimodal therapy, the integration of
18F-FET PET can potentially improve patient care while reducing costs.

Key Words: amino acid PET; economic evaluation; immunotherapy;
treatment monitoring; treatment-related changes
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In patients with late-stage cancer, brain metastases develop in up
to 40% of cases, worsening the patient’s clinical status and prognosis,
frequently necessitating a treatment change. In these patients, oligo-
metastasis resection, stereotactic radiosurgery, whole-brain radiother-
apy, and conventional cytotoxic chemotherapy are common treatment
options (1). In recent years, the advent of checkpoint inhibitor immu-
notherapy and targeted therapies has amplified treatment options by
enhancing local tumor control, thereby improving the patient’s prog-
nosis. Monitoring the effects of these therapies on brain metastases
by contrast-enhanced anatomic MRI has proved challenging regarding
the differentiation of treatment-related changes from brain metastasis
relapse (2). Notably, MRI signal changes may reflect treatment-
related changes, especially in combination with radiotherapy, or
metastasis relapse.
Considering the limited specificity of anatomic MRI for monitoring

treatment effects in patients with brain metastases, PET has increas-
ingly been used to metabolically assess cerebral lesions. Although
PET using 18F-FDG is the tracer of choice for numerous diagnostic
approaches in patients with cancer, the Response Assessment in
Neuro-Oncology Working Group has recommended the use of PET
with radiolabeled amino acids such as O-(2-[18F]fluoroethyl)-L-tyro-
sine (18F-FET), as it shows an excellent lesion-to-background ratio
due to the relatively low uptake in the normal brain parenchyma (3).
Moreover, a recent study by our group (4) has suggested that

assessing the metabolic activity in patients with brain metastases
using 18F-FET PET is both helpful and superior to conventional
MRI for monitoring the treatment effects. In particular, we investi-
gated the value of 18F-FET PET in patients with brain metastases
secondary to malignant melanoma or non–small cell lung cancer
for treatment monitoring of multimodal therapy, including immune
checkpoint inhibitors, targeted therapies, radiotherapy, or combina-
tions thereof. We concluded that static 18F-FET PET parameters
are valuable for differentiating treatment-related changes from
brain metastasis relapse and identifying responders with a longer
stable clinical course after treatment. Notably, anatomic MRI could
not provide this essential clinical information alone.
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Nevertheless, integrating 18F-FET PET in the care of patients with
brain metastases is associated with additional costs that must be
weighed against relevant clinical benefits for affected patients. In
recent years, only 1 study has addressed the cost-effectiveness of 18F-
FET PET for the differentiation of treatment-related changes from
brain metastasis relapse after radiotherapy (5). In contrast to that
study, the patients included in our analysis were additionally treated
with concurrently or subsequently applied checkpoint inhibitors, tar-
geted therapies, or combinations thereof. These agents, particularly
when used in combination with radiotherapy, may render MRI find-
ings highly variable, resulting in difficulties in terms of interpretation
(6). Other studies focused on the cost-effectiveness of 18F-FET PET
in glioma patients for surgical target selection or response assess-
ment after different treatment options (7–10). Recently, another
study analyzed the cost-effectiveness of the somatostatin receptor
PET ligand 68Ga-DOTATATE for postresection radiotherapy plan-
ning in meningioma patients (11). Overall, these studies consistently
suggested that PET is cost-effective regarding the analyzed clinical
scenario.
Considering the diagnostic improvements and additional costs of

18F-FET PET compared with anatomic MRI, our group’s already-
published study (4) was evaluated regarding the effectiveness and
cost-effectiveness of 18F-FET PET in identifying treatment-related
changes and nonresponders after multimodal therapy, including
immune checkpoint inhibitors, targeted therapies, radiotherapy, or
combinations thereof. This analysis was performed from the per-
spective of the statutory health insurance system in Germany. To
our knowledge, this is the first study investigating the effectiveness
and cost-effectiveness of 18F-FET PET imaging for managing this
patient group.

MATERIALS AND METHODS

Input Data
Our group’s study on the value of 18F-FET PET for treatment moni-

toring of multimodal therapy in patients with brain metastases second-
ary to malignant melanoma or non–small cell lung cancer was
published in 2021 (4). In that retrospective study, 40 adults (mean age,
59 6 13 y) with 107 contrast-enhancing lesions on cerebral MRI were
included. Of those 40 patients, 2 patients had to be excluded from fur-
ther analysis (one patient was lost to follow-up, and the other patient
died and the death was not cancer-related), resulting in 38 patients.
The institutional review board approved this study, and all subjects
gave written informed consent for study participation and evaluation
of their data for scientific purposes. The patients were predominantly
heavily pretreated with different combinations of immune checkpoint
inhibitors, targeted therapies (e.g., BRAF inhibitors), and radiotherapy,
and all underwent both MRI and 18F-FET PET during subsequent
follow-up for treatment monitoring. A single 18F-FET PET scan was
additionally performed on a subgroup of patients (n 5 27) to differenti-
ate treatment-related changes from brain metastasis relapse when
anatomic MRI resulted in equivocal findings. In this group, the static
18F-FET PET parameter mean tumor-to-brain ratio (threshold, 1.95) was
found to differentiate best between treatment-related changes and brain
metastasis relapse (accuracy, 85%). Clinical verification of the 18F-FET
PET imaging diagnosis was based on a stable clinical course during sub-
sequent follow-up and either a neuropathologic diagnosis or a clinicora-
diologic diagnosis using the Response Assessment in Neuro-Oncology
criteria for immunotherapy (12). In the remaining patients (n 5 11),
18F-FET PET and MRI were performed both at baseline and at follow-
up to assess response to treatment. Metabolic response was defined as a
relative reduction in the mean tumor-to-brain ratio of 10% or more for
18F-FET PET, a threshold that we found separates best responders from

nonresponders using receiver-operating-characteristic curve analyses (4).
A stable clinical course for at least 6 mo served as the reference for vali-
dating the respective imaging diagnosis. We concluded that 18F-FET
PET imaging added valuable information for the differentiation of
treatment-related changes from brain metastasis relapse when prior MRI
remained inconclusive and treatment response evaluation was beyond
the information provided by MRI alone.

Decision Tree Models for Assessment of Effectiveness
Similar to earlier studies (7–10,13), 2 decision tree models were

developed for both analyzed subgroups to assess effectiveness (Fig. 1).
Each model integrates the temporal sequence of the applied therapies
and neuroimaging and assigns the patients according to their respective
imaging findings and, subsequently, their definite diagnosis.
Model 1. After multimodal therapy and subsequent equivocal MRI

findings, 18F-FET PET was additionally performed to differentiate
between treatment-related changes and a relapse of brain metastases.
Chance node 1 (N1) divided patients into groups depending on indi-
vidual 18F-FET PET findings, and subsequent chance nodes N2 and
N3 assigned both groups to the patient’s outcomes. We defined the
probability of correct identification of treatment-related changes as the
primary outcome of model 1.
Model 2. After baseline 18F-FET PET and MRI, and subsequent

multimodal therapy, 18F-FET PET and MRI were performed at
follow-up to assess response to treatment. Chance nodes divided
patients into responders or nonresponders according to 18F-FET PET
metabolic findings (N1) or MRI changes according to the Response
Assessment in Neuro-Oncology criteria for immunotherapy (N2). The
subsequent chance nodes N3–N6 assigned each of the 4 groups of
18F-FET PET and MRI responders (and nonresponders) to the
patients’ outcomes. In contrast to model 1, model 2 was designed to
compare the effectiveness of 18F-FET PET and MRI. We defined the
probability of correct identification of a nonresponder to multimodal
therapy as the primary outcome of model 2.

Cost Calculation
The costs were calculated from the perspective of the German statu-

tory health insurance system. As the German statutory health insurance
companies usually do not cover 18F-FET PET costs in the care of patients
with brain metastases, the costs for both 18F-FET PET and conventional
MRI were based on the medical fee schedule for care outside the statu-
tory health insurance scheme (http://www.e-bis.de/goae/defaultFrame.
htm) to provide an equal and consistent determination of the cost.

As described previously (10), the costs taken into consideration for
18F-FET PET were as follows: patient consultation, e10.72 (e1.00 5

$1.08 at time of writing) (procedure index no. 1); report on diagnostic
findings, e17.43 (procedure index no. 75); intravenous injection, e9.38
(procedure index no. 253); scintigraphy of the brain, e125.91 (proce-
dure index no. 5430); and 18F-FET PET with quantitative analysis,
e786.89 (procedure index no. 5489). Tracer production costs were
e616.00. For MRI, the costs were as follows: patient consultation, e10.72
(procedure index no. 1); physical examination, e10.72 (procedure index
no. 5); report on diagnostic findings, e17.43 (procedure index no. 75);
high-pressure intravenous injection, e40.23 (procedure index no. 346);
surcharge for perfusion imaging, e75.19 (procedure index no. 3051); MRI
with 3-dimensional and apparent-diffusion-coefficient reconstruction
requiring substantial technical effort, e641.16 (procedure index no. 5700);
additional MRI series with 3-dimensional and apparent-diffusion-
coefficient reconstruction requiring substantial technical effort, e145.72
(procedure index no. 5731); and surcharge for computer analysis, e46.63
(procedure index no. 5733).

Thus, the neuroimaging cost was estimated at e1,566.33 for 1 18F-FET
PET scan and e987.80 for 1 MRI scan. In decision tree model 1, because
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the differentiation of treatment-related changes from brain metastasis
relapse comprised a single 18F-FET PET scan, the cost for each patient
was e1,566.33. In decision tree model 2, the assessment of response
comprised, on average, 2 18F-FET PET and 2 MRI scans, resulting in
total costs for each patient of e3,132.66 for 18F-FET PET and e1,975.60
for MRI.

Cost-Effectiveness
In decision tree model 1, the effectiveness of correctly identifying

treatment-related changes after multimodal therapy was calculated for
18F-FET PET alone. Thus, the cost for 1 18F-FET PET scan divided
by its effectiveness resulted in the cost-effectiveness ratio (CER):

CER5
cost ð18F-FET PETÞ

effectiveness ð18F-FET PETÞ :

In decision tree model 2, the effectiveness of correctly detecting a
nonresponder to multimodal therapy was compared between 18F-FET
PET and MRI (i.e., incremental effectiveness [IE]). Thus, the differ-
ence in cost between 2 serial 18F-FET PET and 2 MRI scans divided
by the IE resulted in the incremental cost-effectiveness ratio (ICER):

ICER5
cost ð18F-FET PETÞ2cost ðMRIÞ

effectiveness ð18F-FET PETÞ2effectiveness ðMRIÞ :

Sensitivity Analyses
Deterministic and probabilistic sensitivity analyses were performed

to test the robustness of the calculated effectiveness. In particular,
1-way deterministic sensitivity analysis evaluated the impact of each

independent variable (model 1, N1–N3;
model 2, N1–N6) on the resulting effective-
ness and, thus, the CER and ICER. Because
of a lack of previous studies evaluating
the cost-effectiveness of 18F-FET PET in
patients with brain metastases after multi-
modal therapy, available CIs already used in
a comparable study, which evaluated the
cost-effectiveness of 18F-FET PET for the
differentiation of brain metastasis relapse from
radiation-induced changes after radiotherapy,
were applied to each variable (Table 1) (5). In
model 2, because the calculated value for N4
was 100% (as shown in the corresponding
decision tree), changing that chance node
value within the deterministic sensitivity anal-
ysis resulted in theoretic values of more
than 100%. Thus, the resulting IE and ICER
based on these values are likewise considered
theoretic.

For probabilistic sensitivity analysis, a
Monte Carlo simulation was performed using
10,000 sets of positive random values for the
independent variables (model 1, N1–N3;
model 2, N1–N6). The distribution of these
random values was defined by the mean
of the decision trees and SD of 18F-FET
PET already used in the mentioned study
(Table 2) (5). For each set of random values,
we determined the effectiveness of 18F-FET
PET alone (model 1) or the effectiveness of
both MRI and 18F-FET PET and their respec-
tive difference (i.e., IE) (model 2). The CER
and ICER were based on the effectiveness
values. All results for the 97.5th percentile
and maximum value of effectiveness of

18F-FET PET exceeded 100%, and should be considered theoretic.
Meanwhile, when these values served as the basis for calculation of
the CI (i.e., the interval between the 2.5th and 97.5th percentiles of
distributions derived from the Monte Carlo simulations) of both effec-
tiveness and cost-effectiveness, they were set to a ceiling value of
100%. Moreover, imaging costs were modeled by a g-distribution
with the mean cost for 1 18F-FET PET scan (model 1) or the differ-
ence in cost between 2 serial 18F-FET PET and MRI scans (model 2)
and an SD of 50% of the corresponding mean. The probabilistic
sensitivity analysis results for effectiveness values are displayed by
mean, median, SD, 95% CI, and minimum and maximum values and
by the 2.5th, 10th, 90th, and 97.5th percentiles. All calculations,
figures, and simulations were performed using the statistical comput-
ing language and environment R (https://www.r-project.org/; https://
readxl.tidyverse.org/) (14). The graphical abstract was created with
BioRender.com.

RESULTS

Effectiveness
Decision tree model 1 revealed that 18F-FET PET correctly identi-

fied treatment-related changes after multimodal therapy in 94% of
patients when MRI findings were equivocal. Thus, 2 patients had to
be examined to identify 1 patient with treatment-related changes.
Decision tree model 2 revealed that serial 18F-FET PET increased
the number of correctly identified nonresponders to multimodal ther-
apy compared with MRI. The proportion of nonresponders addition-
ally identified by 18F-FET PET was 20% higher than by MRI

FIGURE 1. Model 1 (upper panel): Decision tree for assessing effectiveness of additional 18F-FET
PET for differentiating treatment-related changes (TRC) from brain metastasis (BM) relapse after mul-
timodal therapy. Twenty-seven patients underwent 18F-FET PET. N1 divides patients into those diag-
nosed with brain metastasis relapse or treatment-related changes according to 18F-FET PET criteria
(i.e., mean tumor-to-brain ratio of more or less than 1.95, respectively). N2 and N3 assign both
groups to patients’ outcomes based on both clinical course during subsequent follow-up and either
neuropathologic diagnosis or Response Assessment in Neuro-Oncology criteria for immunotherapy.
Model 2 (lower panel): Decision tree model for assessing effectiveness of 18F-FET PET and MRI to
identify nonresponder to multimodal therapy based on stable clinical course for ,6 mo. Eleven
patients underwent serial 18F-FET PET andMRI. N1 and N2 represent chance nodes to be responder
or nonresponder according to 18F-FET PET and MRI criteria (i.e., relative reduction or increase in
mean tumor-to-background ratio of 10% for 18F-FET PET, respectively; Response Assessment in
Neuro-Oncology criteria for immunotherapy for MRI). N3–N6 divide each of 4 groups of 18F-FET PET
and MRI responders (and nonresponders) into true and false responders (and nonresponders),
respectively.
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(18F-FET PET metabolic nonresponders, 80%; MRI nonresponders
according to the Response Assessment in Neuro-Oncology criteria
for immunotherapy, 60%). Thus, 5 patients had to be examined to
identify 1 additional nonresponder by 18F-FET PET.

Cost Calculation

For decision tree model 1, the CER resulted in a cost of
e1,664.23 for each patient with treatment-related changes identi-
fied by 18F-FET PET alone. For decision tree model 2, the cost to

TABLE 1
Chance Node Intervals and Corresponding Effectiveness and CER in 1-Way Deterministic Sensitivity

Analysis for Decision Tree Models 1 and 2

Decision tree model 1
(identification of treatment-related changes)

Decision tree model 2
(identification of nonresponder)

Chance node Parameter Lower interval Upper interval Lower interval Upper interval

N1 Value (%) 20.4 31.4 58.1 69.1

Effectiveness (%) 95.6 92.4 23.4 15.8

CER (e) 1,638.13 1,694.51 4,935.10 7,343.11

N2 Value (%) 76.2 95.2 49.0 60.0

Effectiveness (%) 90.6 97.9 14.8 25.5

CER (e) 1,729.33 1,599.13 7,795.63 4,537.22

N3 Value (%) 71.5 88.5 76.2 95.2

Effectiveness (%) 93.5 94.7 10.6 32.3

CER (e) 1,675.86 1,654.82 10,906.40 3,585.31

N4 Value (%) 91.5 108.5*

Effectiveness (%) NA NA 18.5 21.3*

CER (e) 6,240.62 5,439.00*

N5 Value (%) 64.7 68.7

Effectiveness (%) NA NA 21.4 18.5

CER (e) 5,405.24 6,246.08

N6 Value (%) 58.0 62.0

Effectiveness (%) NA NA 20.8 19.2

CER (e) 5,558.43 6,021.43

*Theoretic result, because value for N4 is .100%.
NA 5 not applicable.
Effectiveness and CER were based on indicated chance node values. Decision tree model 1 comprises only N1–N3. Values for

effectiveness and CER of decision tree model 2 correspond to incremental values (difference in 18F-FET PET and MRI).

TABLE 2
Input Variables Used in Monte Carlo Analysis

Decision tree model 1
(identification of treatment-related changes)

Decision tree model 2
(identification of nonresponder)

Chance node Calculated value (%) SD (%) Calculated value (%) SD (%)

N1 25.9 5 63.6 5

N2 85.7 8 54.5 5

N3 80.0 8 85.7 8

N4 NA NA 100.0 8

N5 NA NA 66.7 8

N6 NA NA 60.0 8

NA 5 not applicable.
Calculated values for chance nodes were taken from decision tree models, and SDs were set similar to earlier study (5). Decision tree

model 1 comprises only N1–N3.
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correctly identify 1 nonresponder was e3,292.67 and e3,915.83
for MRI and 18F-FET PET, respectively. The ICER, that is,
the cost to correctly identify 1 additional nonresponder by
18F-FET PET who would have remained unidentified by MRI,
was e5,785.30.

Sensitivity Analyses
For decision tree model 1, the resulting CER for the chance

node intervals of the deterministic sensitivity analysis is presented
in Table 1. The upper panel in Figure 2 shows the corresponding
tornado diagram. The range of CERs was e1,599.13–e1,729.33.
The results of the probabilistic sensitivity analysis showed both a
narrow distribution around the mean and a close relation to the
calculated effectiveness and CERs of the decision tree (mean
effectiveness, 94%; 95% CI, 86%–100%; mean CER, e1,664.61;
95% CI, e1,566.33–e1,814.31) (Table 3; upper panel in Fig. 3).
This close relation confirmed the robustness and reliability of the
calculated values of the decision tree.
For decision tree model 2, the resulting ICER for the chance

node intervals of the deterministic sensitivity analysis is presented
in Table 1. The lower panel in Figure 2 shows the corresponding
tornado diagram. The range of ICERs was e3,585.31–e10,906.40.
The results of the probabilistic sensitivity analysis showed both a
narrow distribution around the mean and a close relation to the
calculated IE and ICERs of the decision tree (mean IE, 21%; 95%
CI, 17%–24%; mean ICER, e5,619.37; 95% CI, e4,894.90–
e6,638.61) (Table 3; lower panel in Fig. 3). This close relation
confirmed the robustness and reliability of the calculated values of
the decision tree.

DISCUSSION

The main finding of the present study is that 18F-FET PET is
both clinically effective and cost-effective in identifying treatment-
related changes and nonresponders to multimodal therapy among
patients with brain metastases secondary to malignant melanoma or
non–small cell lung cancer.
Regarding decision tree model 1, our results are based on identi-

fying treatment-related changes as a surrogate since this identifica-
tion considerably influences further treatment planning in affected
patients. This particularly applies to scenarios in which equivocal
clinical and MRI findings after multimodal therapy might chal-
lenge the continuation of a benefitting treatment, possibly based
on the false assumption of a brain metastasis relapse. In these
cases, a premature change to a more aggressive treatment regimen,
with the risk of severe side effects, reduced survival, and
decreased health-related quality of life, can be avoided. Regarding
decision tree model 2, our results are based on nonresponsiveness
to treatment as a surrogate since this nonresponsiveness likewise
heavily influences further treatment planning. This applies to clini-
cal scenarios in which a noneffective and expensive treatment reg-
imen can be discontinued, avoiding further treatment cost.
Given the considerable annual cost of immune checkpoint inhi-

bitors or targeted therapies, ranging from approximately e35,000
to e100,000 in Germany (according to the Federal Joint Commit-
tee, https://www.g-ba.de), the expense for 18F-FET PET for treat-
ment monitoring seems to be cost-effective. This particularly
applies when considering the total costs for patient care and a
potential cost reduction if ineffective treatment is discontinued for
nonresponsiveness. Thus, a neuroimaging approach combining
conventional MRI and 18F-FET PET can potentially improve the
respective strengths of each imaging modality at acceptable cost.
To date, only a limited number of studies on the effectiveness

and cost-effectiveness of 18F-FET PET are available, although
there is considerable evidence confirming its usefulness in the care
of patients with brain malignancies. To our knowledge, this is the
first study evaluating the cost-effectiveness of 18F-FET PET for
monitoring multimodal therapy in patients with brain metastases.
A similar study (5) investigated the effectiveness and cost-
effectiveness of 18F-FET PET for the differentiation of brain
metastasis recurrence from radiation injury after radiotherapy in a
similar clinical scenario to that shown in decision tree model 1 but
without comedication using immune checkpoint inhibitors or tar-
geted therapies. The authors concluded that 18F-FET PET appears
to be cost-effective for that purpose. Compared with our results,
the respective ICER was higher (e4.014, based on an “adjusted
cost scenario” that was most similar to the present cost calcula-
tion) because of lower effectiveness of 18F-FET PET (42%). Nev-
ertheless, in that study, the model assumed initial MRI findings
suggestive of brain metastasis relapse for all patients, potentially
prompting further invasive diagnostic procedures (e.g., stereotactic
biopsy). In contrast, the present model assumed initially equivocal
MRI findings. In the present study, this was reflected by the calcu-
lation of effectiveness for 18F-FET PET alone, hence limiting the
meaningfulness of comparing the CERs of the mentioned study
with the present results.
Other studies evaluated the cost-effectiveness of 18F-FET PET

in the care of glioma patients for surgical target selection or
response assessment after different treatment regimens (7–10). In
brief, the respective calculated ICERs were roughly comparable to
the present results, and the authors concluded that 18F-FET PET

FIGURE 2. Tornado diagrams of cost-effectiveness ratio of additional
18F-FET PET scans for identification of treatment-related changes (upper
panel) and ICER of 18F-FET PET for identification of nonresponder (lower
panel) after multimodal therapy. Cost-effectiveness ratios and ICERs
were calculated by applying upper and lower interval values, as shown in
Table 1, onto N1–N3 and N1–N6, respectively.
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might likewise be cost-effective concerning the analyzed clinical
scenario. However, the meaningfulness of a direct comparison of
ICERs is limited, given the relevant differences in patients’ diag-
noses and treatment conditions.
One limitation of the present study is that both decision tree

models are based on merely 1 study relying on longitudinal
within-group comparisons in a subgroup of predominantly heavily
pretreated patients with brain metastases. For example, the rela-
tively low number of included patients analyzed in model 2 may

result in a greater degree of uncertainty in terms of ICER. Thus,
the present results warrant confirmation by a comparable study
with more patients. Another limitation is that the cost was calcu-
lated within the context of a specific, that is, German, health care
system. As a consequence, the present results for the CERs and
ICERs cannot directly be transferred to other countries because
of national differences in health care systems and cost structures.
On the other hand, the present results for the incremental effective-
ness (i.e., the probability of correctly identifying patients with
treatment-related changes) appear to be transferable to other coun-
tries because these depend predominantly on the information
obtained from the respective neuroimaging modality. Thus, incre-
mental effectiveness may help physicians choose the most appro-
priate neuroimaging approach during follow-up and considerably
facilitate further cost evaluations from the perspective of non-
German health economics. In addition, earlier studies evaluating
the effectiveness and cost-effectiveness of 18F-FET PET for other
applications in patients with brain tumors have used an equivalent
approach (5,7–10), also from the perspective of the Belgian health
care system (13).

CONCLUSION

This study suggests that 18F-FET PET is clinically effective and
cost-effective for monitoring multimodal therapy in patients with
brain metastases secondary to malignant melanoma or non–small
cell lung cancer and improves patient care at acceptable costs.
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KEYPOINTS

QUESTION: Is 18F-FET PET cost-effective for multimodal
treatment monitoring in patients with brain metastases secondary
to malignant melanoma or non–small cell lung cancer?

PERTINENT FINDINGS: On the basis of published data, 18F-FET
PET is cost-effective in identifying both treatment-related
changes and nonresponders after multimodal therapy, including
immune-checkpoint inhibitors, targeted therapy, radiotherapy,
and combinations thereof.

IMPLICATIONS FOR PATIENT CARE: Regarding the considerable
annual costs of treatments with immune checkpoint inhibitors or
targeted therapies, the integration of 18F-FET PET may improve
patient care and reduce costs.
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Detecting Metastatic Patterns of Oligometastatic Breast
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Metastasis-directed therapy has the potential to improve progression-
free and overall survival in oligometastatic disease (OMD). For breast
cancer, however, randomized trials have failed so far to confirm this
finding. Because the concept of metastasis-directed therapy in OMD
is highly dependent on the accuracy of the imaging modality, we
aimed to assess the impact of 18F-FDG PET/CT on the definition of
OMD in breast cancer patients. Methods: Eighty patients with a total
of 150 18F-FDG PET/CT images (between October 2006 and January
2022) were enrolled in this retrospective study at the Technical Univer-
sity of Munich. The inclusion criteria were OMD, defined as 1–5 distant
metastases, at the time of 18F-FDG PET/CT. For the current study, we
systemically compared the metastatic pattern on 18F-FDG PET/CT
with conventional CT. Results: At the time of 18F-FDG PET/CT, 21.3%
of patients (n 5 32) had a first-time diagnosis of metastatic disease,
40.7% (n5 61) had a previous history of OMD, and 38% (n5 57) had
a previous history of polymetastatic disease. In 45.3% of cases, the
imaging modality (18F-FDG PET/CT vs. conventional CT) had an
impact on the assessment of whether OMD was present. An identical
metastatic pattern was observed in only 32% of cases.18F-FDG
PET/CT detected additional metastases in 33.3% of cases, mostly in
the nonregional lymph node system.Conclusion: The use of 18F-FDG
PET/CT had a substantial impact on the definition of OMD and detec-
tion of metastatic pattern in breast cancer. Our results emphasize the
importance of establishing a standardized definition for imaging
modalities in future trials and clinical practices related to metastasis-
directed therapy in breast cancer patients.

Key Words: breast cancer; 18F-FDG PET/CT; oligometastatic breast
cancer; OMD
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Oligometastatic disease (OMD) can be considered an interme-
diate stage between a locally limited tumor and disseminated met-
astatic disease, as postulated by Hellman and Weichselbaum in
1995. They hypothesized that local treatment of all identified

metastases in OMD may prevent progression of the disease (1).
Most recently, several randomized trials have supported this
hypothesis with promising clinical results (2–4).
The SABR-COMET trial showed a benefit in overall survival

after ablative treatment of up to 5 metastases (5). The most com-
mon primary tumor types in the study were breast (n 5 18), lung
(n 5 18), colorectal (n 5 18), and prostate (n 5 16). For some of
these tumor entities, such as lung and prostate cancer, specific ran-
domized trials have been published, and they confirmed an onco-
logic benefit of metastasis-directed radiotherapy (MDRT) (2,6–8).
Additionally, there is growing evidence that MDRT may improve
outcomes and delay the need for a change in systemic therapy in
oligorecurrent and oligopersistent OMD patients (9).
In breast cancer, up to 20% of patients with metastatic disease

present with OMD (10). Nevertheless, the evidence regarding the
benefit of MDRT in these patients is sparse (11). Data from the
randomized controlled trial of standard-of-care systemic therapy
with or without stereotactic body radiotherapy or surgical resection
for newly oligometastatic breast cancer (NRG-BR002) suggest
that local ablative therapy in addition to systemic therapy does not
improve progression-free or overall survival in de novo breast can-
cer with OMD (1–4 metastases) (12). The CURB trial, on the
other hand, investigates the benefit of MDRT in oligoprogressive
breast and lung cancer patients. In a preplanned interim analysis,
the authors showed a progression-free survival benefit. However,
the benefit was driven only by the non–small cell lung cancer
patients, and no benefit was observed for breast cancer patients
(9). Even though the results of other randomized trials are pend-
ing, the recent data raise questions regarding the role of MDRT in
OMD in breast cancer. The value of MDRT in breast cancer is of
particular interest because of the large patient collective with
OMD and favorable characteristics (luminal A/B, solitary metasta-
sis, bone-only metastasis, long metastasis-free interval), which are
associated with a chance of long-term survival (11).
So far, the definition of OMD depends solely on the number of

imaging-detected metastases, and no clinical or molecular bio-
markers exist to aid the detection of OMD (13–17). The European
Society for Medical Oncology guidelines of 2021 define OMD as
a maximum of 5 metastatic lesions, all susceptible to ablative local
treatment (18). Thus, given the large differences in sensitivity, the
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imaging modality has an important impact on the OMD definition
(14). Previous studies demonstrated that 18F-FDG PET/CT had a
significantly higher sensitivity in detecting breast cancer metastases
than did conventional imaging (19). Furthermore, 18F-FDG PET/CT
allows differentiation of active from inactive metastases. Neverthe-
less, to our knowledge, the impact of 18F-FDG PET/CT on the defi-
nition of breast cancer with OMD has not been investigated. This is
of importance, since unlike tumor entities such as lung cancer and
prostate cancer, 18F-FDG PET/CT is not considered a standard pro-
cedure for staging in high-risk breast cancer patients (20).

MATERIALS AND METHODS

Patient Collective
The retrospective analysis was approved by the local institutional

review board (2022-432-S-NP), and the requirement to obtain
informed consent was waived. All patients in the current study under-
went 18F-FDG PET/CT for breast cancer between October 2006 and
January 2022 at the department of nuclear medicine at the Technical
University of Munich.

The study included patients with oligometastatic breast cancer, defined
as 1–5 distant metastases. Patients with brain metastases or a history of a
second malignancy were excluded from the study. In total, the study
enrolled 175 patients with 345 18F-FDG PET/CT scans obtained at differ-
ent times during the course of their disease. After exclusion of scans that
showed no change inmetastatic pattern from the previous scan, 80 patients
with 150 18F-FDGPET/CT scans remained for analysis.

The consensus recommendation of the European Society for Radio-
therapy and Oncology and the European Organization for Research
and Treatment of Cancer (21) was used to characterize OMD as fol-
lows: de novo OMD: first time diagnosis of metastatic disease, repeat
OMD: previous history of OMD, and induced OMD: previous history
of polymetastatic disease.

Image Acquisition
18F-FDG PET/CT scans were acquired using a Siemens Biograph

64 (2006–2011; n 5 6) or a Siemens mCT128 (2012–2022; n 5 144).
The amount of activity injected was adjusted per body weight as
recommended by the European Association of Nuclear Medicine
guidelines (22). Patients with hyperglycemia were excluded from the
study. The CT images of the 18F-FDG PET/CT scans were of diagnos-
tic quality. Oral contrast medium was administered to all patients.
Patients also received intravenous contrast medium unless there were
contraindications, such as significantly impaired renal function or previ-
ous allergic reactions. For the diagnostic CT scan, imaging was started
in the portal venous phase with the arms raised above the head unless
the patient was unable to do so for the duration of the 18F-FDG PET/CT
scan. The tube current was modulated according to an exposure control
scout scan. Axial CT images of 3- or 5-mm thickness were reconstructed
and displayed together with the corresponding 18F-FDG PET/CT images
on a Siemens Syngo. In addition, a breath-hold CT scan was acquired
for improved detection of small pulmonary nodules.

Assessment of Metastatic Pattern
Each 18F-FDG PET/CT image underwent evaluation by an experi-

enced specialist in nuclear medicine and radiology. For each case, the
interdisciplinary team analyzed first conventional CT images alone
(conventional CT) and subsequently 18F-FDG PET/CT images. The
images, clinical information, and corresponding clinical reports (of
only the corresponding imaging modality) were available for the
assessment of metastases. For each metastasis, we recorded the locali-
zation and assessed the congruence between conventional CT and 18F-
FDG PET/CT (Fig. 1). Data were analyzed using SPSS version 26.0.

RESULTS

Patient Collective
The patients’ characteristics can be found in Table 1. Thirty-

two (21.3%) cases were classified as de novo OMD (group 1
according to the consensus recommendation of the European Soci-
ety for Radiotherapy and Oncology and the European Organiza-
tion for Research and Treatment of Cancer), 61 cases as repeat

FIGURE 1. Comparison of conventional CT and 18F-FDG PET/CT. (A)
Congruence between CT and 18F-FDG PET/CT: suspected metastasis on
CT with confirmation on 18F-FDG PET/CT. (B and C) No congruence
between imaging modalities: suspected metastasis on CT rated as non-
specific lesion on 18F-FDG PET/CT (B) and nonspecific finding on CT
images (occult metastases) with suggestive presentation on 18F-FDG
PET/CT (C).

TABLE 1
Patient Characteristics

Category Characteristic n %

Histology Invasive ductal 47 58.7

Invasive lobular 7 8.8

Mixed 3 3.8

Medullary 1 1.3

Unknown 22 27.5

Molecular subtype HR1/HER22 52 65.0

HR1/HER21 10 12.5

HR2/HER21 6 7.5

TNBC 9 11.25

Unknown 3 3.8

Grading 1 4 5

2 28 35

3 31 38.75

Unknown 17 21.3

HR5 hormone receptor; 1 5 positive; HER25 human epidermal
growth factor receptor 2;2 5 negative; TNBC 5 triple-negative
breast cancer.

Mean age was 49.0 y.
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OMD (group 2), and 57 cases as induced OMD (group 3). A
detailed description is provided in Table 2. Thirty-two patients
(21.3%) had no systemic therapy for metastatic disease before the
staging, and in 118 cases (78.7%), patients had systemic therapy
for metastatic disease before 18F-FDG PET/CT.

Differences Between 18F-FDG PET/CT and Conventional CT
In only 54.7% (n 5 82) of cases was OMD diagnosed on both

imaging modalities. In the remaining cases, either polymetastatic
disease or no distant metastases were detected on 1 of the 2 imag-
ing modalities (Table 3).
The proportion of patients with an identical metastatic pattern on

conventional CT and 18F-FDG PET/CT was low, at 32% (n 5 48)
(Fig. 2). In most cases, the number of metastases (n 5 54; 36%),
the location of metastases (n 5 2; 1.3%), or both (n 5 46; 30.7%)
differed between18F-FDG PET/CT and conventional CT.
In patients with de novo OMD, we observed the best congruence

between 18F-FDG PET/CT and conventional CT, whereas in
patients with induced OMD, only 12.3% of cases had an identical
metastatic pattern on both imaging entities. The differences were

attributed mostly to suggestive findings on conventional CT that
were rated as unspecific lesions or inactive metastases on 18F-FDG
PET/CT (Fig. 3).
In 50 cases (33.3%), 18F-FDG PET/CT revealed metastases that

were not detected with conventional CT. In 31 (20.7%) cases, less
than 50% of 18F-FDG PET/CT–positive lesions were detected on
conventional CT (Fig. 3).
Most metastases in our study were in the skeletal system

(49.5%), followed by the nonregional lymph nodes (27.1%). The
largest deviation between conventional CT and 18F-FDG PET/CT
was in the skeletal system. Here, the differences were attributed
mostly to pathologic findings on conventional CT that were rated
as unspecific lesions or inactive metastases on 18F-FDG PET/CT.
In the nonregional lymph system, on the other hand, 24.3% of

metastases were detected only on 18F-FDG PET/CT, being occult
on conventional CT. The results are summarized in Table 4.

DISCUSSION

Both the definition and the optimal treatment of OMD are sub-
jects of current research. Currently, the definition of OMD is based
on the imaging-detected number of metastases. A 2020 consensus
report by the European Society for Radiotherapy and Oncology and
American Society for Radiation Oncology defined OMD as a dis-
ease with 1–5 metastatic lesions that must be safely treatable regard-
less of the status of the primaries (23). In this report, the authors
emphasized the importance of diagnostic imaging: 92% of partici-
pants agreed that there are minimum imaging requirements to define
an oligometastatic state and that “diagnostic imaging should be per-
formed using whichever modalities are adequate to image sites of
common metastases and to detect small lesions for that histology”
(23). Eighty-two percent of participants agreed that 18F-FDG
PET/CT should be performed. Nevertheless, to our knowledge, in
none of the large ongoing randomized trials investigating the role of
MDRT in breast cancer, 18F-FDG PET/CT staging is mandatory.
The large differences between 18F-FDG PET/CT and conven-

tional CT in our study were attributed to either additional metasta-
ses on 18F-FDG PET/CT compared with conventional CT
(scenario 1) or metastatic lesions on conventional CT without
pathologic 18F-FDG uptake rated as inactive metastases or an
unspecific finding (scenario 2).
Both scenarios have important clinical implications. Scenario 1

applied to a third of our study collective. Differences were particu-
larly pronounced for nonregional lymph nodes (Table 4), as can
be explained by the low sensitivity (46%) of CT for lymph node
metastases (24). This low sensitivity for lymph node metastases
can be attributed to the fact that distinction is based solely on the
size and shape of the lymph node. 18F-FDG PET/CT, on the other
hand, provides additional information about metabolic activity,
resulting in a better sensitivity for detecting distant metastases.
Niikura et al. compared 18F-FDG PET/CT data with findings on
biopsy, subsequent imaging, or clinical follow-up in 225 breast
cancer patients (25). The sensitivity and specificity in the detection
of distant metastases were 97.4% and 91.2%, respectively, for 18F-
FDG PET/CT and 85.9% and 67.3%, respectively, for conven-
tional imaging (CT, ultrasonography, radiography, and skeletal
scintigraphy). Further studies on 18F-FDG PET/CT in breast can-
cer report even higher sensitivity and specificity (.98%) for the
detection of distant metastases (26–28). The false-positive rate for
the detection of metastatic disease is reported to be low, with
values below 5% (27). Groheux et al. observed that 18F-FDG

TABLE 2
Classification of OMD According to Consensus

Recommendation of European Society for Radiotherapy
and Oncology and European Organization for Research and

Treatment of Cancer

Group Description n %

1

a Synchronous OMD 8 5.3

b Metachronous oligorecurrence 2 1.3

c Metachronous oligoprogression 22 14.7

Total 32 21.3

2

a Repeat oligorecurrence 1 0.7

b Repeat oligopersistence 9 6

c Repeat oligoprogression 51 34

Total 61 40.6

3

a Induced oligorecurrence 0 (0)

b Induced oligopersistence 14 9.3

c Induced oligoprogression 43 28.7

Total 57 38

TABLE 3
Number of Cases with OMD on 18F-FDG PET/CT Only, on

Conventional CT Only, or on Both Imaging Modalities

OMD type PET/CT CT Both modalities

De novo (n 5 32) 4 (12.5%) 6 (18.8%) 22 (68.8%)

Repeat (n 5 61) 12 (19.7%) 4 (6.6%) 45 (73.8%)

Induced (n 5 57) 38 (66.7%) 4 (7.0%) 15 (26.3%)

Total (n 5 150) 54 (36%) 14 (9.3%) 82 (54.7%)
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PET/CT detected unsuspected metastases in more than 45% of
patients with locally advanced breast cancer (29). Compared with
this, the number of additional metastases was slightly lower in the
current study.

A high sensitivity for the detection of
metastases is crucial for the concept of abla-
tive treatment in OMD, which requires that
all active lesions be treated with curative
intent to erase the potential sites of origin
for further metastasis or local progression
(30,31). The persistence of a single unrec-
ognized metastasis can jeopardize the suc-
cess of ablative therapy in OMD (32): the
ORIOLE trial randomized prostate cancer
patients with OMD in stereotactic body
radiotherapy versus observation alone. The
treatment plan was based on conventional
imaging alone, although prostate-specific
membrane antigen PET/CT was available.
At baseline, in 44%, prostate-specific mem-
brane antigen PET/CT revealed additional
positive lesions compared with conventional
imaging. A post hoc analysis showed that
the extent of undetected metastases on con-
ventional imaging had a direct impact on
the oncologic outcome (8,33): total consoli-
dation of prostate-specific membrane anti-
gen radiotracer–avid disease decreased the
risk of new lesions at 6mo (16% vs. 63%;
P 5 0.006) (8). In the controlled trial of
standard-of-care systemic therapy with or
without stereotactic body radiotherapy or
surgical resection for newly oligometastatic

breast cancer (NRG-BR002), new metastases outside index areas as
first failure occurred in 40% of cases both in the treatment arm
(receiving stereotactic ablative body irradiation and systemic ther-
apy) and in the control arm (systemic therapy). 18F-FDG PET/CT

staging was not mandatory. Given the large
number of patients with additionalmetastases
on 18F-FDG PET/CT in our study, it can be
hypothesized that 18F-FDG PET/CT–
directed MDRT could lead to a better onco-
logic outcome. This is reinforced by the
excellent outcomes of small single-arm stud-
ies that investigated 18F-FDG PET/CT–
directed MDRT in OMD in breast cancer,
with local control of 95% and overall sur-
vival of 95% (34,35). Nonetheless, data
directly evaluating the value of 18F-FDG
PET/CT in OMD in breast cancer are
missing.
Scenario 2 in which 18F-FDG PET/CT

revealed fewer metastases than conven-
tional CT applied to 46.7% of cases. In
most of these cases, before staging, patients
had systemic therapy that led to inactive
metastases with normalized glucose metab-
olism on 18F-FDG PET/CT. In de novo
OMD, we found a surprisingly high number
of lesions that were positive only on con-
ventional CT, compared with earlier studies
(29,36). This can be explained by the fact
that the previous studies evaluated 18F-
FDG PET/CT for initial (preoperative) stag-
ing, whereas in our study, most patients in

FIGURE 2. Comparison of metastatic pattern between conventional CT and 18F-FDG PET/CT. (A)
All groups in European Society for Radiotherapy and Oncology and European Organization for
Research and Treatment of Cancer (ESTRO/EORTC) consensus recommendations. (B–D) Collective
differentiated by ESTRO/EORTC OMD classification: ESTRO/EORTC group 1: de novo OMD (B);
ESTRO/EORTC group 2: repeat OMD (C); and ESTRO/EORTC group 3: induced OMD (D).

FIGURE 3. Congruence of 18F-FDG PET/CT findings with conventional CT. (A) 18F-FDG PET/CT–
positive metastases that were detected on conventional CT (green bars). (B) Difference in detected
metastases between imaging modalities (y) and percentage of 18F-FDG PET/CT metastases that
were also detected on conventional CT (x). (C) Number of 18F-FDG PET/CT–positive metastases (y)
compared with number of PET-positive metastases that were also detected on conventional CT (x).
Cases with polymetastatic disease on either conventional CT or 18F-FDG PET/CT are excluded from
this analysis. Green circles 5 cases with congruent findings on conventional CT and 18F-FDG
PET/CT. Red circles 5 cases with noncongruent finding in $1 metastatic lesion. Diameter of circles
correlates with number of cases (small numbers to right).
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group 1 (de novo) had metachronous metastases and thus in most
cases prior systemic adjuvant or neoadjuvant treatment. Overall, in
our study only 12.3% of cases with induced OMD had the samemeta-
static pattern on conventional CT and 18F-FDG PET/CT. Thirty-six
percent of cases with OMDwere detected on only 18F-FDG PET/CT.
Thus, use of only conventional CT is not suitable to reliably detect oli-
gopersistent or oligorecurrent disease. In conventional CT, distin-
guishing between active metastases and inactive residual metastases
is not feasible. However, bone scintigraphy in addition to conven-
tional CT is likely to mitigate the large disparities observed in this
study between 18F-FDG PET/CT and conventional CT.
Given the large number of patients with repeat and induced OMD

that are OMD only on 18F-FDG PET/CT, 18F-FDG PET/CT (or at
least conventional CT and bone scintigraphy) should be used as a ref-
erence for breast cancer staging and treatment monitoring when
metastasis-directed therapy in these patients is being considered.
Given the improvements in systemic therapies in recent years, the role
of MDRT in repeat OMD or induced OMD is gaining importance.
Ablative treatment of residual or progressive oligometastases allows
the eradication of potential biologically altered metastases and, in
some cases, the continuation of awell-tolerated and effective systemic
therapy. Our results imply that the imaging modality in this patient
cohort may play a particularly important role because the differences
between conventional imaging and 18F-FDG PET/CT are here more
pronounced than in the de novo situation.
Potential limitations of the current study include its retrospective

design, potential interobserver variability, inclusion of heteroge-
neous groups of patients, and use of different 18F-FDG PET/CT sys-
tems. Additionally, 18F-FDG PET/CT was compared solely with its
CT component, with no reference to histopathologic findings. Con-
sequently, the study results are influenced by the sensitivity of imag-
ing and the possibility of false-positive findings. It is crucial to note
that the current study did not assess the accuracy of imaging modali-
ties but rather highlighted differences in OMD definition attribut-
able solely to the use of a different imaging modality.
Although both the sensitivity and the specificity of 18F-FDG

PET/CT are reported to be high for detecting distant metastases in
breast cancer patients (24–28,37), some molecular subtypes, such
as lobular cancer, may benefit from 18F-flouroestradiol PET/CT
for superior detection of estrogen receptor–positive distant

metastases (38). Therefore, the use of more specific PET/CT tracers
could potentially yield even larger differences than observed in the
current study, which investigated exclusively 18F-FDG PET/CT.
Despite its limitations, this study, to our knowledge, was the first to
demonstrate the impact of 18F-FDG PET/CT on defining OMD in
breast cancer. It underscores the need for a standardized definition
of imaging modality when OMD is being characterized in breast
cancer patients.

CONCLUSION

In breast cancer patients with OMD, 18F-FDG PET/CT leads in
a third of cases to the detection of additional metastases. Further-
more, conventional CT alone is not suitable for reliably detecting
patients with repeat or induced OMD. Thus, the use of 18F-FDG
PET/CT has a substantial impact on the definition of OMD and
detection of metastatic patterns in breast cancer patients. A stan-
dardized definition of the imaging modality is recommended for
future trials of, and clinical practice regarding, metastasis-directed
therapy in breast cancer patients.
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KEY POINTS

QUESTION: What is the impact of 18F-FDG PET/CT on detection
and diagnosis of OMD in breast cancer?

PERTINENT FINDINGS: In almost half the cases, the imaging
modality (18F-FDG PET/CT vs. conventional CT) had an impact on
the assessment of whether OMD was present. An identical meta-
static pattern was observed in only 32% of cases. 18F-FDG
PET/CT detected additional metastases in 33.3% of cases.

IMPLICATIONS FOR PATIENT CARE: The imaging modality has
a large impact on the definition of OMD in breast cancer, and con-
ventional CT staging may not be the optimal for future trials
regarding OMD in breast cancer.

TABLE 4
Congruence of Metastases Between Conventional CT and 18F-FDG PET/CT in Different Organ Systems

Congruent: PET/CT-positive/CT-positive

Noncongruent

PET/CT-positive/CT-negative PET/CT-negative/CT-positive

Site n Mean SD n Mean SD n Mean SD

Bone 49 0.5 1.0 18 0.2 0.5 68 0.7 1.3

Lung 17 0.2 0.6 0 0 0 0 0 0

Liver 12 0.1 0.3 3 0.03 0.2 2 0.02 0.1

Nonregional
lymph node

51 0.5 1.0 18 0.2 0.5 5 0.05 0.3

Cutaneous 1 0.01 0.1 1 0.01 0.1 0 0 0

Other 21 0.2 0.6 4 0.04 0.2 3 0.03 0.2

Cases with polymetastatic disease on either conventional CT or 18F-FDG PET/CT are excluded from this analysis.
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Targeted therapy with epidermal growth factor receptor (EGFR) tyro-
sine kinase inhibitors (TKIs) has established the precision oncology
paradigm in lung cancer. Most patients with EGFR-mutated lung can-
cer respond but eventually acquire resistance. Methods: Patients
exhibiting the EGFR p.T790M resistance biomarker benefit from
sequenced targeted therapy with osimertinib. We hypothesized that
metabolic response as detected by 18F-FDG PET after short-course osi-
mertinib identifies additional patients susceptible to sequenced therapy.
Results: Fourteen patients with EGFR-mutated lung cancer and resis-
tance to first- or second-generation EGFR TKI testing negatively for
EGFR p.T790M were enrolled in a phase II study. Five patients (36%)
achieved ametabolic 18F-FDGPET response and continued osimertinib.
In those, the median duration of treatment was not reached (95% CI,
24mo to not estimable), median progression-free survival was 18.7mo
(95% CI, 14.6mo to not estimable), and median overall survival was
41.5mo. Conclusion: Connecting theranostic osimertinib treatment
with early metabolic response assessment by PET enables early identifi-
cation of patients with unknown mechanisms of TKI resistance who
derive dramatic clinical benefit from sequenced osimertinib. This defines
a novel paradigm for personalization of targeted therapies in patients
with lung cancer dependent on a tractable driver oncogene.

Key Words: targeted therapy; resistance; EGFR TKI; metabolic
response; FDGPET/CT
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The term personalized cancer therapy describes the adminis-
tration of targeted cancer medicines on the basis of predictive

biomarkers. Among solid tumors, non–small cell lung cancer
(NSCLC) features the most diverse spectrum of globally approved
precision medicines. Although the first line of personalized NSCLC
therapies has a high likelihood of response, acquired resistance even-
tually limits their long-term benefit in most patients. Activating
somatic epidermal growth factor receptor (EGFR) mutations define a
lung cancer entity with high susceptibility to EGFR tyrosine kinase
inhibitor (TKI) treatment. They are detected in 10%–15% of lung
adenocarcinomas (.40% in East Asian populations), with predomi-
nance in nonsmokers and women. Analyses of tissue biopsy samples
and circulating tumor DNA taken at progression have identified
resistance mechanisms to NSCLC precision medicines (1–3). These
may inform sequenced targeted therapies using non–cross-resistant
agents (4) or drug combinations (5). Osimertinib treatment in EGFR
p.T790M-associated acquired resistance is a prime example of
sequenced personalized therapy (6). EGFR p.T790M is detected in
approximately 60% of EGFR-mutant NSCLC progressing under
first- (gefitinib, erlotinib) or second-generation (afatinib, dacomitinib)
EGFR TKI (7). In those patients, sequenced osimertinib is superior
to platinum-based chemotherapy (8). Sequenced osimertinib is not
available to patients with undetectable EGFR p.T790M. We hypothe-
sized that this population still includes patients who may benefit
from osimertinib and are thus deprived of an effective therapy
because of limitations of current biomarker assay technologies.
PET using the tracer 18F-FDG is an established staging modality

in NSCLC and detects metabolically active tumor lesions. The
term metabolic response describes a reduction in tumor metabolic
activity by treatment as detected by sequential 18F-FDG PET scan-
ning (9). In NSCLC, metabolic responses have been reported with
cytotoxic chemotherapy (10), radiation therapy (11), and targeted
therapies (12).
Against this background, we assessed whether a metabolic

response by 18F-FDG PET after short-course osimertinib treatment
identifies patients with EGFR p.T790M-negative resistance to
EGFR TKI who still benefit from next-line osimertinib.
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MATERIALS AND METHODS

The open-label, single-armed phase II study THEROS (NCT03810066)
explored the feasibility of combining a short course of osimertinib treat-
ment with sequential 18F-FDG PET scanning. The study enrolled patients
with metastatic EGFR-mutant NSCLC experiencing radiologically con-
firmed acquired resistance to first- or second-generation EGFR TKI. All
patients tested negatively for EGFR p.T790M by centrally performed anal-
ysis of circulating free DNA. Absence of the EGFR p.T790M mutation
was also confirmed in a tissue rebiopsy whenever medically safe and feasi-
ble. At least 1 tumor lesion with visually clearly increased 18F-FDG uptake
above the background level by baseline PET/CT scanning was required.
The target lesion was defined as the lesion with the highest 18F-FDG
uptake, with no restrictions regarding tissue or organ type (i.e., local recur-
rence, lymph node and organ metastases). Following PERCIST 1.0, the
metabolic volume of a target lesion for calculating the SUVpeak corrected
for lean body mass was 1mL. Patients received a single course (28 d) of
osimertinib (80mg daily). The early metabolic response was evaluated per
PERCIST (9) by a second 18F-FDG PET/CT scan, which per protocol was
scheduled between days 15 and 28. Patients with a metabolic response con-
tinued taking osimertinib until progression or withdrawal of consent.
Patients without a metabolic response were offered standard-of-care ther-
apy (Supplemental Fig. 1A). The primary study endpoint was the rate of
metabolic responses to osimertinib, which was assessed using a modified

Simon 2-stage design. Methods are further detailed in the supplemental
materials (13–19).

RESULTS

From May 2019 to June 2021, 23 patients were screened, and
14 patients (50% female; median age, 69.6 y [range, 50.6–81.8 y])
were enrolled at 2 sites (Supplemental Fig. 1B; Table 1). Screen-
ing failures were due to detection of EGFR p.T790M in the central
liquid biopsy (n 5 4), other exclusion criteria (n 5 2), patient
refusal, and rapid clinical deterioration (1 patient each). Of note, a
suitable 18F-FDG–avid lesion could be detected in all screening
18F-FDG PET/CT scans. We report clinical follow-up as of
January 2023, with a median follow-up time of 27mo (range
of censored overall survival events, 16.6–34.2mo). Twelve of
14 patients were evaluable for metabolic response. Two patients
progressed clinically before the planned 18F-FDG PET/CT

TABLE 1
Patient Characteristics (n 5 14)

Characteristic n %

Sex

Female 7 50

Male 7 50

Age at initial diagnosis*

,60 5 35.7

60–75 7 50

$75 2 14.3

ECOG performance status

0 7 50

1 7 50

Histology: adenocarcinoma 14 100

Initial stage

I–III (with later recurrence) 3 21.4

IV 11 78.6

Prior first- or second-generation TKI

Afatinib 11 78.6

Afatinib, then gefitinib 1 7.1

Erlotinib 2 14.3

Prior treatment lines

1 8 57.1

2 4 28.6

3 or 4 2 14.3

TP53 comutation

Wild type 9 64.3

Mutation 5 35.7

*Median, 69.5 y; range, 50–82 y.
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FIGURE 1. Response according to PERCIST and molecular profile.
(Top) Relative change in SUVpeak corrected for lean body mass (SULpeak)
on days 15–28 of osimertinib treatment (n 5 12). Two patients (patients 1
and 2) were not evaluable because of clinical progression before protocol-
defined metabolic response assessment. Patient responses were catego-
rized according to PERCIST as metabolic response (green), metabolically
stable disease (yellow), and metabolically progressive disease (orange).
(Bottom) Somatic gene mutations detected in tumor and liquid biopsies
from each patient, including 2 patients (patients 1 and 2) with rapid dis-
ease progression not preceding second 18F-FDG PET (left). Color-coded
boxes indicate genomic alterations detected in tissue-derived DNA and
circulating free DNA of respective patient (blue 5 EGFR mutations;
magenta 5 TP53, KEAP1, STK11 mutations; green 5 MET, EGFR,
ERBB2 copy number gain; brown5 KRAS p.G12C mutation). Lighter col-
ors indicate alterations detected at low variant allele frequencies.
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evaluation and were taken off the study. PET/CT was performed
after a median of 21.5 d (interquartile range, 2.75 d; range, 13–31 d).
Five patients of the intention-to-treat population (36%) achieved
metabolic responses and continued study therapy (Figs. 1 and 2). At
12mo, all 5 metabolic responders (100%) were still on treatment
(Fig. 3). Median progression-free survival in these patients continu-
ing study therapy was 18.7mo (4 progression-free survival events;
95% CI, 14.6mo to not estimable; Kaplan–Meier plot in Supplemen-
tal Fig. 2A). The protocol allowed continuation of osimertinib
beyond progression in patients who maintained clinical benefit. All 4
metabolically responding patients who eventually experienced a
progression-free survival event per RECIST continued osimertinib
(Fig. 3). With 3 patients still on treatment, the median time to treat-
ment failure in metabolic responders has not been reached.
Postprogression biopsies in 2 patients revealed potential mecha-

nisms of osimertinib resistance, thus confirming the selective pres-
sure of PET response–informed treatment: the EGFR p.C797S
resistance mutation (20) was identified in an adrenal metastasis
from 1 patient progressing on osimertinib. Subsequently, this patient
responded to gefitinib reexposure. Phenotypic transformation from
adenocarcinoma to large cell neuroendocrine lung cancer was con-
firmed in another patient progressing on osimertinib, who was sub-
sequently managed with chemoimmunotherapy.
Early assessment of metabolic response was highly predictive

of survival outcomes (Fig. 4; Supplemental Fig. 2): metabolic
responders clearly had superior overall survival (only 1 death at

41.5mo, P 5 0.011 compared with
patients with stable or progressive disease
per PERCIST). Metabolically stable dis-
ease per PERCIST selected a subgroup
with an intermediate prognosis. Three
patients in this group—all experiencing a
minor reduction in metabolic activity on
18F-FDG PET/CT—continued osimertinib
outside the study (median progression-free
survival, 7.2mo). Patients with metaboli-
cally progressive disease had poor out-
comes (Fig. 4).
The presence of the EGFR p.T790M resis-

tance mutation in circulating free DNA was
excluded in all patients by centrally per-
formed next-generation sequencing (21). In
addition, biobanked blood samples from
study patients were retrospectively analyzed
using highly sensitive Avenio circulating free
DNA technology (Roche). This revealed a
complex genomic environment including
potential resistance mechanisms such as copy
number gains of MET, EGFR, and ERBB2,
and KRAS and CDKN2A mutations. No met-
abolically responding patient exhibited muta-
tions in TP53 and STK11 or in MET and
ERBB2 copy number gain (Fig. 1; Supple-
mental Fig. 3). In a single metabolically
responding patient, the EGFR p.T790M
mutation was retrospectively detected at a
very low variant allele frequency (variant
allele frequency, 0.78%) as compared with
the original activating EGFR exon 19 indel
(variant allele frequency, 1.6%). Of note,

oncogenic KRAS p.G12C mutations were detected at low variant allele
frequencies (0.23%–1.5%) in 7 patients. Only one of these patients
(variant allele frequency, 0.23%) achieved a PERCIST response to osi-
mertinib. Interestingly, patients not achieving a metabolic response to
osimertinib had comutations of TP53, STK11, and KEAP1, and copy
number gains of MET, ERBB2, and EGFR. Also, KRAS mutations
were detected at low variant allele frequencies.

DISCUSSION

The study THEROS provides proof of concept for the utility of
early metabolic response evaluation by 18F-FDG PET/CT as a pre-
dictor of clinical benefit from sequenced EGFR TKI therapy in
patients with EGFR-mutated NSCLC. Currently, targeted therapy
of NSCLC is offered on the basis of predictive genomic biomark-
ers. Although the predictive specificity of this approach is strong
for first-line therapy, a targeted approach to next-line therapy is
less developed. Using the well-defined clinical setting of acquired
resistance to first- or second-generation EGFR TKI, we identified
a considerable risk of withholding effective targeted therapy to
biomarker-negative patients. Early metabolic response by 18F-
FDG PET/CT was highly predictive of a patient population
benefitting from sequenced osimertinib despite not demonstrating
the appropriate predictive genomic biomarker, EGFR p.T790M.
To our knowledge, this was the first prospective study to

explore a theranostic approach toward personalizing next-line ther-
apy in patients with EGFR-mutant NSCLC acquiring resistance to

Baseline
(patient ID 10)

Metabolic
response

Metabolic
progression

Baseline
(patient ID 4)

FIGURE 2. Representative 18F-FDG PET/CT images from 2 patients illustrating partial response
(top) and progressive disease (bottom) per PERCIST. At baseline, patient 10 had SUVpeak corrected
for lean body mass of 18.8, which was reduced to 7.2 (233%) by 1cycle of osimertinib, whereas
patient 4 increased from 9.2 at baseline to 15.6 at second imaging time point (182%). ID 5 identifi-
cation number.
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EGFR TKI treatment of unknown mechanism. We showed that
patients achieving an early metabolic response under theranostic
short-term osimertinib treatment may derive a dramatic long-term clin-
ical benefit. A key limitation of this proof-of-concept study is its mod-
est cohort size. The introduction of early PET response assessment in
prospective clinical studies of next-line TKI therapies is required to
establish this novel theranostic approach in clinical practice.

In post hoc analyses, we have character-
ized the genomic landscape of our study
patients with EGFR TKI resistance of
unknown mechanism. Interestingly, patients
not achieving a metabolic response to osi-
mertinib had comutations of TP53, STK11,
and KEAP1 and copy number gains of
MET, ERBB2, and EGFR. Also, KRAS
mutations were detected at low variant allele
frequencies. Because the functional signifi-
cance of these findings is unknown, they are
purely hypothesis-generating.

CONCLUSION

Early metabolic response per 18F-FDG
PET after short-course osimertinib is a
promising dynamic biomarker for personali-
zation of next-line therapy in EGFR-mutated
NSCLC with acquired resistance to EGFR
TKI. Next to EGFR-mutated NSCLC, this
predictive paradigm could be translated to
further settings of NSCLC with dominant
driver oncogenes, in which multiple, non–
cross-resistant targeted agents are available.
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FIGURE 3. Individual treatment trajectories of study patients. Duration of each treatment line before
study enrollment (left of vertical black line indicating day 0 of study entry), study treatment, and post-
progression treatment (right of vertical black line) is represented on x-axis. Individual treatment lines are
color-coded (green5 first- and second-generation EGFR-TKI; blue5 osimertinib [study treatment and
treatment beyond progression]; yellow 5 chemotherapy; orange 5 chemoimmunotherapy; purple 5

immunotherapy). Dashed red vertical lines indicate timing of protocol-defined metabolic response
assessment per 18F-FDG PET/CT. Within each patient trajectory, arrows indicate ongoing osimertinib
treatment at data cutoff (study treatment or treatment beyond progression). Red vertical bars indicate
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KEY POINTS

QUESTION: Can early metabolic response evaluation by 18F-FDG
PET/CT serve as a predictor of clinical benefit from sequenced
TKI therapy in patients with EGFR-mutated NSCLC?

PERTINENT FINDINGS: 18F-FDG PET after short-course
osimertinib treatment identified patients with unknown
mechanisms of TKI resistance deriving dramatic clinical
benefit from sequenced osimertinib.

IMPLICATIONS FOR PATIENT CARE: The study provides proof
of concept that early metabolic response assessment by 18F-FDG
PET can be used as a novel paradigm for personalization of
multiple lines of targeted therapies in patients with driver
oncogene-dependent NSCLC.

REFERENCES

1. Sequist LV, Waltman BA, Dias-Santagata D, et al. Genotypic and histological evo-
lution of lung cancers acquiring resistance to EGFR inhibitors. Sci Transl Med.
2011;3:75ra26.

2. Chabon JJ, Simmons AD, Lovejoy AF, et al. Circulating tumour DNA profiling
reveals heterogeneity of EGFR inhibitor resistance mechanisms in lung cancer
patients. Nat Commun. 2016;7:11815.

3. Zhao Y, Murciano-Goroff YR, Xue JY, et al. Diverse alterations associated with
resistance to KRAS(G12C) inhibition. Nature. 2021;599:679–683.

4. Dagogo-Jack I, Brannon AR, Ferris LA, et al. Tracking the evolution of resistance
to ALK tyrosine kinase inhibitors through longitudinal analysis of circulating
tumor DNA. JCO Precis Oncol. 2018:2018:PO.17.00160.

5. Wu Y-L, Cheng Y, Zhou J, et al. Tepotinib plus gefitinib in patients with EGFR-
mutant non-small-cell lung cancer with MET overexpression or MET amplification
and acquired resistance to previous EGFR inhibitor (INSIGHT study): an open-label,
phase 1b/2, multicentre, randomised trial. Lancet Respir Med. 2020;8:1132–1143.

6. J€anne PA, Yang JC-H, Kim D-W, et al. AZD9291 in EGFR inhibitor–resistant
non–small-cell lung cancer. N Engl J Med. 2015;372:1689–1699.

7. Yu HA, Arcila ME, Rekhtman N, et al. Analysis of tumor specimens at the time of
acquired resistance to EGFR-TKI therapy in 155 patients with EGFR-mutant lung
cancers. Clin Cancer Res. 2013;19:2240–2247.

8. Mok TS, Wu Y-L, Ahn M-J, et al. Osimertinib or platinum–pemetrexed in EGFR
T790M–positive lung cancer. N Engl J Med. 2017;376:629–640.

9. Wahl RL, Jacene H, Kasamon Y, Lodge MA. From RECIST to PERCIST: evolving
considerations for PET response criteria in solid tumors. J Nucl Med. 2009;50(suppl 1):
122S–150S.

10. Decoster L, Schallier D, Everaert H, et al. Complete metabolic tumour
response, assessed by 18-fluorodeoxyglucose positron emission tomography
(18FDG-PET), after induction chemotherapy predicts a favourable outcome
in patients with locally advanced non-small cell lung cancer (NSCLC). Lung
Cancer. 2008;62:55–61.

11. P€ottgen C, Gauler T, Bellendorf A, et al. Standardized uptake decrease on [18F]-
fluorodeoxyglucose positron emission tomography after neoadjuvant chemotherapy
is a prognostic classifier for long-term outcome after multimodality treatment: sec-
ondary analysis of a randomized trial for resectable stage IIIA/B non–small-cell
lung cancer. J Clin Oncol. 2016;34:2526–2533.

12. Zander T, Scheffler M, Nogova L, et al. Early prediction of nonprogression in
advanced non–small-cell lung cancer treated with erlotinib by using [18F]fluoro-
deoxyglucose and [18F]fluorothymidine positron emission tomography. J Clin
Oncol. 2011;29:1701–1708.

13. Boellaard R, Delgado-Bolton R, Oyen WJG, et al. FDG PET/CT: EANM proce-
dure guidelines for tumour imaging: version 2.0. Eur J Nucl Med Mol Imaging.
2015;42:328–354.

14. Ivanova A, Deal AM. Two-stage design for phase II oncology trials with relaxed
futility stopping. Stat Interface. 2016;9:93–98.

15. Oxnard GR, Thress KS, Alden RS, et al. Association between plasma genotyping
and outcomes of treatment with osimertinib (AZD9291) in advanced non–small-
cell lung cancer. J Clin Oncol. 2016;34:3375–3382.

16. Wickham H. ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag; 2016.
17. Wickham H, Averick M, Bryan J, et al. Welcome to the tidyverse. J Open Source

Softw. 2019;4:1686.
18. Therneau TM. A package for survival analysis in S. Mayo Clinic website. https://

www.mayo.edu/research/documents/tr53pdf/DOC-10027379. Published February
1999. Accessed March 18, 2024.

19. Drawing survival curves using ggplot2. R Packages website. https://rpkgs.
datanovia.com/survminer/reference/ggsurvplot.html. Accessed March 18, 2024.

20. Thress KS, Paweletz CP, Felip E, et al. Acquired EGFR C797S mutation mediates
resistance to AZD9291 in non–small cell lung cancer harboring EGFR T790M.
Nat Med. 2015;21:560–562.

21. B€uttner R, Wolf J, Kron A. Nationales Netzwerk Genomische Medizin. The
national Network Genomic Medicine (nNGM): Model for innovative diagnostics
and therapy of lung cancer within a public healthcare system [in German]. Patho-
loge. 2019;40:276–280.

EARLY METABOLIC RESPONSE PREDICTS SENSITIVITY % Schuler et al. 855



F E A T U R E D C L I N I C A L I N V E S T I G A T I O N A R T I C L E

68Ga-NC-BCH Whole-Body PET Imaging Rapidly Targets
Claudin18.2 in Lesions in Gastrointestinal Cancer Patients
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68Ga-labeled nanobody (68Ga-NC-BCH) is a single-domain antibody–
based PET imaging agent. We conducted a first-in-humans study of
68Ga-NC-BCH for PET to determine its in vivo biodistribution, metabo-
lism, radiation dosimetry, safety, and potential for quantifying claudin-
18 isoform 2 (CLDN18.2) expression in gastrointestinal cancer
patients. Methods: Initially, we synthesized the probe 68Ga-NC-BCH
and performed preclinical evaluations on human gastric adenocarci-
noma cell lines and xenograft mouse models. Next, we performed a
translational study with a pilot cohort of patients with advanced gas-
trointestinal cancer on a total-body PET/CT scanner. Radiopharma-
ceutical biodistribution, radiation dosimetry, and the relationship
between tumor uptake and CLDN18.2 expression were evaluated.
Results: 68Ga-NC-BCH was stably prepared and demonstrated good
radiochemical properties. According to preclinical evaluation,68Ga-
NC-BCH exhibited rapid blood clearance, high affinity for CLDN18.2,
and high specific uptake in CLDN18.2-positive cells and xenograft
mouse models. 68Ga-NC-BCH displayed high uptake in the stomach
and kidney and slight uptake in the pancreas. Compared with 18F-FDG,
68Ga-NC-BCH showed significant differences in uptake in lesions with
different levels of CLDN18.2 expression. Conclusion: A clear correla-
tion was detected between PET SUV and CLDN18.2 expression, sug-
gesting that 68Ga-NC-BCH PET could be used as a companion
diagnostic tool for optimizing treatments that target CLDN18.2 in
tumors.

KeyWords: 68Ga-NC-BCH; PET; CLDN18.2; gastrointestinal cancers
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Gastrointestinal cancer is a global disease that seriously
endangers human public health. In 2018, gastrointestinal cancers

accounted for approximately 4.8 million new cases of cancer and
3.4 million deaths worldwide, or more than a quarter of the total
cancer incidence and more than one third of the total cancer-
related mortality, respectively (1). Because of the insidiousness of
early symptoms, most gastrointestinal cancers are diagnosed at an
advanced stage, often leading to a poor prognosis and increased
mortality.
Claudin-18 isoform 2 (CLDN18.2) is a subtype of CLDN18, a

member of the tight junction protein family (2). CLDN18.2 is
involved in the formation of intercellular adhesion structures, cell
polarity control, paracellular transport, tissue permeability regula-
tion, and signal transduction (3). Generally, its expression is
strictly limited to the normal gastric mucosa; however, CLDN18.2
can also be abnormally activated during the appearance, metasta-
sis, and invasion of gastrointestinal malignancies such as stomach,
colon, pancreatic, esophageal, ovarian, and lung tumors (4–6). The
randomized phase IIb study showed that zolbetuximab in combi-
nation with epirubicin plus oxaliplatin plus capecitabine improved
overall survival and progression-free survival in patients with
higher CLDN18.2 expression (.70%) relative to those with lower
CLDN18.2 expression (40%–69%) (7). Therefore, the detection of
CLDN18.2 expression levels is essential for identifying patients
who can achieve greater clinical benefit.
To date, there is no standard test for CLDN18.2, and most

detection methods involve immunohistochemistry (8). Immunohis-
tochemistry is an invasive process that covers only a small amount
of tissue and does not reflect the heterogeneity of CLDN18.2
expression within the tumor. Previously, we reported the first—to
our knowledge—clinical results of the 124I-labeled CLDN18.2
humanized monoclonal antibody 124I-18B10(10L), which showed
that CLDN18.2 can be detected in tumor lesions (9). However, the
large molecular weight of the monoclonal antibodies results in a
long imaging cycle that cannot be completed in a day. Single-
domain antibodies are the smallest antibody units with complete
functions, stability, and binding antigens; a molecular weight of
approximately 15 kDa; and a short circulating half-life in the body
with rapid blood clearance, allowing for the matching of radionu-
clides with short half-lives for same-day PET imaging (10, 11).
In this study, we constructed the single-domain antibody molecu-

lar probe, 68Ga-labeled nanobody (68Ga-NC-BCH). With the advan-
tages of whole-body PET, we initiated an open-label, single-center,
single-arm, first-in-humans phase 0 trial to study the safety, systemic
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distribution and dosimetry, and CLDN18.2-targeting ability of 68Ga-
NC-BCH in patients with gastrointestinal tumors. We focused on
assessing whole-body physiologic CLDN18.2 expression and tumor
uptake and exploring its main relationship with patient prognosis
before and after anti-CLDN18.2 therapy using 68Ga-NC-BCH.

MATERIALS AND METHODS

Cell and Animal Models
The human gastric adenocarcinoma cell AGS was obtained at

Peking University Cancer Hospital and Institute. The AGSCLDN18.2

cell line was generated by transfection with the full-length CLDN18.2.
All animal experiments were performed in accordance with the guide-
lines of the Peking University Institutional Animal Care and Use
Committee (approval number EAEC 2022-01).

Small-Animal PET/CT Protocol
Normal Kunming mice and AGSCLDN18.2/AGS model nude mice

were injected with 7.4 MBq of 68Ga-NC-BCH via the tail vein (n 5 3).
Then, 10-min static PET scans were acquired at each time point. Imag-
ing was performed with a small-animal PET/CT scanner (Super Nova
PET/CT; PINGSENG).

Patient Enrollment
The study was approved by the Medical Ethics Committee of the

Peking University Cancer Hospital and registered at ClinicalTrials.gov
(NCT02760225). All patients signed informed consent forms. All pro-
cedures performed in studies involving human participants complied
with the ethical standards of institutional or national research councils
and the 1964 Declaration of Helsinki and its subsequent amendments
or similar ethical standards.

68Ga-NC-BCH PET/CT Scanning
All imaging was performed on a whole-body PET/CT uEXPLORER

scanner (United Imaging). No specific preparation was required for
patients. An intravenously administered dose of 68Ga-NC-BCH (101.996
44.65 MBq; range, 56.61–177.97 MBq) was used. Five patients under-
went dynamic PET/CT imaging. A low-dose CT scan (120 kV, 50 mA,
5-mm slices) was first performed, and then the dynamic PET acquisition
was started upon injection of the tracer.

RESULTS

Synthesis and Characterization of 68Ga-NC-BCH
The molecular weight of the obtained primary single-domain anti-

body, CLDN18.2-targeting nanobody (ACN376), was defined as
16,075 atomic mass units. The molecular weight of ACN376-
GGGGC was determined to be 15,380 atomic mass units (Supplemen-
tal Figs. 1A, 1B, and 1D; supplemental materials are available at
http://jnm.snmjournals.org). Maleimidomonoamide-NOTA was site-
specifically conjugated to ACN376-GGGGC via the maleimide-thiol
reaction (Supplemental Fig. 2A). NOTA-ACN376 was obtained with
an average NOTA–to–single-domain antibody ratio of approximately
1:1 (Supplemental Fig. 1C). 68Ga-NC-BCH was produced with a
radiochemical yield of more than 95% and a radiochemical purity of
more than 98%. The in vitro stability of 68Ga-NC-BCH in 0.01 M
phosphate-buffered saline and 5% human serum albumin was demon-
strated by a radiochemical purity of more than 98% over 6 h (Supple-
mental Fig. 3). The quality control results are shown in Supplemental
Table 1.

Saturation Binding Affinity and Cellular Uptake
The binding potency of 68Ga-NC-BCH to the CLDN18.2 protein

was detected with a dissociation constant of 27.85 nmol/L

(Supplemental Fig. 2B). Flow cytometry experiments revealed that
80.2% of the cells in the AGSCLDN18.2 group were positively stained
with anti-CLDN18.2 antibody (1D5; 1D5 refers to the CLDN18.2
monoclonal antibody used for flow cytometry analysis). Western
blotting results confirmed that the expression of CLDN18.2 in
AGSCLDN18.2 cells significantly differed from that in AGS cells, and
the relative expression of CLDN18.2 in the AGSCLDN18.2 and AGS
cell lines was 0.94 6 0.16 and 0.28 6 0.06, respectively (P 5
0.0027; Supplemental Figs. 4A–4C). The results of the cellular
experiment showed that uptake of 68Ga-NC-BCH in AGSCLDN18.2

cells increased in a time-dependent manner (2.79% 6 0.39% at
10 min, 3.43% 6 0.24% at 30 min, 3.89% 6 0.25% at 60 min, and
4.04% 6 0.18% at 120 min), whereas no significant changes were
observed in the AGS group (0.96% 6 0.10% at 10 min, 0.68% 6
0.11% at 30 min, 0.63% 6 0.26% at 60 min, and 0.83% 6 0.07% at
120 min). Moreover, an excess of unlabeled ACN376 and TST001
significantly blocked the uptake of 68Ga-NC-BCH (3.89% 6 0.25%
vs. 0.77% 6 0.12% vs. 0.93% 6 0.09% at 60 min and 4.04% 6
0.18% vs. 0.69% 6 0.11% vs. 1.07% 6 0.25% at 120 min,

FIGURE 1. 68Ga-NC-BCH PET images of mice bearing AGSCLDN18.2 and
AGS tumors. Block 5 incubation with 1 mg of TST001 in mice bearing
AGSCLDN18.2 xenografted 24 h in advance.

CLDN18.2 MOLECULAR IMAGING FOR CANCER % Qi et al. 857



respectively) (Supplemental Fig. 2C). Uptake of 68Ga-NC-BCH by
AGSCLDN18.2 cells at 120 min was 4.93-fold greater than that by
AGS cells and 5.86-fold greater than that by the blocking group.

Small-Animal PET/CT Imaging and Immunohistochemistry Study
High uptake in the stomach was observed via static ex vivo

imaging and a PET/CT image of Kunming mice spanning 1 h
(Supplemental Fig. 5).
Small-animal PET/CT images of AGSCLDN18.2 tumor–bearing

mice, AGSCLDN18.2 tumor–bearing mice pretreated with the antibody

TST001 (1 mg) for 24 h, and AGS tumor–bearing mice were
obtained at 30, 60, 120, and 240 min after injection of 68Ga-NC-BCH
(Fig. 1). The kidney SUVmean at 1 h after injection was 14.56 6 0.29
in the AGSCLDN18.2 group, 11.87 6 0.16 in the AGSCLDN18.2 block-
ing group, and 8.80 6 0.32 in the AGS group. The SUVmean of the
stomach at 1 h after injection was 2.43 6 0.09 in the AGSCLDN18.2

group, 1.65 6 0.03 in the AGSCLDN18.2 blocking group, and 1.67
6 0.01 in the AGS group. The SUVmean in the AGSCLDN18.2,
AGSCLDN18.2 blocking, and AGS groups at 1 h after injection was
1.14 6 0.01, 0.54 6 0.01, and 0.42 6 0.03, respectively. The tumor-

to-muscle ratios at each time point after
injection of 68Ga-NC-BCH were significantly
greater than those of the other control groups,
and at 2 h after injection, the tumor-to-
muscle ratio reached its maximum of 34.86
6 4.68 (Supplemental Fig. 6A). The results
of immunohistochemistry revealed high
and homogeneous CLDN18.2 expression in
AGSCLDN18.2 tumors, whereas AGS xeno-
graft tumors were negative for CLDN18.2.
The gastric mucosa of AGSCLDN18.2 and
AGS tumor–bearing mice showed substan-
tially positive expression of CLDN18.2
(Supplemental Fig. 6C).

Biodistribution, Pharmacokinetics, and
Safety Study
The biodistribution of 68Ga-NC-BCH in

AGSCLDN18.2 and AGS tumor–bearing
mice and the pharmacokinetics study in
Kunming mice are presented in Supple-
mental Figure 6. At 2 h after injection, the
stomachs of the mice in all 3 groups
exhibited relatively high uptake (6.04 6

0.66 percentage injected dose [%ID]/g in
the AGSCLDN18.2 group, 6.36 6 1.43
%ID/g in the AGS group, and 4.96 6 0.04
%ID/g in the blocking group). The uptake
value of the kidney was higher than that of
the stomach (194.86 6 5.56 %ID/g in the
AGSCLDN18.2 group, 128.79 6 0.64 %ID/g

TABLE 1
Patient Characteristics

Patient no. Age (y) Sex Weight (kg) Clinical stage CLDN18.2-targeted therapy before PET

1 60 M 61 cT4aN1M1 No

2 30 F 54 cT3N3M1 No

3 68 F 58 cT4bN2M1 No

4 40 M 69 cT4N2M1 No

5 51 F 52 T3N2M0 No

6 37 M 59 pT2N1Mx Yes

7 41 M 60 cT4bNxM1 Yes

8 31 F 41 pT4aN3a No

9 28 F 47 T4aN3aM1 Yes

10 31 F 43 pT3N1M1 Yes

11 37 F 55 cT4aN2M0 Yes

FIGURE 2. (A) Dynamic changes in SUVmean of selected organs at 0–42 min (n5 5). (B) Rank order-
ing of 68Ga-NC-BCH uptake in different organs indicated by SUVmean at 42 min (n 5 5). (C) Pilot
translational study on dynamic total-body PET/CT imaging of 68Ga-NC-BCH illustrating time distribu-
tion of radiotracers within tumors to optimize imaging window.
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in the AGS group, and 129.70 6 8.55 %ID/g in the blocking group).
Tumor uptake in the AGSCLDN18.2 tumor–bearing mice was greater
(6.61 6 0.41 %ID/g) than that in the AGS group (0.39 6 0.13 %ID/
g) and the blocking group (1.696 0.84 %ID/g). The pharmacokinetics
study showed that 68Ga-NC-BCH was cleared quickly from the blood,
with a half-life of 22.77 min. After the injection of excess 68Ga-NC-
BCH (18.5 MBq, 925 MBq/kg), no obvious toxicity was observed in
terms of body weight (Supplemental Fig. 7), blood biochemical para-
meters (Supplemental Table 2; Supplemental Fig. 8), or hematoxylin
and eosin staining of main organ tissue slides (Supplemental Fig. 9).

68Ga-NC-BCH Dosimetry and Biodistribution
Between July 2022 and November 2022, 11 patients were

enrolled: 10 with advanced gastric cancer and 1 with advanced
colon cancer. Among all patients, the expression of CLDN18.2
was 40% or above. Patient characteristics are shown in Table 1.
No tracer-related adverse events were observed in any patients
after injection of 68Ga-NC-BCH.
All 11 patients underwent 68Ga-NC-BCH PET/CT. The injec-

tion dose of 68Ga-NC-BCH was 101.99 6 44.65 MBq (range,
56.61–177.97 MBq). The highest organ dose values for 68Ga-NC-
BCH were estimated to be for the kidneys, gallbladder, stomach,
spleen, and liver. The effective dose of 68Ga-NC-BCH was esti-
mated to be 0.042 6 0.02 mSv/MBq (Supplemental Table 3),
which was lower than the radiation dose used for conventional
18F-FDG PET/CT (7.0–14.0 mSv) (12). Whole-body PET reduces
the total radiation dose and facilitates translational research on this
new type of radiopharmaceutical.
Five patients were subjected to dynamic scanning via total-body

full-motion PET/CT scans. A 42-min whole-body static PET/CT
scan was selected to determine the SUVmean in the major organs
of these 5 participants. The dynamic curve showed that the 68Ga-
NC-BCH activity in the selected organs increased rapidly and
gradually decreased to a steady state over time except in the sto-
mach and kidneys (Fig. 2A). A static total-body PET/CT scan at
60 min was selected to determine the SUVmean of the main organs
in all 5 participants (Fig. 2B). Except for the stomach wall, the
SUVmean for 68Ga-NC-BCH in normal tissues (including the
spleen, pancreas, liver, brain, and ovaries) was extremely low, as
is consistent with previous reports of immunohistochemistry staining
of healthy human tissues (6). Since single-domain antibodies are
excreted from the body through the kidneys, the probe exhibited
strong renal retention in humans. The SUVmean of the positive lesions
gradually increased over time from 0 to 58 min (Fig. 2C). The
temporal radioactivity curve of the mediastinal metastatic lymph

nodes and stomach wall showed a gradual
upward trend, and radiotracer accumulation
gradually increased over time (Supplemen-
tal Fig. 10B).
Surprisingly, all patients with preserved

gastric walls had significantly greater
uptake of imaging agents in the gastric
mucosa (Supplemental Fig. 10A). To our
knowledge, this was the first study in
which whole-body PET has shown sto-
mach accumulation of a radioactive tracer
targeting CLDN18.2 in humans.

Tumor 68Ga-NC-BCH Uptake and
Correlation
In total, 215 CLDN18.2-positive lesions

were detected in 9 (9/11, 81.8%) patients by 68Ga-NC-BCH
PET/CT, including 4 patients who had not received CLDN18.2-tar-
geted therapy before imaging and 5 patients who had. The mean
SUVmax of positive lesions detected by 68Ga-NC-BCH PET/CT did
not significantly differ among different locations (Fig. 3A). Positive
lesions were detected in all patients who had received CLDN18.2-
targeted therapy before imaging; these lesions were distributed in the
lymph nodes, peritoneum, abdominal muscle, and subcutaneous tis-
sue. The other 4 patients, who had not received CLDN18.2-
targeted therapy, had positive lesions distributed among the lymph
nodes, peritoneum, liver, bone, and ovaries. The mean SUVmax

of positive lesions in patients without prior CLDN18.2-targeted ther-
apy was significantly greater than that in treated patients (Fig. 4B).
The CLDN18.2 expression intensity was 11 or 111 in all

patients enrolled in the study. 68Ga-NC-BCH–positive lesions

FIGURE 3. (A) Tumor uptake of 68Ga-NC-BCH in different metastatic lesions. (B) Comparison of
tumor-to-liver ratio between 68Ga-NC-BCH and 18F-FDG. (C) Comparison of tumor-to-nontumor
ratio between 68Ga-NC-BCH and 18F-FDG in different metastatic lesions. *P , 0.05. **P , 0.01. ns 5

not statistically significant.

FIGURE 4. (A) Box plot of 68Ga-NC-BCH SUVmax and
18F-FDG SUVmax

for all lesions in 11 patients with CLDN18.2 111 and CLDN18.2 11 by
immunohistochemistry staining. (B) Box plot of 68Ga-NC-BCH for all
lesions in 11 patients with CLDN18.2-targeted therapy and without
CLDN18.2-targeted therapy. Data are mean 6 SD.***P , 0.001. ns 5 not
statistically significant.
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were detected in 9 patients, including 4 patients with 11
CLDN18.2 expression and 5 patients with 111 expression. The
positive lesions were distributed in the liver, lymph nodes, bone,
peritoneum, pleura, abdominal muscle, and ovaries (Table 2).
68Ga-NC-BCH uptake was highest in liver metastases, followed
by lymph nodes and bone. There were statistically significant dif-
ferences in SUVmax between patients with 11 and 111
CLDN18.2 expression in positive lesions (Fig. 4A). Moreover,
there was no significant difference in the SUVmax of the lesions
that were positive on 18F-FDG PET/CT regardless of the expres-
sion intensity of CLDN18.2 or whether the patients had received

CLDN18.2-targeted treatment. Moreover,
CLDN18.2 expression differed among
metastatic lesions from the same patient
(Fig. 5).

68Ga-NC-BCH PET/CT and 18F-FDG
PET/CT
In total, 225 lesions were positive on

68Ga-NC-BCH PET/CT, distributed in the
liver, lymph nodes, bone, peritoneum,
pleura, abdominal muscle, and ovaries. In
total, 209 lesions were positive on 18F-
FDG PET/CT, distributed in the liver,
lymph nodes, bone, peritoneum, abdomi-
nal muscle, and ovaries. There was a
significant difference in the tumor-to-
nontumor (T/NT) ratio between all posi-
tive lesions detected by the 2 methods.
According to a subgroup analysis of the
T/NT ratio comparing metastatic lesions at
different sites, the T/NT ratio of the lymph
nodes and peritoneal metastases detected

by 68Ga-NC-BCH PET/CT was significantly greater than that
detected by 18F-FDG PET/CT (Figs. 3B and 3C). 68Ga-NC-BCH
PET/CT was also able to detect small peritoneal and pleural
metastases well. Patient 9, a woman with advanced gastric cancer,
had a CLDN18.2 expression level of 40%, 21. The left pleural met-
astatic nodule and thickened peritoneum did not show obvious uptake
on 18F-FDG PET/CT, whereas 68Ga-NC-BCH PET/CT showed high
uptake (SUVmax, 3.1 and 5.7). 68Ga-NC-BCH PET/CT was also
effective at detecting the expression of CLDN18.2 in colon cancer
metastases. Patient 4, a man with colon cancer, had a CLDN18.2
expression level of 40%, 31. On 18F-FDG PET/CT, abdominal meta-
static lymph nodes showed mild uptake, whereas the same lymph
nodes on 68Ga-NC-BCH PET/CT showed high uptake (SUVmax,
1.4 vs. 5.6) (Figs. 6A and 6B). Typical cases are shown in Supple-
mental Figure 11.
The log-rank method was used to test the difference in survival

time distribution between the 2 groups. There was no significant
difference in survival time distribution between patients with differ-
ent CLDN18.2 expression levels (P 5 0.2988) and no significant
difference in clinical stage between the 2 groups (P 5 0.2599).
Moreover, there was no significant difference in survival time
between the 2 groups (P 5 0.1865, SUVmax $ 2.5 vs. SUVmax

, 2.5; Fig. 7).

DISCUSSION

Several forms of CLDN18.2-targeting therapeutic agents,
including monoclonal antibodies, antibody–drug conjugates, and
chimeric antigen receptor T (CAR-T) cell therapies, are currently
undergoing clinical trials worldwide (13, 14). Our group previ-
ously published interim results of a phase I clinical trial of
CLDN18.2-specific CAR-T cells, which showed that the overall
response rate and disease control rate of CAR-T cells reached
48.6% and 73.0%, respectively (14). Although CLDN18.2-targeting
therapy has achieved good results in clinical studies, we have also
noted that the expression level of CLDN18.2 affects therapeutic effi-
cacy to a certain extent.
In this study, we selected a single-domain antibody as a precursor

of the radiotracer and labeled it with the short-half-life nuclide 68Ga
based on its small molecular weight and short cycle time in vivo.

FIGURE 5. (A) Muscle metastases in right lower abdominal wall with mild elevated uptake. (B–D)
Multiple lymph node metastasis showing CLDN18.2 expression degree from low (B) to high (D) (left)
and imaging of 68Ga-NC-BCH of patient (right).

FIGURE 6. (A) Patient 9 was woman with advanced gastric cancer
whose CLDN18.2 expression level was 40%, 21. Left pleural metastatic
nodule (blue arrow) and thickened peritoneum (white arrow) did not show
obvious uptake on 18F-FDG PET/CT, whereas 68Ga-NC-BCH PET/CT
showed high uptake (SUVmax, 3.1 [red arrow] and 5.7 [green arrow]). (B)
Patient 4 was man with colon cancer whose CLDN18.2 expression level
was 40%, 31. On 18F-FDG PET/CT, abdominal metastatic lymph node
(white arrow) showed mild uptake, whereas same lymph nodes on 68Ga-
NC-BCH PET/CT (blue arrow) showed high uptake (SUVmax, 1.4 vs. 5.6).
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Compared with those of traditional antibodies, the rapid tissue pene-
tration and renal clearance rate of single-domain antibodies enable
high image contrast to be obtained within 1 h after probe injection,
allowing patients to complete the whole imaging workflow within
1 d, greatly increasing compliance and reducing radiation exposure.
A preclinical study indicated that 68Ga-NC-BCH has good affinity
for CLDN18.2 and can specifically bind to CLDN18.2-positive cells.
68Ga-NC-BCH was taken up strongly by the gastric mucosa in a
mouse model, indicating that the smaller molecular architecture
allows it to reach the insidious and dense CLDN18.2 epitope on the
gastric mucosa. However, since CLDN18.2 is typically buried in the
gastric mucosa, neither of the previous monoclonal antibody-based
probes—89Zr-DFO-TST001 and 124I-18B10(10L)—was available in
normal tissue (9, 15, 16). In addition to gastric organ and positive
tumors, probes have a high nonspecific radioactive accumulation in

the kidneys, as previously reported (17). The prominent renal uptake
is due to excretion of single-domain antibodies through the kidney–
urinary system. In addition, nonspecific tubular reuptake after
glomerular blood flow is another important factor contributing to
elevated renal uptake. Indeed, 68Ga-NC-BCH exhibited a longer
renal retention time (207.66 6 19.99 %ID/g, 2 h after injection) than
did other single-domain antibody tracers described in previous stud-
ies (17–19). The increase in nonspecific radioactive accumulation in
the kidneys can lead to high radiation doses in patients and may seri-
ously impede the diagnosis of small perirenal lesions.
Then, we described the results of the first, to our knowledge,

68Ga-NC-BCH PET/CT study on patients. According to dosimetry
studies, the effective radiation dose of 68Ga-NC-BCH was much
lower than that of 124I-18B10(10L). All results showed that 68Ga-
NC-BCH PET/CT is a safe, noninvasive imaging method for detect-
ing CLDN18.2 in patients receiving CLDN18.2-targeted therapy.
All 11 patients in the study underwent both 68Ga-NC-BCH

PET/CT and 18F-FDG PET/CT within 1 wk. There was a signifi-
cant difference in the T/NT ratio between all lesions positive on
the 2 methods. Surprisingly, in the subgroup analysis, the T/NT
ratio of the lymph nodes and peritoneal metastases detected
by 68Ga-NC-BCH PET/CT was significantly greater than that
detected by 18F-FDG PET/CT. Lymph nodes and the peritoneum
are the most common metastatic sites of advanced gastric cancer.
The T/NT ratio of lesions detected by 68Ga-NC-BCH PET/CT was
significantly greater, and this high ratio is more conducive to
lesion detection. 68Ga-NC-BCH PET/CT reflects the expression
level of CLDN18.2 in tumor lesions because the tracer is a
CLDN18.2-targeting single-domain antibody.
The study included patients who did or did not receive

CLDN18.2-targeted therapy before 68Ga-NC-BCH PET/CT. Uptake
in lesions receiving CLDN18.2-targeted therapy was higher than that
in lesions not receiving CLDN18.2-targeted therapy (P 5 0.2695).
This could be because after the first CLDN18.2-targeted therapy, the
lesions progressed approximately 1 y later; these advanced lesions
still highly expressed CLDN18.2, which also provided a basis for the
second CAR-T treatment. More significantly, results showed that
metastatic lesions with a higher CLDN18.2 expression level had a
higher SUVmax. This provides some basis for noninvasive detection
of CLDN18.2 expression levels in the future.
There were several limitations to the study. First, the small sam-

ple size of patients may impede the comprehensive performance
of the radiotracer. Also, the small sample challenges us to accu-
rately assess 68Ga-NC-BCH uptake in primary gastric tumors
because of interference with physiologic uptake in the gastric
mucosa and therapeutic response.

CONCLUSION

We developed a CLDN18.2-specific single-domain antibody
nuclide probe that enables same-day PET imaging, and we demon-
strated this ability using whole-body PET. Uptake of 68Ga-NC-BCH
correlated significantly with the expression level of CLDN18.2.
68Ga-NC-BCH PET/CT has great potential in the selection of
CLDN18.2-targeted therapy strategies and the monitoring of treat-
ment responses by systematically quantifying the systemic expres-
sion of CLDN18.2.
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KEY POINTS

QUESTION: How can CLDN18.2 expression be detected rapidly
and accurately in gastrointestinal cancer patients?

PERTINENT FINDINGS: We demonstrated the feasibility of
68Ga-NC-BCH for quantifying CLDN18.2 levels in preclinical
models and in patients, in whom a high affinity for CLDN18.2
was detected.

IMPLICATIONS FOR PATIENT CARE: 68Ga-NC-BCH can be
used to image CLDN18.2-positive tumors and identify patients
with high CLDN18.2 expression as potential candidates for
targeted therapy through noninvasive PET imaging.
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Detecting High-Dose Methotrexate–Induced Brain Changes in
Pediatric and Young Adult Cancer Survivors Using [18F]FDG
PET/MRI: A Pilot Study
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Significant improvements in treatments for children with cancer have
resulted in a growing population of childhood cancer survivors who
may face long-term adverse outcomes. Here, we aimed to diagnose
high-dose methotrexate–induced brain injury on [18F]FDG PET/MRI
and correlate the results with cognitive impairment identified by neu-
rocognitive testing in pediatric cancer survivors.Methods: In this pro-
spective, single-center pilot study, 10 children and young adults with
sarcoma (n 5 5), lymphoma (n 5 4), or leukemia (n 5 1) underwent
dedicated brain [18F]FDG PET/MRI and a 2-h expert neuropsychologic
evaluation on the same day, including theWechsler Abbreviated Scale
of Intelligence, second edition, for intellectual functioning; Delis–
Kaplan Executive Function System (DKEFS) for executive functioning;
and Wide Range Assessment of Memory and Learning, second edi-
tion (WRAML), for verbal and visual memory. Using PMOD software,
we measured the SUVmean, cortical thickness, mean cerebral blood
flow (CBFmean), and mean apparent diffusion coefficient of 3 different
cortical regions (prefrontal cortex, cingulate gyrus, and hippocampus)
that are routinely involved during the above-specified neurocognitive
testing. Standardized scores of different measures were converted
to z scores. Pairs of multivariable regression models (one for z scores
, 0 and one for z scores . 0) were fitted for each brain region, imag-
ing measure, and test score. Heteroscedasticity regression models
were used to account for heterogeneity in variances between brain
regions and to adjust for clustering within patients. Results: The regres-
sion analysis showed a significant correlation between the SUVmean of
the prefrontal cortex and cingulum and DKEFS–sequential tracking
(DKEFS-TM4) z scores (P 5 0.003 and P 5 0.012, respectively). The
SUVmean of the hippocampus did not correlate with DKEFS-TM4 z
scores (P5 0.111). The SUVmean for any evaluated brain regions did not
correlate significantly with WRAML–visual memory (WRAML-VIS) z
scores. CBFmean showed a positive correlation with SUVmean (r 5 0.56,
P 5 0.01). The CBFmean of the cingulum, hippocampus, and prefrontal
cortex correlated significantly with DKEFS-TM4 (all P , 0.001). In addi-
tion, the hippocampal CBFmean correlated significantly with negative
WRAML-VIS z scores (P 5 0.003). Conclusion: High-dose methotrex-
ate–induced brain injury canmanifest as a reduction in glucosemetabo-
lism and blood flow in specific brain areas, which can be detected with

[18F]FDG PET/MRI. The SUVmean and CBFmean of the prefrontal cortex
and cingulum can serve as quantitative measures for detecting execu-
tive functioning problems. Hippocampal CBFmean could also be useful
for monitoringmemory problems.

Key Words: cancer survivors; methotrexate; neurocognitive test;
neurotoxicity; PET

J Nucl Med 2024; 65:864–871
DOI: 10.2967/jnumed.123.266760

The 5-y overall survival rate of children with cancer has
increased in recent decades, and it is currently over 80% for all
cancers, with variations depending on the type of cancer. Children
with osteosarcoma, non-Hodgkin lymphoma, and acute lympho-
blastic leukemia have an overall survival rate of 75%, 80%, and
90%, respectively (1–3). These substantial improvements in sur-
vival have led to a growing population of pediatric cancer survi-
vors who are at risk for health problems that appear to increase
with age. The Childhood Cancer Survivor Study, which included
more than 14,000 childhood cancer survivors, reported a cumula-
tive incidence of 53.6% for disabling, life-threatening, or fatal
health conditions in survivors, compared with 19.8% in a sibling
control group (4). Among others, long-term neurocognitive pro-
blems have been described in adult survivors of childhood cancer
(5–9). Survivors who received antimetabolite chemotherapy, cra-
nial irradiation, or neurosurgery for their tumors are at higher risk
of developing neurocognitive late effects (5,10–12), which may
significantly impair intelligence, learning, attention, memory, and
executive function and have long-term effects on educational and
vocational attainment (13,14).
Methotrexate is an antimetabolite agent used routinely to treat

various childhood cancers, including acute lymphoblastic leuke-
mia, non-Hodgkin lymphoma, and osteosarcoma (15–17). Recent
studies have shown that methotrexate treatment leads to inflamma-
tion of the brain by activation of microglia, which in turn impairs
the differentiation of oligodendrocyte precursor cells and the mye-
lination of neurons (18,19). In mouse models of methotrexate-
induced brain injury, microglial depletion with colony-stimulating
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factor 1 receptor inhibitors rescued neurocognitive deficits (19).
Executive dysfunction has been described in long-term survivors
treated with high-dose methotrexate (HDMTX) (20,21). Longitudinal
neuropsychologic assessments of 187 adult survivors of childhood-
diagnosed non-Hodgkin lymphoma and treated with HDMTX showed
worse memory, executive function, processing speed, and academic
performance than did either the normal population or community con-
trols (22). The impact of methotrexate therapy on the brain is influ-
enced by several factors, including dose and method of administration,
concurrent treatments, and the patient’s age, sex, and coexisting medi-
cal conditions (23). Currently, there is no objective imaging biomarker
for methotrexate-induced brain injury. A noninvasive imaging test that
could visualize and quantify methotrexate-induced neurotoxicity could
be used to identify childhood cancer survivors at risk for long-term
neurocognitive problems. Early intervention, such as pharmacologic
treatment (with antiinflammatory medications (19), deescalation of
methotrexate dose, changes in chemotherapeutic regimen, and cogni-
tive rehabilitation), could be offered along with monitoring of treat-
ment efficacy (24).
Both [18F]FDG PET and MRI have been demonstrated to be

useful imaging tools for the detection of cognitive impairment and
white matter injury in pediatric patients treated with methotrexate
(21,23,25,26). However, to our knowledge, none of these previous
studies correlated [18F]FDG PET/MRI findings with neurocogni-
tive tests, the current clinical reference standard. To close this gap,
the purpose of our study was to identify imaging changes of
HDMTX-induced neurotoxicity on [18F]FDG PET/MRI and corre-
late results with neurocognitive testing. We hypothesized that
imaging metrics of brain morphology and physiology on inte-
grated [18F]FDG PET/MRI scans would correlate well with neuro-
cognitive assessments as our reference standard.

MATERIALS AND METHODS

Study Population
The Institutional Review Board approved this study, and all sub-

jects gave written informed consent. We prospectively enrolled pediat-
ric cancer survivors who were diagnosed with lymphoma, leukemia,
or sarcoma and were treated with HDMTX. The inclusion criteria
were as follows: cancer patient undergoing HDMTX therapy ($1,000
mg/m2), age between 6 and 30 y, and written informed consent. The
exclusion criteria included contraindications to MRI, active disease at
the time of the study, inability to complete
the study examinations, and pregnancy. All
patients were evaluated by a child psycholo-
gist using a brief neurocognitive battery on
the same day as the [18F]FDG PET/MRI
brain scan. The child psychologist did not
know the results of the imaging tests, and the
imaging team did not know the results of the
neurocognitive assessment. Between January
2021 and August 2022, 22 eligible patients
were referred as candidates for study partici-
pation by collaborating oncologists. Among
the 22 eligible patients, 12 were screened
out. Six of these patients did not respond to
our study invitation (n 5 3) or declined to
participate (n 5 3), and the other six were
excluded because they had progressive dis-
ease at the time of the study (n 5 4), could
not undergo their research scan because of
technical issues with the PET/MRI scanner

on the day of the study (n 5 1), or did not complete neurocognitive
testing (n 5 1). Our final study population consisted of 10 children
and young adults with sarcoma (n 5 5), lymphoma (n 5 4), or leuke-
mia (n 5 1). There were 7 male and 3 female patients with an age
range of 9–23 y (mean 6 SD, 17.4 6 4.7 y). Ten subjects received
intravenous methotrexate (86,455.80 6 103,596.04 mg); 5 subjects
also received intrathecal methotrexate (98.70 6 120.15 mg). All parti-
cipants had completed HDMTX therapy at the time of the brain
[18F]FDG PET/MRI. The time between the start of HDMTX therapy
and the brain [18F]FDG PET/MRI was 3.92 6 1.61 y, with a range of
1–6 y. The time between the end of therapy and PET was 3.5 6 1.5
mo. The participant flowchart is shown in Figure 1.

Brain [18F]FDG PET/MRI Protocol
Subjects were scanned using a 3-T PET/MRI scanner (Signa; GE

Healthcare), allowing for simultaneous acquisition of PET and MR
images. The subjects fasted for at least 4 h before the [18F]FDG PET
study. Serum glucose levels were measured at the time of [18F]FDG
injection, and all subjects demonstrated a glucose level below 120
mg/dL. [18F]FDG PET/MRI was performed 30–45 min after intrave-
nous administration of a 3.7 MBq/kg dose of [18F]FDG as recom-
mended by the guidelines of the Society of Nuclear Medicine and
Molecular Imaging and the European Association of Nuclear Medicine
(27). [18F]FDG was injected in a dedicated room for each subject with
the light turned off, and all subjects were required to remain resting with
their eyes closed before the PET/MRI scan. No sedation was adminis-
tered. All subjects underwent MRI of the brain with an 8-channel brain
coil. No contrast agent was injected. Axial 3-dimensional (3D) T1
spoiled gradient-recalled images (SPGR) were acquired for PET attenua-
tion correction, with the generation of in-phase, out-of-phase, fat, and
water images using the Dixon method. Our MRI protocol included 3D
T1 inversion recovery fast SPGR, whole-brain echo-planar diffusion-
weighted imaging with 2 diffusion weightings (b 5 0 and 1,000 s/mm2),
and an arterial spin labeling perfusion sequence. 3D T2 fluid-attenuated
inversion recovery and 3D multiple-echo gradient echo images were also
acquired. The apparent diffusion coefficient map was automatically gen-
erated from diffusion-weighted imaging by the scanner. Arterial spin
labeling imaging was performed with a 3D background-suppressed fast
spin-echo technique without vascular suppression using a pseudocontinu-
ous labeling time of 1.5 s, followed by a 2-s postlabeling delay. Postpro-
cessed arterial spin labeling imaging was performed by an automated
reconstruction script that sent cerebral blood flow (CBF) images to a
PACS. Details of the brain [18F]FDG PET/MRI parameters are shown in
Table 1.

Inclusion Criteria
• Cancer patients who underwent high

dose of methotrexate (≥ 1,000 mg/m2)
• Age: 6-30 years
• Signed written informed consent

Exclusion Criteria
• Pregnancy
• Active disease at the time of the study
• Inability to complete the study exam
• MR-contraindications: e.g., battery-

operated devices, claustrophobiaPa
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Eligible patients
(N = 22)

Included patients
(N = 10)

7 Male, 3 Female, Mean age ± SD (in years) : 17.4 ± 4.7
Osteosarcoma (N = 5), Lymphoma (N = 4), Leukemia (N = 1)

Excluded patients
• Progression of disease at the time of the

study (N = 4)
• Did not respond to our study

invitation/declined to participate (N = 6)
• Neurocognitive test not completed (N = 1)
• Technical issues of the PET/MRI scanner on

the day of the study (N = 1)

Brain 2-[18F]FDG PET/MRI Neurocognitive tests

FIGURE 1. Flowchart showing selection of study participants.
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Neurocognitive Battery
Each subject completed a brief neuropsychologic evaluation with a

child psychologist. All measures used had sound psychometric proper-
ties and were established and well normed. The battery included the
Wechsler Abbreviated Scale of Intelligence, second edition (WASI)
(Pearson Assessments), a measure of overall intellectual functioning;
screening memory subtests of the Wide Range Assessment of Memory

and Learning, second edition (WRAML) (28), a measure of verbal
and visual memory functioning; and subtests of the Delis–Kaplan
Executive Function System (DKEFS) (29), a measure of executive
functioning. The measures were administered in the same order and
according to standardized instructions. The tests were selected for their
ability to provide information on subjects’ overall intellectual func-
tioning, executive functioning (e.g., working memory, inhibition, set

TABLE 1
Brain [18F]FDG PET/MRI Parameters

Modality Parameter Specification

[18F]FDG PET Image protocol 30-min static acquisition

Image plane Axial

Slice thickness (mm) 2.78

Field of view (cm) 60

Matrix size (mm) 192 3 192

Reconstruction algorithm Time of flight (28 subsets, 8 iterations)

Glucose uptake (mg/dL) 85.9 6 10.16 (mean 6 SD)

Dose (MBq/kg) 176.49 6 42.55 (mean 6 SD)

Uptake time (min) 43.50 6 6.67 (mean 6 SD)

MRI* 3D inversion recovery fast SPGR

Image plane Axial

Slice thickness (mm) 1

Field of view (cm) 27

Matrix size (mm) 256 3 256

Echo time (ms) 3.1

Repetition time (ms) 7,664

Flip angle 11!

Number of excitations 1.00

2D diffusion-weighted imaging†

Image plane Axial

Slice thickness (mm) 5

Field of view (cm) 24

Matrix size (mm) 128 3 128

Echo time (ms) 76.5

Repetition time (ms) 5,000

Flip angle 90!

Number of excitations 3.00

3D arterial spin labeling†

Image plane Axial

Slice thickness (mm) 4

Field of view (cm) 24

Matrix size (mm) 512 3 8

Echo time (ms) 10.7

Repetition time (ms) 4,854

Flip angle 111!

Number of excitations 3.00

*3D T2 fluid-attenuated inversion recovery and 3D multiple-echo gradient-echo (QSM/R2*) sequences were also acquired.
†Diffusion-weighted images were acquired with 2 diffusion weightings (b 5 0 and 1,000 s/mm2). Apparent diffusion coefficient maps

were automatically generated by software. Postprocessed arterial spin labeling imaging was performed by automated reconstruction
script that sent CBF images directly to PACS.
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shifting, interference control, and planning), and immediate verbal and
visual memory skills. Details are shown in Table 2.

Image Analysis
Both PET and MR images were analyzed using PMOD software

(version 4.2; PMOD Technologies LLC). One nuclear medicine physi-
cian with 7 y of experience performed all the PET analyses. For the
PET analysis, each image was normalized to the template space and
analyzed with a set of atlas regions. After spatial normalization, all
images were visually inspected to ensure accurate registration. We
used an automated tool (PNEURO) to segment and generate 3D
volumes of interest and measure SUVs. SUVmean was calculated
according to body weight. The cortical and gray matter regions ana-
lyzed were the prefrontal cortex, cingulate gyrus, and hippocampus.
These 3 brain regions were chosen because they are activated or
involved during the battery of neurocognitive tests administered in this
study, as described in Table 2. The DKEFS test evaluates executive
function; the anatomic regions responsible for this function are the
prefrontal cortex and the cingulum. The WASI test evaluates the intel-
lectual quotient; the anatomic region responsible for this function is
mainly the prefrontal cortex. Similarly, the WRAML test evaluates
verbal and nonverbal memory; the anatomic region responsible
for this function is mainly the hippocampus. A board-certified neurora-
diologist with more than 10 y of image analysis experience and a
nuclear medicine physician performed the quantitative MRI data

analyses. The same set of atlas regions was used on T1 3D SPGR MR
images to calculate the cortical volume of the gray matter in the pre-
frontal cortex, cingulum, and hippocampus. We used the automatic
tool FUSION from PMOD software (PMOD Technologies LLC, ver-
sion 4.2) to spatially match apparent diffusion coefficient and CBF
images to T1 3D SPGR images. We then applied the same set of atlas
regions to apparent diffusion coefficient and CBF images and measured
the mean apparent diffusion coefficient and mean CBF (CBFmean) for
each region. 3D axial susceptibility-weighted angiography MRI sequences
were also analyzed to check for any microhemorrhage in the brain
parenchyma.

Statistical Analysis
Stanford scores for neurocognitive data were used for analysis

(28–30). The mean and SD of Stanford scores (x 5 100, SD 5 10)
were converted to z scores to determine deviation from the mean, with
positive z scores representing above-average or higher functioning and
negative z scores representing below-average or lower functioning.
The relationship between the z scores and other measures is unlikely
to be simply linear since we would expect correlations only in cases
with a deficit. To simplify the analyses, we assumed that only z scores
less than zero represented possible deficits and, thus, potential correla-
tions, whereas z scores greater than zero represented typical nondeficit
variation, which would not be correlated. Thus, pairs of multivariable
regression models (one for z scores , 0 and one for z scores . 0)

TABLE 2
Neurocognitive Tests

Function Measure Average range Anatomic region Broadman area

Executive function DKEFS 10 6 3 Prefrontal cortex Middle frontal gyrus
and gyrus rectus
(9 and 10/11)

Cingulum Anterior cingulate gyrus
(24, 32, 33); posterior
cingulate gyrus (23,
26, 29, 30, and 31)

Intellectual quotient WASI 100 6 10 Prefrontal cortex 9 and 10/11

Verbal and nonverbal
memory

WRAML 100 6 10 Hippocampus 27, 28, 34, 35, 36, and
48

Each neurocognitive test comprised 2 or more battery sets: Delis Kaplan Executive Function System (DKEFS)-sequential tracking
(TM4), DKEFS–design/nonverbal tasks, DKEFS–inhibition, Wechsler Abbreviated Scale of Intelligence (WASI)–full-scale intellectual
quotient, WASI–verbal comprehension index, WASI–perceptual reasoning index, Wide Range Assessment of Memory and Learning
(WRAML)–screening memory, WRMAL–verbal memory, and WRMAL-VIS.

TABLE 3
Model Estimates of Marginal Effects of Negative z Score on Imaging Measures

Hippocampus Cingulum Prefrontal cortex

Neurocognitive test PET/MRI measure Slope P Slope P Slope P

WRAML-VIS (n 5 16) SUVmean 0.46 0.285 1.02 0.143 1.01 0.173

CBFmean 26.04 0.003 25.97 0.071 25.93 0.052

DKEFS-TM4 (n 5 10) SUVmean 2.70 0.111 4.82 0.012 5.41 0.003

CBFmean 8.68 ,0.001 19.6 ,0.001 10.9 ,0.001

n 5 number of measurements.
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were fitted for each region for each imaging measure and test score
(the single case with a z score of zero was included in both models
rather than being excluded). Heteroscedastic regression models were
used to account for heterogeneity in variances among brain regions.
As each region had measurements made on both the left and the right
sides (the values were similar), adjustment was made for clustering within
the patient. As this was an exploratory study with a small sample, no
adjustment was made for multiple comparisons. The results of WASI–
verbal comprehension index, WRAML–visual memory (WRAML-VIS),
WRAML–sentence memory, and DKEFS–sequential tracking (DKEFS-
TM4) Stanford score conversions to z scores yielded z scores of 61 or
greater and were used for subsequent correlation analysis with SUVmean

and CBFmean; therefore, only these tests were considered for the correla-
tion analysis. Because WRAML-VIS and WRAML–sentence memory
were highly correlated (0.88) and thus redundant, we used only
WRMAL-VIS for the statistical analysis.

RESULTS

Neurocognitive Tests
We used the z score to detect evidence

of deficits in neurocognitive functions in
our patients. Nine of 10 patients showed a
negative z score for at least 1 test (mean,
3; range, 1–7). Only 1 patient showed a
positive z score for all neurocognitive
tests.
WASI–verbal comprehension index,

WRAML-VIS, and DKEFS-TM4 showed 3
or more negative z scores among the
patients. Eight subjects for WRAML-VIS, 6
for WASI–verbal comprehension index, and
4 for DKEFS-TM4 demonstrated z scores
of 21 or lower (Supplemental Table 1; sup-
plemental materials are available at http://
jnm.snmjournals.org).
WRAML-VIS correlated significantly

with CBFmean. DKEFS-TM4 correlated
significantly with both SUVmean and
CBFmean. WASI–verbal comprehension

index did not correlate with any of the
PET/MRI measures (Table 3).

Brain [18F]FDG PET
Significant differences in average

SUVmean among all 3 brain regions were
detected (P , 0.001). SUVmean measure-
ments of the hippocampus (4.46 6 0.94)
were significantly lower than measure-
ments of the cingulum (8.58 6 1.67, P ,

0.001) and the prefrontal cortex (8.94 6

1.90; P , 0.001), but the latter 2 were not
significantly different from each other (P 5

0.35). Mean SUVmean data between the left
and right sides of each region were not sig-
nificantly different (Supplemental Table 2).
Figure 2 compares [18F]FDG uptake in

the cingulum and the hippocampus for
patients with low (z score , 0) versus
high (z score . 0) performance on
DKEFS-TM4 (Fig. 2A) and WRAML-VIS
(Fig. 2B), respectively. The regression

analysis showed a significant correlation between SUVmean and
DKEFS-TM4 z score for the prefrontal cortex and cingulum (P 5

0.003 and P 5 0.012, respectively) but not for the hippocampus
(P 5 0.111). We did not find a significant correlation between
SUVmean and WRAML-VIS for any evaluated brain regions. Mar-
ginal estimates from the model are shown in Table 3. SUVmean did
not correlate with the cumulative dose of methotrexate (P5 0.537).

Brain MRI
No anatomic or structural abnormalities were found in the

affected brain areas on 3D T1 SPGR or 3D T2 fluid-attenuated
inversion recovery imaging. One of 10 patients demonstrated
microhemorrhages in the left frontal opercular cortex.
We found significant differences in the average CBFmean among

all 3 brain regions, that is, prefrontal cortex, cingulum, and hippo-
campus (P , 0.001). CBFmean for the hippocampus (48.54 6

5.99) was significantly lower than for the cingulum (64.54 6 9.04,

FIGURE 2. Comparison of [18F]FDG uptake in cingulum and hippocampus (Hipp) for patients with
low (z score, 0) vs. high (z score. 0) performance on DKEFS-TM4 (A) and WRAML-VIS (B), respec-
tively. (A) Regression analysis showed significant correlation between SUVmean and DKEFS-TM4 for
prefrontal cortex and cingulum (P 5 0.003 and P 5 0.012, respectively) but not for hippocampus
(P5 0.111). (B) There was no significant correlation between SUVmean and WRAML-VIS for prefrontal
cortex, cingulum, or hippocampus.

FIGURE 3. Comparison of CBFmean in cingulum and hippocampus (Hipp) for patients with low (z
score , 0) vs. high (z score . 0) performance on DKEFS-TM4 (Fig. 3A) and WRAML-VIS (Fig. 3B),
respectively. (A) Regression analysis showed significant correlation between CBFmean and DKEFS-
TM4 for cingulum, hippocampus, and prefrontal cortex (all P , 0.001). (B) CBFmean for hippocampus
and WRAML-VIS was inversely correlated (P 5 0.003). However, there was no correlation between
CBFmean and WRAML-VIS for cingulum (P5 0.071) and prefrontal cortex (P5 0.052).
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P , 0.001) and prefrontal cortex (63.77 6 8.60, P , 0.001), but
the latter 2 were not significantly different from each other (P 5

0.34). CBFmean did not significantly differ between the left and
right sides of each region (Supplemental Table 2).
Figure 3 compares CBFmean in the cingulum and the hippocam-

pus for patients with low (z score , 0) versus high (z score . 0)
performance on DKEFS-TM4 (Fig. 3A) and WRAML-VIS (Fig.
3B), respectively. The regression analysis showed a significant
correlation between CBFmean and DKEFS-TM4 for the cingulum,
hippocampus, and prefrontal cortex (all P , 0.001). In addition,
CBFmean for the hippocampus and WRAML-VIS were inversely
correlated (P 5 0.003). No correlation was found between
CBFmean and WRAML-VIS for the cingulum (P 5 0.071) or pre-
frontal cortex (P 5 0.052). Marginal estimates from the model are
shown in Table 3. Overall, CBFmean showed a positive correlation
with SUVmean (r 5 0.56, P 5 0.01). CBFmean was negatively cor-
related with the cumulative dose of methotrexate (r 5 20.30, P 5

0.002). No significant correlations were found between apparent
diffusion coefficient or cortical volume and any of the metrics we
analyzed.

DISCUSSION

Our data suggest that [18F]FDG PET/MRI can potentially detect
imaging changes indicating HDMTX-induced neurotoxicity. Our
observations suggest that the SUVmean and CBFmean of the pre-
frontal cortex and cingulum may serve as quantitative measures
for detecting executive functioning issues. The CBFmean of the
hippocampus could also be useful for monitoring memory issues.
To our knowledge, this is the first prospective correlation of
[18F]FDG PET findings with a matched set of neurocognitive tests
in pediatric cancer survivors.
Krull et al. reported a significant association between increased

brain functional MRI activity in the frontal and anterior cingulate
cortices and poorer executive function scores in a cohort of 218
long-term childhood cancer survivors after therapy with metho-
trexate (21). These findings align with ours. In fact, we also found
a significant correlation between the CBFmean of the cingulum and
prefrontal cortex and lower scores on the executive functioning
test. Overall, these data suggest that MRI can detect long-term
HDMTX-induced neurotoxicity and help identify a subgroup of
subjects who are more susceptible to future cognitive deficits.
In our pilot study, 8 of 10 subjects had a memory test with a z

score of less than 0. The hippocampus is the brain region related
to memory functions. Both SUVmean and CBFmean were signifi-
cantly lower in the hippocampus than in the cingulum or prefrontal
cortex. Although the relationship between the SUVmean of the hip-
pocampus and WRAML-VIS was positive, it did not reach signifi-
cance, potentially because of the small sample size. Tauty et al.
retrospectively evaluated [18F]FDG PET/CT images of 20 children
with Hodgkin lymphoma at baseline and 2 mo after starting meth-
otrexate chemotherapy (26). The authors noted hypometabolic
areas in the insular cortex, lateral frontal lobe, and posterior cingu-
late cortex. Decreased [18F]FDG uptake after chemotherapy has
been shown by several studies, with the limbic regions, prefrontal
cortex, and cingulum being the most affected ones (31,32). It is
important to note that these impairments in the acute phase after
chemotherapy may be reversible. Findings on posttreatment scans,
such as in our study, are more likely to be chronic and may be
more useful for detecting clinically significant toxicity, although

additional investigation is needed. The findings of both acute and
chronic abnormalities could support the use of imaging biomarkers
to predict who is at risk for developing long-term neurocognitive
problems; such patients could receive antiinflammatory preventive
therapies and closer monitoring for earlier implementation of reha-
bilitative services.
Given the recent discovery that the brain toxicity induced by

methotrexate can be reversed by administering antiinflammatory
drugs (19), our study holds significant importance. During the past
decade, several registries of pediatric cancer survivors have been
established both in the United States and in Europe with the pur-
pose of recognizing and treating long-term disabilities after che-
motherapy (7,33–35). Most of these longitudinal studies used
siblings as controls and measured neurocognitive impairments
with self-assessed questionnaires. A cohort study including 840
survivors and 247 siblings showed that survivors encountered sig-
nificantly more impairment in concentration (12% vs. 6%), work-
ing speed (20% vs. 8%), and memory (33% vs. 15%) than
controls. Patients who had received cranial irradiation were most
severely affected (7). Although there is a large amount of survey-
based data, there is a lack of data on imaging findings, which are
arguably more objective. Pediatric cancer survivors are more
likely to complete a survey than undergo brain imaging during
their follow-up visits. However, our preliminary data suggest that
dedicated brain [18F]FDG PET/MRI performed after HDMTX ther-
apy could help select a subgroup of patients who have developed
HDMTX-induced neurotoxicity. With timely and appropriate inter-
ventions (e.g., antiinflammatory medication (19) or neurocognitive
rehabilitation (24)), there is a possibility to prevent long-term neuro-
cognitive complications. As research uncovers the mechanisms of
neurotoxicity for other chemotherapy drugs, imaging may become
increasingly important to screen for effects that may be reversible
with treatment or remediable with other interventions.
In our pilot study, we found an association between higher

CBFmean values and lower scores on WRAML-VIS. Studies on
mouse models show that methotrexate first leads to microglia acti-
vation, which may transiently increase CBF, followed by neuronal
myelination impairment, which would be expected to cause
decreased CBF values (19). Thus, in patients, we would expect
initially increased CBF values, followed by a CBF decline. Further
evaluations are needed to better evaluate the time course of
changes in CBF values and their correlation with measures of
visual memory.
The cumulative dose of methotrexate inversely correlated with

CBFmean but not with SUVmean. This can be explained by the
many factors that affect the drug’s neurotoxic effects, including
the inherent vulnerabilities and the presence of preexisting neuro-
logic conditions, among others (23). It is well known that
methotrexate-induced brain toxicity has a multifactorial etiology;
some pediatric patients may experience no or minor neurologic
issues, whereas others may experience severe and long-term neu-
rocognitive deficits (36). A noninvasive imaging test that could
visualize and quantify HDMTX-induced neurotoxicity could be
used to identify childhood cancer survivors at high risk for long-
term neurocognitive problems who may benefit from targeted
interventions. It would be interesting to examine the usefulness of
other PET radiotracers, such as [11C]PK11195, in this context.
[11C]PK11195 is expressed by reactive glial cells and macro-
phages and has been used as a PET tracer to visualize brain
inflammation in vivo (37).
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Our study had several limitations. First, this was a pilot study
with small patient numbers and heterogeneity in disease condi-
tions (osteosarcoma, lymphoma, and leukemia), clinical fea-
tures, and methotrexate exposures (systemic and intrathecal).
Larger cohorts of patients treated with and without HDMTX
may be helpful in clarifying the effects of this drug. Neverthe-
less, to our knowledge, this was the first prospective clinical trial
that has correlated [18F]FDG PET/MRI metrics with neurocog-
nitive tests in a cohort of pediatric cancer survivors. We encoun-
tered difficulties in the recruitment process. The main one was
that this study was funded in 2021, immediately after the coro-
navirus disease 2019 pandemic. Several subjects were not com-
fortable coming to the hospital strictly for research purposes.
We believe that performing brain imaging during regularly
scheduled clinical follow-up visits would address this obstacle
in future studies. Five of our patients received intrathecal metho-
trexate, which can be a confounding factor for correlations of
intravenous methotrexate doses with neurocognitive injuries.
Although it is well known that patients who were treated with
HDMTX developed neurocognitive problems (20–22), it has been
also described that the administered methotrexate dose did not corre-
late with the degree or location of specific brain injuries (21). Our
data close this gap, demonstrating that the degree and location of
specific brain injuries on [18F]FDG PET/MRI correlated with neuro-
cognitive impairments. Our [18F]FDG PET/MR assessment can be
applied to patients who received intravenous methotrexate, intrathe-
cal methotrexate, or both. Another limitation of the study is related
to the radiation exposure from the radiotracer and the potential need
for sedation in younger children. However, these exposures may be
worthwhile if they identify remediable abnormalities or suggest
interventions that could prevent long-term complications. Moreover,
our study lacked a control group. This is a well-known limitation of
imaging studies in pediatric patients. Many authors, including our
group, have used baseline imaging as personal subject-based con-
trols, but this is not always useful in pediatric patients because their
brain develops with increasing age. Furthermore, some patients who
underwent HDMTX treatment, such as leukemia patients, did not
undergo routine PET scans before starting chemotherapy. Besides,
we could not rule out whether some of the findings in this study
were due to neuroplasticity in the young-aged participants. Although
[18F]FDG PET/MR images can provide valuable insights into
changes in brain structure and function indicative of neuroplasticity,
interpreting these changes accurately often requires a multidisciplin-
ary approach.

CONCLUSION

Our study suggests that [18F]FDG PET/MRI may be useful for
diagnosing the imaging effects of HDMTX therapy on the brains
of pediatric cancer survivors. This could facilitate earlier interven-
tions using antiinflammatory treatments. Furthermore, it may
enable more effective monitoring of treatment outcomes, particu-
larly for a subset of patients more prone to developing HDMTX-
associated neurocognitive impairment. However, further assess-
ments in larger, more homogeneous cohorts are needed.
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KEY POINTS

QUESTION: Can [18F]FDG PET/MRI detect brain injury after
HDMTX therapy in pediatric cancer survivors?

PERTINENT FINDINGS: A significant correlation was found
between the z score for the DKEFS test and SUVmean and
CBFmean values in the cingulum and prefrontal cortex.

IMPLICATIONS FOR PATIENT CARE: Using [18F]FDG PET/MRI
for assessing the cerebral impact of methotrexate therapy in pedi-
atric cancer survivors holds the potential to expedite interventions
with antiinflammatory remedies and enable effective monitoring of
treatment outcomes. This is particularly crucial for patients with a
heightened vulnerability to HDMTX-associated neurocognitive
impairment.
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PET using 68Ga-labeled fibroblast activation protein (FAP) inhibitors
(FAPIs) holds high potential for diagnostic imaging of various malig-
nancies, including lung cancer (LC). However, 18F-FDG PET is still the
clinical gold standard for LC imaging. Several subtypes of LC, espe-
cially lepidic LC, are frequently 18F-FDG PET–negative, which mark-
edly hampers the assessment of single pulmonary lesions suggestive
of LC. Here, we evaluated the diagnostic potential of static and
dynamic 68Ga-FAPI-46 PET in the 18F-FDG–negative pulmonary
lesions of 19 patients who underwent surgery or biopsy for histologic
diagnosis after PET imaging. For target validation, FAP expression in
lepidic LC was confirmed by FAP immunohistochemistry. Methods:
Hematoxylin and eosin staining and FAP immunohistochemistry of 24
tissue sections of lepidic LC from the local tissue bank were per-
formed and analyzed visually. Clinically, 19 patients underwent static
and dynamic 68Ga-FAPI-46 PET in addition to 18F-FDG PET based on
individual clinical indications. Static PET data of both examinations
were analyzed by determining SUVmax, SUVmean, and tumor-to-
background ratio (TBR) against the blood pool, as well as relative para-
meters (68Ga-FAPI-46 in relation to18F-FDG), of histologically confirmed
LC and benign lesions. Time–activity curves and dynamic parameters
(time to peak, slope, k1, k2, k3, and k4) were extracted from dynamic
68Ga-FAPI-46 PET data. The sensitivity and specificity of all parameters
were analyzed by calculating receiver-operating-characteristic curves.
Results: FAP immunohistochemistry confirmed the presence of
strongly FAP-positive cancer-associated fibroblasts in lepidic LC. LC
showed markedly elevated 68Ga-FAPI-46 uptake, higher TBRs, and
higher 68Ga-FAPI-46–to–18F-FDG ratios for all parameters than did
benign pulmonary lesions. Dynamic imaging analysis revealed

differential time–activity curves for LC and benign pulmonary lesions:
initially increasing time–activity curves with a decent slope were typical
of LC, and steadily decreasing time–activity curve indicated benign pul-
monary lesions, as was reflected by a significantly increased time to
peak and significantly smaller absolute values of the slope for LC. Rela-
tive 68Ga-FAPI-46–to–18F-FDG ratios regarding SUVmax and TBR
showed the highest sensitivity and specificity for the discrimination of
LC frombenign pulmonary lesions.Conclusion: 68Ga-FAPI-46 PET is a
powerful new tool for the assessment of single 18F-FDG–negative pul-
monary lesions and may optimize patient stratification in this clinical
setting.

KeyWords: fibroblast activation protein; FAPI; PET; lung cancer;
pulmonary lesions

J Nucl Med 2024; 65:872–879
DOI: 10.2967/jnumed.123.267103

Lung cancer (LC) is the most frequently occurring type of can-
cer and is associated with a high rate of cancer-related death
worldwide (1). Accurate and timely diagnosis of LC is crucial for
treatment stratification of patients. CT is the most frequently used
imaging method for primary staging of LC. CT imaging can be
supplemented by 18F-FDG PET to improve tumor staging or to
further characterize suggestive pulmonary lesions. Although tumor
staging is clearly improved by 18F-FDG PET compared with CT,
the additional diagnostic value of 18F-FDG for characterization of
suggestive pulmonary lesions is limited (2). Different subtypes of
LC have been shown to exhibit largely variable 18F-FDG avidity,
such as lepidic LC, which are frequently 18F-FDG–negative, or
other acinar- or papillary-dominant adenocarcinomas, which are
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18F-FDG–negative or show low 18F-FDG avidity in a substantial
percentage of cases (3,4).
PET with 68Ga- or 18F-labeled fibroblast activation protein

(FAP) inhibitors (FAPIs) has recently been introduced as a novel
imaging technique for various cancers and nonmalignant diseases
with tissue remodeling (5–9). Although the clinically well-
established 18F-FDG PET is based on increased glucose metabo-
lism of neoplastic cells, FAPI PET allows visualization of the stro-
mal tumor compartment in terms of FAP-positive fibroblasts (9).
Because of the vast stromal portion and minor neoplastic-cell por-
tion in many epithelial tumor entities, including LC, FAPIs have a
high tumor accumulation in these types of cancer (10–13). Several
studies have compared the diagnostic performance of FAPI PET
and 18F-FDG PET with respect to the imaging properties of both
PET examinations and with respect to potential additional FAPI-
positive findings that may lead to differential staging (14,15). In
consideration of LC, previous studies have focused on patients with
advanced LC and evaluated staging on the basis of FAPI PET com-
pared with 18F-FDG or CT imaging (13,16–18). To our knowledge,
no evaluation of FAPI PET yet exists focusing on the characteriza-
tion of single suggestive pulmonary lesions in the primary situation.
Here, we applied static and dynamic 68Ga-FAPI-46 PET imaging in
19 treatment-naïve patients with 18F-FDG PET–negative suggestive
pulmonary lesions. All patients underwent biopsy or surgical histo-
logic confirmation of their lesions after imaging. For target valida-
tion, FAP expression patterns in 24 separate cases of lepidic LC
were evaluated by FAP immunohistochemistry. The purpose of this
analysis was to demonstrate the potential diagnostic benefit of sup-
plemental 68Ga-FAPI-46 PET for primary assessment of patients
with single suggestive pulmonary lesions.

MATERIALS AND METHODS

Patients
Between February 2022 and April 2023, 19 patients with suggestive

pulmonary lesions were examined by CT, 18F-FDG PET, and 68Ga-
FAPI-46 PET at the University Hospital Heidelberg. All patients
underwent CT and 18F-FDG PET as clinical routine scans and were
individually referred for additional 68Ga-FAPI-46 PET by their treat-
ing physicians because of inconclusive findings on CT and 18F-FDG
PET (18F-FDG negativity despite suggestive CT morphology or
patient-related risk factors according to the Fleischner Society guide-
lines (19)). Written informed consent was obtained from all patients
on an individual-patient basis following the regulations of the German
Pharmaceuticals Act §13(2b). After imaging, all patients underwent
resection or biopsy of their pulmonary lesions followed by histopatho-
logic diagnosis. Retrospective analysis of imaging, clinical, and patho-
logic data was approved by the local institutional review board (study
number S-115/2020).

Diagnostic CT, 18F-FDG PET/CT, and 68Ga-FAPI-46 PET
All 19 patients underwent diagnostic contrast-enhanced CT imaging

of the chest before PET imaging. 18F-FDG PET/CT was performed
according to standard care as previously described (14). 68Ga-FAPI-46
was synthesized and labeled according to established protocols (9).
Static and dynamic 68Ga-FAPI-46 PET/CT was performed using a
Biograph mCT Flow scanner (Siemens) as previously described (20).
In short, after injection of 187–329 MBq of 68Ga-labeled FAPI-46,
low-dose CT without contrast medium was performed, followed by
dynamic PET (28 frames over 60min) to characterize tracer uptake
over time, followed by whole-body PET/CT 60min after tracer injec-
tion in 16 of 19 patients. In 3 patients, only whole-body PET/CT
60min after tracer injection was performed. Reconstructions were

performed with corrections for scatter, decay, and attenuation. The
average time (6SD) between 18F-FDG PET/CT and 68Ga-FAPI-46
PET/CT was 6.2 6 6.4 d.

Image Analysis
For static 18F-FDG PET/CT and 68Ga-FAPI-46 PET/PET/CT data, all

pulmonary lesions were contoured manually on the basis of their CT
appearance. For all lesions, SUVmax, SUVmean, and tumor-to-background
ratio (TBR) against blood pool, as well as relative parameters (68Ga-
FAPI-46 in relation to18F-FDG), were calculated. All cases selected for
this analysis were classified as 18F-FDG–negative according to lesional
18F-FDGuptake equal to or below the blood pool level (in terms of a max-
imum and mean TBR of less than 1.3) as previously published (21). Dif-
ferences between histologically confirmed LC and benign lesions were
analyzed. For dynamic 68Ga-FAPI-46 PET data, time–activity curves and
quantitative dynamic parameters (time to peak [time between start of the
dynamic image acquisition and the frame with the highest activity] and
slope [relative gradient between the time–activity curve peak and the low-
est activity of the following time–activity curve section in analogy to

A

B

FIGURE 1. FAP expression in lepidic LC. (A and B) Representative
hematoxylin and eosin staining (left) and immunohistochemical staining
against FAP (right) of central part of lepidic LC biopsy, which shows strong
stromal FAP positivity (A), and tumor front of lepidic LC, showing transition
from FAP-positive LC tumor rim into FAP-negative physiologic lung tissue
(B) (magnification: upper rows, 310; lower rows, 340) (scale bars: upper
rows, 100mm; lower rows, 20mm).
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previously published dynamic PET data analyses (22)]) were extracted,
and differences between histologically confirmed LC and benign lesions
were analyzed. All image analysis was performed using PMOD software
(version 4.1; PMODTechnologies).

Immunohistochemistry
To validate FAP expression in lepidic LC, 24 tissue sections of histo-

logically proven lepidic LC from the local tis-
sue bank were stained for hematoxylin and
eosin and FAP. These 24 cases were not exam-
ined by 68Ga-FAPI-46 PET/CT. For FAP
immunohistochemistry, semithin tissue sec-
tions of 4-mm thickness were prepared from
corresponding paraffin blocks being generated
from resection tissue after its fixation in 4%
buffered formalin for 24 h at room temperature.
Tissue sections were treated with cell condi-
tioning 2 (Roche) buffer (pH 8.0) for antigen
retrieval. Immunohistochemical staining was
performed using the antibody anti–FAP-a
(1:100; Abcam [catalog no. ab207178]). Auto-
mated immunostaining was done using the
automated Ventana BenchMark Ultra with the
OptiViewDABKit (Roche), DakoAutostainer-
Link 48, and the EnVision Flex Kit (Agilent).
Stained tissue sections were mounted with
Consul-Mount (Thermo Fisher Scientific) and
scanned by Aperio AT2 (Leica; magnification
1:400) for analysis. All samples were provided
by the Tissue Bank of the National Center for
Tumor Diseases, in accordance with the regula-
tions of the tissue bank and the approval of the
ethics committee of Heidelberg University.

Statistical Analysis
We performed descriptive analyses for

patients and their characteristics. For determi-
nation of static and dynamic PET parameters,
median and range were used. For determina-
tion of significance, a 2-sided t test was used,
and P values of less than 0.05 were defined as
statistically significant. Receiver-operating-
characteristic curves and corresponding esti-
mates of area under the curve, including 95%
CIs, were computed for static and dynamic
PET parameters. GraphPad Prism, version 10,
was used for all statistical analyses.

RESULTS

Target Confirmation of FAP in
Lepidic LC
To evaluate FAP expression in lepidic LC,

we performed FAP immunohistochemistry
of 24 biopsy samples of lepidic LC. In all
samples, we found variably intensive FAP-
positive areas. FAP positivity was particu-
larly pronounced in stroma-rich tumor areas
(Fig. 1A) but was also clearly detectable in
the tumor rim within single alveolar septa,
which showed a desmoplastic reaction to the
tumor (Fig. 1B). In contrast, adjacent lung
tissue was fully FAP-negative (Fig. 1B).

Patient Characteristics and Histologic Results
The cohort consisted of 19 patients (5 female, 14 male) aged

from 41 to 77 y (average, 61.8 6 10.5 y). The average size of the
CT-graphically suggestive lesions was 22.47 6 14.9mm. After
18F-FDG and 68Ga-FAPI-46 PET imaging, tissue from all patients
was obtained by either biopsy or surgery and subjected to defini-
tive pathologic diagnosis. Seven patients had benign diagnoses

B

C

D

A

FIGURE 2. Quantitative analysis of 18F-FDG and 68Ga-FAPI-46 uptake in LC and benign pulmonary
lesions of 19 patients. (A–C) Box plots of SUVmax, SUVmean, and their corresponding TBRs against
mediastinal blood pool for LC and benign pulmonary lesions calculated for 18F-FDG (A) and 68Ga-
FAPI-46 (B) and fold changes of all parameters calculated for ratio of 68Ga-FAPI-46 to18F-FDG (C).
Boxes represent interquartile range, whiskers represent interquartile range of 1.5, and horizontal line
within box indicates median. Data outliers are shown separately within graph. *P , 0.05. **P , 0.01.
ns5 not significant.
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(2 hamartomas, 1 tuberculosis, 1 sarcoidosis, 1 granuloma, 1 calci-
fied lymph node, and 1 lung tissue without evidence of pathology),
and 12 patients were diagnosed with LC (11 adenocarcinomas [4
of them with a predominantly lepidic growth pattern] and 1 typical
carcinoid). Detailed patientwise information on the clinical status
and applied imaging methods is given in Table 1.

CT Size and 18F-FDG and 68Ga-FAPI-46 Uptake of LC and
Benign Lesions
LC and benign lesions showed no significant differences in their

average CT size or 18F-FDG uptake in terms of SUVmax, SUVmean, or
corresponding TBR (Figs. 2A and 2B). In contrast, the average 68Ga-
FAPI-46 uptake of LC lesions was significantly higher than that of
benign lesions (Fig. 2C). Similarly, ratios between 68Ga-FAPI-46
uptake and 18F-FDG uptake were also significantly higher in LC than

in benign lesions (Fig. 2D).With respect to benign subentities, moder-
ately higher 18F-FDG and 68Ga-FAPI-46 uptake was seen in sarcoido-
sis, tuberculosis, and the calcified lymph node than in the other benign
lesions (Supplemental Fig. 1; supplemental materials are available at
http://jnm.snmjournals.org). Supplemental Table 1 provides a lesion-
wise overview of all static PET parameters (SUVmax, SUVmean, and
corresponding TBR for 18F-FDG and 68Ga-FAPI-46 PET) for all LC
and benign lesions analyzed. Figures 3 and 4 show 18F-FDG PET and
68Ga-FAPI-46 images of an example patient with a lepidic LC that
had 18F-FDG uptake below the blood pool level and strong 68Ga-
FAPI-46 positivity (Fig. 3) and an example patient with a hamartoma
that showed only faint uptake of both tracers (Fig. 4).

Dynamic 68Ga-FAPI-46 PET Imaging Characteristics of LC and
Benign Lesions
Dynamic 68Ga-FAPI-46 PET imaging was performed on 11

patients with LC and 5 patients with benign lesions. LC and benign
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FIGURE 3. Example 18F-FDG and 68Ga-FAPI-46 images of 51-y-old
woman with adenocarcinoma with lepidic growth pattern in right upper
lobe. (A) Maximum-intensity-projection PET images. (B) Axial images of
suggestive lesion (red arrows) with low CT density in right lower lobe.
Green arrows show blood pool in aortic arch. Lesion had 18F-FDG uptake
below blood pool niveau but was strongly 68Ga-FAPI-46–positive.
CT-guided biopsy led to pathologic diagnosis of adenocarcinoma, and
patient was treated by stereotactic body radiation therapy because of
functional inoperability. HU5 Hounsfield units.
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FIGURE 4. Example 18F-FDG and 68Ga-FAPI-46 images of 41-y-old
man with hamartoma in left lower lobe. (A) Maximum-intensity-projection
PET images. (B) Axial images of suggestive lesion (arrows) in left lower
lobe. After wedge resection, hamartoma was diagnosed by pathology.
HU5 Hounsfield units.
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lesions showed marked differences regarding their time–activity
curve characteristics. As shown by the averaged time–activity curves
in Figure 5A, LC was characterized by a delayed peak at 500–1,000 s
after injection followed by a slow, continuous washout phase. In con-
trast, benign lesions typically showed an early peak within the first
2min after injection followed by a rapid washout phase resulting in a
reduction in activity to approximately 50% at 60min after injection.
Quantitative analysis of time to peak and slope showed a significantly
prolonged time to peak and significantly smaller absolute values of
slopes for LC than for benign lesions (Fig. 5B). Figure 5C shows 2
cases of LC and sarcoidosis, both of which had intermediate 68Ga-
FAPI-46 uptake on static imaging but time–activity curves typical of
LC and benign lesions, respectively.

Sensitivity and Specificity of Static and Dynamic 68Ga-FAPI-46
PET Imaging Parameters
Receiver-operating-characteristic curves calculated for all static

parameters and for the dynamic parameters time to peak and slope

showed high sensitivity and specificity for discriminating LC from
benign lesions. The highest areas under the curve were calculated
for 68Ga-FAPI-46/18F-FDG SUVmax TBR (0.9167), 68Ga-FAPI-
46/18F-FDG SUVmean (0.9167), SUVmean TBR (0.8831), and
SUVmax TBR (0.8571) (Fig. 6). The calculated sensitivity and spe-
cificity of 68Ga-FAPI-46/18F-FDG SUVmax TBR were 85.71 (95%
CI, 48.69–99.27) and 83.33 (95% CI, 55.20–97.04), respectively,
for a cutoff of 1.62. The other static and the dynamic 68Ga-FAPI-
46 PET parameters showed slightly lower areas under the curve,
and the 18F-FDG PET parameters and CT size showed signifi-
cantly lower areas under the curve (Supplemental Fig. 2).

DISCUSSION

This retrospective analysis evaluated the 68Ga-FAPI-46 uptake
of primary, 18F-FDG–negative LC and benign pulmonary lesions,
as well as their kinetic behavior in dynamic 68Ga-FAPI-46 PET
imaging. To characterize lepidic LC as a particularly promising
18F-FDG–negative target for 68Ga-FAPI-46 PET, we performed
additional FAP immunohistochemistry of 24 tissue sections of
lepidic LC and found strong FAP positivity in all specimens. This
advance target characterization was of crucial interest for our anal-
ysis, as the presence of cancer-associated fibroblasts in lepidic LC
has already been described histologically but the FAP expression
of this entity had not, to our knowledge, been evaluated before
(23). The strong FAP expression of lepidic LC is noteworthy
because FAP-positive cancer-associated fibroblasts are crucially
involved in tumor desmoplasia (24,25)—a process that is canoni-
cally considered a feature of more invasive LC subtypes, but not
lepidic LC, as recently proposed by the International Association
for the Study of Lung Cancer pathology committee (26). However,
the results of our immunohistochemical and PET studies seem to
indicate that a stromal reaction resulting in FAP positivity of the
tumors is present even in early-stage, relatively noninvasive can-
cers such as lepidic LC.
In our analysis, all cases of LC showed markedly elevated

68Ga-FAPI-46 uptake, increased TBRs, and increased 68Ga-FAPI-
46/18F-FDG ratios for all parameters compared with benign pul-
monary lesions. One prospective study and large retrospective
analyses have demonstrated that 68Ga-FAPI-46 PET in addition to
gold standard imaging methods holds high potential for the staging
and clinical management of LC (13–15,27). However, these stud-
ies were focused on advanced-stage cancers and did not address
the value of 68Ga-FAPI-46 PET for the assessment of unclear sin-
gle pulmonary lesions. In their recent prospective study on 34
patients with advanced, metastatic LC, Wang et al. showed that
68Ga-FAPI PET in addition to 18F-FDG PET/CT detects additional
suspected metastases in lymph nodes, brain, bone, and pleura.
However, the metabolic tumor volume and SUVmax in primary
and recurrent primaries were mostly identical for both tracers (13).
Similarly, Giesel et al. found no significant difference in 68Ga-
FAPI and 18F-FDG uptake by primary tumors in 71 patients with
various cancers, including 9 patients with LC (14). The missing
difference in 18F-FDG and 68Ga-FAPI PET signal behavior for LC
primaries in these studies might be explained by the inclusion of
patients with primary and recurrent stage IV disease only, which is
biologically more aggressive and more 18F-FDG–avid than the
nonmetastatic 18F-FDG–negative primaries in our analysis. Chen
et al. analyzed 68Ga-FAPI– and 18F-FDG–based staging of 54 can-
cer patients, including 8 with LC, and reported higher SUVs for
LC primaries for 68Ga-FAPI than for 18F-FDG. Furthermore, they
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FIGURE 5. Dynamic 68Ga-FAPI-46 PET imaging properties of LC and
benign pulmonary lesions. (A) Averaged time–activity curves (relative to
peak) of LC and benign pulmonary lesions. (B) Box plot of time to peak
and slope of LC and benign pulmonary lesions. Boxes represent interquar-
tile range, whiskers represent interquartile range of 1.5, and horizontal line
within box indicates median. (C) Representative cases: 63-y-old man with
adenocarcinoma (arrow) of left upper lobe and 62-y-old man with focally
68Ga-FAPI-46–avid sarcoid mass (encircled) in right lower lobe. Images
are from static PET, and time–activity curves are from dynamic PET.
Although both lesions show intermediate 68Ga-FAPI-46 uptake, time–activity
curves clearly differ, with delayed peak of LC and markedly pronounced
slope of sarcoidosis. *P, 0.05.
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included 2 LC cases in which the primary tumor was detectable
with 68Ga-FAPI PET but not 18F-FDG PET (15). However,
because only 2 stage I LC cases were included, there is reduced
comparability between their results and ours.
Dynamic imaging analysis revealed differential time–activity

curves for LC and benign pulmonary lesions: initially increasing
time–activity curves with a decent slope were typical of LC, and
steadily decreasing time–activity curve indicated benign pulmonary

lesions, as reflected by a significantly increased time to peak and
absolute value of the slope for LC. These results are in line with our
previously published data on dynamic 68Ga-FAPI-46 PET in LC
and fibrosing interstitial lung diseases, intraductal papillary mucin-
ous neoplasms of the pancreas, and pancreatic ductal adenocarcino-
mas. In that work, we observed similar time–activity curve patterns
related to whether tumors were benign or malignant (20,28). On the
basis of our summed experiences, we would generally recommend
dynamic 68Ga-FAPI PET acquisition in primary patients with
unclear and potentially malignant lesions, such as screening-
detected pulmonary lesions.
Relative (68Ga-FAPI-46/18F-FDG) SUVmax and TBR showed the

highest sensitivity and specificity for the discrimination of LC from
benign pulmonary lesions, and the other static and dynamic PET
parameters had only slightly lower sensitivity and specificity. CT
size, which is in general the most important imaging feature for the
risk stratification of pulmonary lesions (29,30), showed significantly
lower sensitivity and specificity for the discrimination of LC from
benign lesions, as can be explained by the relatively low number of
patients included. The sensitivity and specificity of the 68Ga-FAPI-
46 PET–derived parameters calculated for our dataset were similar
to those reported for 18F-FDG (31,32). However, as our dataset
included only highly selected 18F-FDG–negative cases, a compari-
son between the discriminatory power of 68Ga-FAPI-46 PET and
18F-FDG PET for single pulmonary lesions cannot be made.
Our results suggest that supplemental 68Ga-FAPI-46 PET may

improve the noninvasive assessment of primary pulmonary lesions
compared with 18F-FDG PET and CT alone. Noninvasive assessment
of pulmonary lesions is of great clinical relevance because there are
several contraindications, such as coagulopathies, reduced cardiopul-
monary function, or reduced lung function, that can disfavor surgery
or biopsy interventions, especially in elderly patients (33). In particu-
lar, for lepidic LC, 68Ga-FAPI-46 PET holds great potential to facili-
tate and accelerate clinical decision making toward biopsy or
operative resection, as 18F-FDG PET frequently leads to inconclusive
results, and CT-morphologic progression of these slowly growing
tumors can be detected only over a relatively long time (34). On the
other hand, supplemental 68Ga-FAPI-46 PET could be helpful to
avoid overtreatment in terms of unnecessary resections, as double-
negative (18F-FDG and 68Ga-FAPI-46) lesions appear to have a high
probability of being benign. Dynamic imaging can support the assess-
ment of pulmonary lesions in cases without clearly suggestive high or
low 68Ga-FAPI-46 uptake. However, the results of our recent analysis
should be considered preliminary and hypothesis-generating, and 2
major limitations must be mentioned. First, the number of patients
analyzed was relatively small—with the subgroups thus being even
smaller, especially with regard to benign subentities. Second, because
the patients were highly selected according to 18F-FDG negativity of
suggestive pulmonary lesions, our dataset does not allow comparison
of the diagnostic accuracy of 18F-FDG and 68Ga-FAPI-46 PET for
primary pulmonary lesions in general. Larger, confirmative studies
are necessary to gain more evidence on the clinical value of 68Ga-
FAPI-46 PET for assessment of primary pulmonary lesions.

CONCLUSION

The intense 68Ga-FAPI-46 uptake of primary, 18F-FDG–nega-
tive LC compared with benign pulmonary lesions, as well as their
differential kinetic behavior on dynamic 68Ga-FAPI-46 PET imag-
ing, suggests that supplemental 68Ga-FAPI-46 PET may optimize
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FIGURE 6. Receiver-operating-characteristic (ROC) curves of 4 quantita-
tive PET parameters with highest discriminatory power: 68Ga-FAPI-46/18F-
FDG SUVmax (A), 68Ga-FAPI-46/18F-FDG TBR SUVmax (B), SUVmean TBR
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patient stratification in this clinical scenario. The promising results
of this analysis should be confirmed by larger studies.
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KEY POINTS

QUESTION: Can supplemental 68Ga-FAPI-46 PET help to assess
18F-FDG–negative single pulmonary lesions?

PERTINENT FINDINGS: LC showed markedly elevated 68Ga-
FAPI-46 uptake, increased TBRs, and increased 68Ga-FAPI-46/18F-
FDG ratios for all parameters compared with benign pulmonary
lesions. Dynamic imaging analysis revealed differential time–activity
curves for LC and benign pulmonary lesions. Relative (68Ga-FAPI-
46/18F-FDG) SUVmax and TBR showed the highest sensitivity and
specificity for discrimination of LC from benign pulmonary lesions.

IMPLICATIONS FOR PATIENT CARE: Supplemental 68Ga-FAPI-
46 PET appears extremely promising in the clinical scenario of
18F-FDG–negative single pulmonary lesions, especially when
biopsy or resection is hampered by reduced health status of
patients and noninvasive methods are crucial for assessment of
malignancy.
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Fibroblast activation protein-a (FAP) is often highly expressed by sar-
coma cells and by sarcoma-associated fibroblasts in the tumor micro-
environment. This makes it a promising target for imaging and
therapy. The level of FAP expression and the diagnostic value of
68Ga-FAP inhibitor (FAPI) PET for sarcoma subtypes are unknown.
We assessed the diagnostic performance and accuracy of 68Ga-FAPI
PET in various bone and soft-tissue sarcomas. Potential eligibility for
FAP-targeted radiopharmaceutical therapy (FAP-RPT) was evaluated.
Methods: This prospective observational trial enrolled 200 patients
with bone and soft-tissue sarcoma who underwent 68Ga-FAPI
PET/CT and 18F-FDG PET/CT (186/200, or 93%) for staging or resta-
ging. The number of lesions detected and the uptake (SUVmax) of the
primary tumor, lymph nodes, and visceral and bone metastases were
analyzed. The Wilcoxon test was used for semiquantitative assess-
ment. The association of 68Ga-FAPI uptake intensity, histopathologic
grade, and FAP expression in sarcoma biopsy samples was analyzed
using Spearman r correlation. The impact of 68Ga-FAPI PET on clinical
management was investigated using questionnaires before and after
PET/CT. Eligibility for FAP-RPT was defined by an SUVmax greater
than 10 for all tumor regions. Results: 68Ga-FAPI uptake was hetero-
geneous among sarcoma subtypes. The 3 sarcoma entities with the
highest uptake (mean SUVmax 6 SD) were solitary fibrous tumor
(24.76 11.9), undifferentiated pleomorphic sarcoma (18.8613.1),
and leiomyosarcoma (15.2610.2). Uptake of 68Ga-FAPI versus
18F-FDG was significantly higher in low-grade sarcomas (10.468.5
vs. 7.06 4.5, P 5 0.01) and in potentially malignant intermediate or
unpredictable sarcomas without a World Health Organization grade
(not applicable [NA]; 22.36 12.5 vs. 8.5610.0, P5 0.0004), including
solitary fibrous tumor. The accuracy, as well as the detection rates, of
68Ga-FAPI was higher than that of 18F-FDG in low-grade sarcomas
(accuracy, 92.2 vs. 80.0) and NA sarcomas (accuracy, 96.9 vs. 81.9).
68Ga-FAPI uptake and the histopathologic FAP expression score
(n5 89) were moderately correlated (Spearman r5 0.43, P, 0.0002).

Of 138 patients, 62 (45%) with metastatic sarcoma were eligible for
FAP-RPT. Conclusion: In patients with low-grade and NA sarcomas,
68Ga-FAPI PET demonstrates uptake, detection rates, and accuracy
superior to those of 18F-FDG PET. 68Ga-FAPI PET criteria identified
eligibility for FAP-RPT in about half of sarcoma patients.

Key Words: 68Ga-FAPI PET; sarcoma; fibroblast activation protein;
theranostic; cancer imaging
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Sarcomas are rare and heterogeneous tumors that develop from
the connective tissue of bone and soft tissue. There are more than
150 subtypes, including low-grade or intermediate or unpredict-
able tumors without a World Health Organization grade (not appli-
cable [NA]). The outcome for patients with metastatic disease
remains poor, with a median overall survival period of approxi-
mately 12–18mo (1–3). Fibroblast activation protein-a (FAP) is a
type II membrane glycoprotein belonging to the dipeptyl-peptidase
family and is present in cancer-associated stromal fibroblasts (4,5).
Cancer-associated stromal fibroblasts constitute an essential com-
ponent of the tumor microenvironment (6–8). With the recent
development of radiolabeled FAP inhibitors (FAPIs), these stro-
mal markers have opened up opportunities for molecular imaging
and FAP-targeted radiopharmaceutical therapy (FAP-RPT) (9).
FAPI compounds have been used for the detection of malignant
lesions with high stromal content on high-contrast PET/CT images.
In recent years, numerous clinical studies have demonstrated high
FAPI uptake in various solid tumors, including sarcomas (10–12). In
addition, for several sarcoma subentities, such as myofibroblastic sar-
coma, osteosarcoma, and undifferentiated pleomorphic sarcoma
(UPS), histogenesis-specific FAP expression has been reported (13).
In a previous subgroup analysis, our group proved the high intensity
of intratumoral 68Ga-FAPI uptake in sarcoma patients (14). Further-
more, we demonstrated a higher detection rate and reproducibility,
as well as a more advanced stage of disease, with 68Ga-FAPI PET
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than with 18F-FDG PET (14). Accurate staging is of great impor-
tance in planning appropriate therapy. In the advanced stage, FAP-
RPT has demonstrated signs of efficacy (15–17) and is the subject of
a prospective phase II safety and tolerability trial in patients with
metastatic solid tumors (18). FAP-RPT has the potential to improve
outcomes for many patients for whom approved therapeutic options
are scarce or unfulfilling, including patients with advanced sarcomas.
However, sarcoma is a basket term for a broad spectrum of distinct
molecular subtypes that show heterogeneous uptake intensity, hence
the importance of identifying subentities potentially more suitable
for FAP-RPT. To address this issue, we assessed the diagnostic per-
formance and accuracy of 68Ga-FAPI PET versus 18F-FDG PET in a
large cohort of sarcoma patients. In addition, we investigated the
association between 68Ga-FAPI PET uptake intensity and histopatho-
logic expression of FAP and explored the eligibility of certain sar-
coma subentities for FAP-RPT.

MATERIALS AND METHODS

Patient Population
The patient flowchart is illustrated in Figure 1. This is a subgroup

analysis of an ongoing 68Ga-FAPI PET observational trial at Univer-
sity Hospital Essen (NCT04571086). Between October 2019 and
2022, 68Ga-FAPI PET was used for the staging or follow-up of sarco-
mas. In total, 200 bone sarcoma (BS) and soft-tissue sarcoma (STS)
patients who underwent 68Ga-FAPI PET were included (31.8% of the
cohort). Before enrollment, patients gave written informed consent to
undergo 68Ga-FAPI PET for a clinical indication.

Image Acquisition and Evaluation
The synthesis and administration of 68Ga-FAPI-04 (n 5 14) and

68Ga-FAPI-46 (n 5 186) have been described previously (9,19).
Patients did not require specific preparation before 68Ga-FAPI PET.
Clinical PET/CT was performed craniocaudally on 200 patients:
3 (1.5%) with Biograph mMR, 6 (3%) with Biograph mCT, and 191
(95.5%) with Biograph mCT Vision (Siemens Healthineers). The
mean activity 6 SD injected intravenously was 1206 38.3 MBq for
68Ga-FAPI and 248.66 89.2 MBq for 18F-FDG. The mean acquisition
time after injection 6 SD was 23.56 19.0min for 68Ga-FAPI PET
and 69.56 15.5min for 18F-18F FDG PET. A diagnostic CT scan was

obtained using a standard protocol (80–100mA, 120 kV) before PET
imaging (20). For each imaging modality, the number of lesions per
region and per patient was recorded. Focal tracer uptake higher than
the surrounding background and not associated with physiologic
uptake was considered suggestive of malignancy. SUVmax was deter-
mined for lesions with the highest tracer uptake per region, using
Syngo.via software (Siemens Healthineers). All devices had been
cross-calibrated to European Association of Nuclear Medicine Research
Ltd. accreditation standards. SUVmean was measured in 3 regions nor-
malized according to tumor-to-background ratio (TBR): mediastinal
blood pool (center of ascending aorta), liver (unaffected areas of the
right lobe), and surrounding normal tissue, including bone or normal
soft tissue. The images were read by 2 nuclear medicine physicians or
radiologists during a joint reading session. Divergent findings were dis-
cussed and resolved by consensus between the readers.

Lesion Validation
Patients underwent histopathologic analysis of biopsy samples and

surgical excision. Lesions that were histopathologically validated
within 3mo of a 68Ga-FAPI PET scan were included in the accuracy
analysis. When histopathology was unavailable, validation was per-
formed by correlative or follow-up imaging, that is, CT, MRI, or PET.

Immunohistochemistry
Biopsy and surgical specimens were stained with standard hematox-

ylin and eosin, as well as FAP immunohistochemistry, and evaluated
as previously described (14,21). FAP expression is categorized semi-
quantitatively in the histologic section of the tumor as the percentage
of FAP-positive cells. Semiquantitative analysis of FAP expression in
stroma and tumor cells is assessed using the following scoring system:
0 is the absence or a low degree of FAP-positive cells (,1%), 11 is
FAP-positive in 1%–10% of cells, 21 is FAP-positive in 11%–50%
of cells, and 31 is FAP-positive in more than 50% of cells. Patholo-
gists were not informed of PET findings.

Management Questionnaires
To assess changes in planned treatment management after 68Ga-

FAPI PET, referring physicians completed a questionnaire before
PET, which was necessary to assess the patient’s existing treatment
plan without the contribution of 68Ga-FAPI PET, and a second ques-
tionnaire after PET and after reviewing 68Ga-FAPI PET images, which
was used to check for implemented change in management.

Statistical Analysis
Descriptive statistics and individual patient data are reported. For con-

tinuous data, the mean6 SD SUVmax and TBR were compared and tested
for statistical differences using Wilcoxon and Mann–Whitney U tests. The
sensitivity, specificity, and accuracy of 68Ga-FAPI PET on a per-region
basis for the detection of tumor location, confirmed by histopathology or a
composite reference standard, were calculated, along with the correspond-
ing 2-sided 95% CIs. A difference of more than 10% was considered rele-
vant. CIs were determined using the Wilson score method. The association
of 68Ga-FAPI uptake intensity, grade, and histopathologic FAP expression
was analyzed using Spearman r correlation. All statistical analyses were
performed using SPSS software (version 20.0; SPSS Inc.) and GraphPad
Prism (version 9.1.1; GraphPad Software).

RESULTS

Patient Characteristics
The clinical characteristics of the study population are summa-

rized in Table 1 and Supplemental Table 1 (supplemental materi-
als are available at http://jnm.snmjournals.org). Between October
2020 and 2022, 200 patients were included, 91 (45%) women and
109 (55%) men. Of the 200 patients, 65 (33%) had BS and 135

Patients in
prospective

observational study
NTC04457258

(n = 628)

Patients with bone
and soft tissue

sarcoma
(n = 200)

Additional 18F-FDG
PET 4 ± weeks

(n = 186)

Patient with lesion
validation
(n = 200)

Q1/Q2 management
survey complete

(n = 168)

Histopathological validated lesions
(n = 142)

Composite validated lesions
(n = 1,056)

Patients with other
disease entities

(n = 428)

Patients with
immunohistochemistry

analysis
(n = 89)

FIGURE 1. Enrollment flowchart. Q5 questionnaire.
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(67%) had STS; 141 (70%) cases were high grade, 32 (16%) cases
were low grade, and 27 (14%) cases had no World Health Organi-
zation grade (NA). Patients underwent clinical 68Ga-FAPI PET
imaging for either staging (49/200 [25%]) or follow-up (151/200
[75%]). Fourteen (7%) patients were imaged with 68Ga-FAPI-04,
and 186 (93%) were imaged with 68Ga-FAPI-46. All patients
imaged with 68Ga-FAPI-46 underwent 18F-FDG PET imaging
within 4 wk. No PET-related adverse events were reported.

FAP Expression in Sarcoma Subtypes
Tumor SUVmax and the tumor-to-liver ratio for 68Ga-FAPI ver-

sus 18F-FDG in different sarcoma subentities (n 5 12) are summa-
rized in Figure 2. We observed heterogeneous tumor uptake of
68Ga-FAPI in our cohort, ranging from an SUVmax of 3.1 in myxoid
liposarcoma to an SUVmax of 47.1 in solitary fibrous tumor (SFT).
In terms of mean SUVmax 6 SD, the 3 sarcoma entities with the
highest FAP expression were SFT (24.76 11.9), UPS
(18.86 13.1), and leiomyosarcoma (15.26 10.0). By descriptive
comparison, the mean SUVmax was higher for

68Ga-FAPI than for

18F-FDG in most sarcoma subentities, with the exception of syno-
vial sarcoma, spindle cell sarcoma, and other BS. According to the
Wilcoxon test, SUVmax and the tumor-to-liver ratio of 68Ga-FAPI
PET were significantly higher than those of 18F-FDG PET for SFT
(mean SUVmax 6 SD, 24.7611.9 vs. 6.868.7, P 5 0.0005; mean
tumor-to-liver ratio 6 SD, 22.0611.9 vs. 4.1 6 8.9, P 5 0.0005)
and myxoid liposarcoma (mean SUVmax 6 SD, 5.662.2 vs.
3.562.1, P 5 0.03; mean tumor-to-liver ratio 6 SD, 1.761.9 vs.
0.861.7, P 5 0.04). Additional information on SUVs and TBR is
shown in Supplemental Figures 1 and 2 and in Supplemental Table 2.
Based on our previous results (15), intense FAP expression,

defined by an SUVmax of at least 10 in each tumor region, was
deemed sufficient for FAP-RPT, as shown in Figure 2A. These PET
criteria were met in 62 of 138 (45%) patients with metastatic disease:
16 of 20 with SFT, 3 of 9 with UPS, 7 of 11 with leiomyosarcoma, 5
of 10 with osteosarcoma, 3 of 8 with undifferentiated liposarcoma,
13 of 27 with other STS, 4 of 8 with spindle cell sarcoma, 5 of 13
with chondrosarcoma, 3 of 11 with other BS, 2 of 8 with Ewing sar-
coma, and 1 of 4 with synovial sarcoma. FAP expression was highly
intense (SUVmax of 20 or higher in all regions, as shown in Fig. 2A)
in 25 of 138 (18%) patients: 10 of 20 with SFT, 3 of 9 with UPS, 1
of 11 with leiomyosarcoma, 1 of 10 with osteosarcoma, 1 of 8 with
undifferentiated liposarcoma, 5 of 27 with other STS, 2 of 8
with spindle cell sarcoma, 1 of 13 with chondrosarcoma, and 1 of 11
with other BS. A complete list of subentities included in the other
BS and other STS groups is given in Supplemental Table 3.

68Ga-FAPI versus 18F-FDG uptake was assessed separately for
high-grade, NA, and low-grade sarcomas (Fig. 3). Uptake of 68Ga-
FAPI versus 18F-FDG was significantly higher in low-grade sarco-
mas (10.366 8.5 vs. 7.06 4.5, P 5 0.01) and NA sarcomas
(22.36 12.5 vs. 8.56 10, P 5 0.0004), particularly SFT. An
example patient is shown in Figure 4.

Detection Efficacy
Detection efficiency is given in Table 2 for primary tumors,

lymph nodes, and distant metastases (lung, muscle, viscera [organ],
liver, and bone). The detection efficacy of 68Ga-FAPI PET was
superior to that of 18F-FDG PET for distant metastases in NA
(100% vs. 67%) and low-grade (95% vs. 81%) sarcomas.
Overall, 68Ga-FAPI PET versus 18F-FDG PET detected 1,181

(95%) versus 1,023 (85%) lesions. 68Ga-FAPI PET outperformed
18F-FDG PET in detecting primary tumors (144 [100%] vs. 124
[86%]) and distant metastases (945 [97%] vs. 797 [83%]).

Accuracy
The accuracy of per-region analysis is summarized in Table 3. In

total, 142 lesions were histologically validated (110 [77%] primary
tumors, 7 [5%] lymph nodes, 22 [15%] visceral metastases, and 3
[2%] bone metastases). In addition, 1,056 lesions were validated by
correlative or follow-up imaging (34 [3%] primary tumors, 97 [9%]
lymph nodes, 659 [63%] visceral metastases, and 266 [25%] bone
metastases). In patients with high-grade sarcomas, sensitivity (96%
vs. 94%), specificity (86% vs. 68%), and accuracy (95% vs. 92%)
were higher for 68Ga-FAPI than for 18F-FDG. The same was true
for patients with NA sarcomas (sensitivity, 96% vs. 83%; specificity,
80% vs. 67%; and accuracy, 95% vs. 82%) and patients with low-
grade sarcomas (sensitivity, 93% vs. 85%; specificity, 89% vs. 44%;
and accuracy, 92% vs. 80%). Relevant improvement, defined as a
difference of 10% or more, was observed with 68Ga-FAPI PET in
the specificity of detection of high-grade sarcomas and for all 3
accuracy measures for NA and low-grade sarcomas.

TABLE 1
Patient Characteristics (n 5 200)

Characteristic Data

Age (y) 55 (39–65)

Sex

Female 91 (45)

Male 109 (55)

Indication

Staging 49 (25)

Restaging 151 (75)

BS 65 (33)

Osteosarcoma 17 (9)

Chondrosarcoma 17 (9)

Other BS 15 (7)

Ewing sarcoma 8 (4)

Spindle cell sarcoma 5 (3)

UPS 3 (1)

STS 135 (67)

Other STS 41 (21)

SFT 22 (12)

UPS 15 (7)

Dedifferentiated liposarcoma 15 (7)

Myxoid liposarcoma 14 (6)

Leiomyosarcoma 14 (6)

Synovial sarcoma 7 (4)

Spindle cell sarcoma 7 (4)

Grading

NA 27 (14)

Low 32 (16)

High 141 (70)

Continuous data are median and interquartile range; qualitative
data are number and percentage.
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Change in Therapeutic Management
Changes in therapeutic management are presented in Supple-

mental Table 4. For 168 of 200 (84%) patients, questionnaires
completed and returned before and after imaging were avail-
able. The management implemented was assessed by reviewing
the clinical files. Therapeutic changes based on 68Ga-FAPI PET
results were documented in 33 of 168 (20%) patients: 20 (61%)
patients changed from active surveillance to chemotherapy, 6
(18%) patients changed from isolated limb perfusion to surgery,
3 (9%) patients changed from a biopsy to surgery, 1 (3%)
patient changed from a biopsy to chemotherapy, 1 (3%) patient
changed from surgery to chemotherapy, 1 (3%) patient under-
went resection plan adjustment, and 1 (3%) patient changed
from therapy to active surveillance. Moreover, of the 62
patients with metastatic disease and an SUVmax greater than 10,
17 (27%) patients were deemed eligible and underwent at least
1 cycle of FAP-RPT. A patient flowchart is presented in Supple-
ment Figure 3.

PET Versus Immunohistochemistry Target Expression
The association between 68Ga-FAPI PET uptake intensity and

FAP immunohistochemistry score is shown in Figure 5 and Sup-
plemental Table 5. Of 89 samples, 30 (34%) samples demon-
strated no FAP expression on immunohistochemistry (score 0),
and 59 samples had scores 1–3. A moderate positive correlation
(Spearman r 5 0.43, P 5 0.0002) was found between SUVmax

and histopathologic FAP expression. Higher uptake values (mean
SUVmax 6 SD) were observed on lesions with FAP score 3
(22.76 14.2) than on those with FAP score 0 (11.46 7.0).

DISCUSSION

In recent years, FAP has been identified as a promising theranostic
target for various cancers, including sarcomas (14,15,22,23). We ana-
lyzed 68Ga-FAPI PET images of 200 patients with 13 subentities of
sarcoma. Our study revealed the heterogeneous tumor uptake inten-
sity of FAP, with a mean SUVmax 6 SD ranging from 5.662.2 in
myxoid liposarcoma to 24.7611.9 in SFT. In addition, we report

FIGURE 2. Comparison of 68Ga-FAPI and 18F-FDG PET SUVmax (A) and tumor-to-liver ratio (B) for sarcoma subentities. Individual data and mean
(bars) are shown. Horizontal dotted lines in A indicate patients with SUVmax greater than 10 and 20. Black dot5 68Ga-FAPI; white dot5 18F-FDG.

FIGURE 3. Comparison of 68Ga-FAPI and 18F-FDG PET SUVmax (A) and tumor-to-liver ratio (B) separated into high-grade, NA, and low-grade groups.
Individual data and mean (bars) are shown. Black dot5 68Ga-FAPI; white dot5 18F-FDG.
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that diagnostic performance of 68Ga-FAPI
PET is superior to that of 18F-FDG PET in
patients with low-grade and NA sarcomas.
Numerous previous studies have dem-

onstrated the usefulness of 18F-FDG PET
imaging for high-grade sarcomas (24–26).
However, sarcomas are highly heteroge-
neous in terms of aggressiveness and
tumor origin. Consequently, imaging these
tumors with 18F-FDG PET, as currently
indicated for follow-up (4,27), is often
challenging and does not appear to be a
viable universal imaging method. In an
analysis of 21 tumor entities, Hirmas et al.
(28) reported that 68Ga-FAPI versus 18F-
FDG had higher absolute uptake and TBR,
as well as better tumor detection, in sarco-
mas and pancreatic cancers. Concordant
with this observation, we demonstrated

that the mean absolute uptake and TBR of 68Ga-FAPI were higher
than those of 18F-FDG in all sarcoma subentities except synovial
sarcoma, spindle cell sarcoma, and other BS. In a recent prospec-
tive study of 45 STS patients, low-grade STS had significantly
higher FAP uptake, whereas high-grade STS had significantly
higher 18F-FDG uptake (29). We also found significantly higher
68Ga-FAPI versus 18F-FDG uptake in low-grade and NA sarco-
mas. Here, SFT demonstrated high FAP expression, almost twice
the average level for all sarcomas. In addition, higher tumor
uptake of 68Ga-FAPI translated into a higher per-region detection
rate and higher accuracy of 68Ga-FAPI than of 18F-FDG in NA
and low-grade sarcomas. 68Ga-FAPI PET led to a change in thera-
peutic management in around 20% of patients. In around a third of
these patients, 68Ga-FAPI PET led from active surveillance to sys-
temic treatment. A small subgroup switched from locoregional to
systemic therapy, and a single patient switched from systemic
therapy to active surveillance. Most of our cohort were patients
with advanced metastatic disease who had already undergone
extensive imaging, so 68Ga-FAPI PET only moderately affected
clinical decision-making. Nevertheless, we believe that the impact
on clinical management will increase if 68Ga-FAPI-PET is per-
formed at earlier stages of the disease. The better tumor detection
and specificity of FAPI versus current imaging standards, espe-
cially for NA and low-grade sarcomas, could be pivotal to imple-
ment staging (i.e., M0 vs. M1) and hence affect therapy planning
adjustment (i.e., curative vs. palliative). Moreover, it could imple-
ment the assessment of disease extent before local therapies (i.e.,
target tumor volume before external beam radiotherapy).
Immunohistochemistry analysis was performed on 89 patients.

A high level of FAP expression in tumor stroma has been reported
previously (6,10,30,31). In our study, immunohistochemistry con-
firmed the presence of the FAP target in tumor lesions and showed
a moderate positive correlation, with a higher FAP score associ-
ated with higher 68Ga-FAPI PET uptake.
Because of their origin in soft tissue, most sarcomas intrinsically

express FAP on the surface of tumor cells and surrounding fibro-
blasts (8,13,32), which may make this tumor entity particularly suit-
able for 68Ga-FAPI PET and FAP-RPT (14,28,33,34). Metastatic
sarcoma has a poor prognosis, with an overall 5-y survival rate of
15% (35). Treatment options for this metastatic disease are scarce

TABLE 2
Detection Efficacy on Per-Region Basis in High-Grade
(n 5 141), NA (n 5 27), and Low-Grade (n 5 32) Groups

Lesion Overall 68Ga-FAPI-46 18F-FDG

High grade

Primary tumor 100 (100) 100 (100) 84 (84)

Lymph nodes 73 (100) 63 (70) 73 (100)

Distant metastases 563 (100) 563 (100) 524 (93)

Lung 252 (100) 252 (100) 243 (96)

Muscle 52 (100) 52 (100) 49 (94)

Viscera 87 (100) 87 (100) 83 (95)

Liver 32 (100) 32 (100) 28 (88)

Bone 140 (100) 140 (100) 121 (86)

NA

Primary tumor 17 (100) 17 (100) 15 (88)

Lymph nodes 16 (100) 16 (100) 14 (88)

Distant metastases 286 (100) 286 (100) 191 (67)

Lung 118 (100) 118 (100) 87 (74)

Muscle 25 (100) 25 (100) 14 (56)

Viscera 26 (100) 26 (100) 11 (42)

Liver 12 (100) 12 (100) 8 (67)

Bone 105 (100) 105 (100) 71 (68)

Low grade

Primary tumor 27 (100) 27 (100) 25 (93)

Lymph nodes 15 (100) 13 (87) 15 (100)

Distant metastases 101 (100) 96 (95) 82 (81)

Lung 31 (100) 31 (100) 22 (71)

Muscle 11 (100) 9 (82) 11 (100)

Viscera 23 (100) 23 (100) 20 (87)

Liver 12 (100) 12 (100) 5 (42)

Bone 24 (100) 21 (88) 24 (100)

Data are number and percentage.

FIGURE 4. 62-y-old patient with metastatic SFT. Higher 68Ga-FAPI uptake (A and B) than 18F-FDG
uptake (C and D) is shown in images of primary tumor in right pelvis (SUVmax of 25.1 in B vs. 9.0 in C)
and multiple pelvic bone metastases (right sacrum, SUVmax of 23.0 in B vs. 2.2 in C). Shown are
maximum-intensity projection PET images (A and D), axial PET images (B and C, top), and axial CT
images (B and C, bottom).
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and unfulfilling. FAP-positive cells play a vital role in remodeling
the tumor microenvironment. Therefore, FAP is increasingly consid-
ered a potential pantumoral target for the design of tumor-targeting
drugs, which explains why several in vitro and vivo studies are
ongoing.
The development of immunomodulatory therapies based on

oncolytic viruses is playing an increasingly important role in the
treatment of solid tumors, involving both direct cell lysis and
immunogenic cell death. In this context, oncolytic viruses armed
with an FAP-targeting bispecific T-cell engager have been
designed to target infiltrating lymphocytes toward cancer-
associated stromal fibroblasts, thereby enhancing viral propagation
and T-cell–mediated cytotoxicity against tumor stroma to improve
therapeutic activity (36). FAP-targeting bispecific T-cell engager
activators, which costimulate T cells and improve tumor cell
destruction in FAP-expressing tumors, are the subject of several
phase I studies in patients with advanced solid tumors, with

preliminary results demonstrating tolerability and safety (37,38),
as well as signs of response (39).
Moreover, when conjugated with doxorubicin, FAP has been

used to generate chemotherapeutic prodrugs, activated only in the
tumor microenvironment, to selectively release anticancer agents
and improve the targeting effect of these cytotoxic agents, thus
reducing their systemic side effects (40). FAP represents a promis-
ing target for other potential treatments, such as immunotherapy
(41,42); FAP-targeted chimeric antigen receptor–T-cell therapy,
which is being investigated in 2 phase I clinical trials in patients
with malignant pleural mesothelioma (43); nectin-4–positive
advanced solid malignancies (44); and RPT.
RPT is capable of delivering radiation to FAP- and stroma-rich

tumor lesions while limiting damage to surrounding tissue. This
new therapeutic approach has been widely applied to metastatic
neuroendocrine tumors and prostate cancers, improving quality of
life and overall survival (45,46). Several FAP ligands are being
investigated in preclinical and clinical settings as theranostic
agents. In a head-to-head comparison, 177Lu-labeled FAP ligands
were evaluated in vitro in cell lines with low and high human FAP
expression and in mice bearing low and high FAP-expressing
models. The 177Lu-FAPI-46 dimer presented higher uptake and
longer tumor retention than those of the monomer, whereas the
tumor–to–critical organ values were in favor of cyclic peptide
FAP-2286 (47). In a first-in-human dosimetry study, 177Lu-FAP-
2286 showed longer tumor retention than a small FAPI tracer,
such as FAPI-02/04, and the doses absorbed by the whole body,
bone marrow, and kidney were comparable to those of other radio-
pharmaceuticals previously reported to be effective, namely,
177Lu-DOTATATE and 177Lu-PSMA-617 (48). The results of the
studies available so far ultimately indicate that dimerization of
FAPI small molecules and the cyclic peptide are 2 promising strat-
egies for enhancing the tumor radiation dose.
Various radionuclides are taken into consideration for labeling.

If on one side, the b-particle energy of 90Y is higher than that of
177Lu, then on the other side, the longer range of 90Y-b could
increase the risk of bone marrow and renal toxicity. Because of
the high and precise energy delivery to the tumor per unit of radio-
activity, a-emitters, such as 225Ac, could also be potential candi-
dates, as reported in a proof-of-concept study (49). FAP-RPT with

TABLE 3
Accuracy of Detection of Sarcoma on Per-Region Basis in High-Grade (n 5 141), NA (n 5 27),

and Low-Grade (n 5 32) Groups

Imaging Sensitivity Specificity Accuracy

High grade
68Ga-FAPI-46 96.4 (93.5–98.3) 85.7 (67.3–95.9) 95.5 (92.5–97.5)
18F-FDG 94.2 (90.8–96.8) 67.9 (47.6–84.2) 91.8 (88.0–94.7)

NA
68Ga-FAPI-46 95.9 (88.5–99.1) 80.0 (28.4–99.5) 94.9 (87.4–98.6)
18F-FDG 83.3 (72.1–91.4) 66.7 (22.3–95.7) 81.9 (71.1–90.0)

Low grade
68Ga-FAPI-46 92.6 (83.6–97.6) 88.9 (51.7–99.7) 92.2 (83.8–97.1)
18F-FDG 85.2 (73.8–93.0) 44.4 (13.7–78.8) 80.0 (68.73–88.6)

Data are percentage and 95% CI.

FIGURE 5. Association between 68Ga-FAPI PET uptake intensity
(SUVmax) and FAP immunohistochemistry score (n 5 89). Individual data
and mean (bars) are shown. Immunohistochemistry scoring: 0 5 no
expression (,1%), 151%–10%, 25 11%–49%, 1 5 $50% FAP-
positive cells. Comparison of SUVmax with established immunohistochem-
istry scoring system showed moderate linear relationship (Spearman
r5 0.43, P5 0.0002).

68GA-FAPI PET AND FAP-RPT IN SARCOMA % Lanzafame et al. 885



90Y-FAPI and 177Lu-FAPI has been documented in several case
reports and case series for the treatment of various tumor entities
(17,50–52). Our group has previously reported favorable safety
and evidence of the efficacy of FAP-RPT in a mixed cohort of
patients mainly with metastatic sarcomas (15). Furthermore, FAP-
RPT is undergoing a prospective phase II safety and tolerability
trial in patients with advanced solid tumors (18), with preliminary
results showing no significant toxicity and some signs of early effi-
cacy (53). In accordance with therapeutic criteria (45,54), intense
FAP expression, defined by an SUVmax of at least 10 for all tumor
lesions, indicated eligibility for FAP-RPT. Based on these criteria,
more than half of our patients could be eligible for FAP-RPT. Sev-
eral subentities of sarcoma, including SFT, UPS, and leiomyosar-
coma, demonstrated 68Ga-FAPI uptake that ranged up to highly
intense (SUVmax . 20), indicating favorable target expression for
FAP-RPT. Because of the heterogeneous expression of the target,
68Ga-FAPI PET could become a tool for determining eligibility
for FAP-RPT and identifying subentities of sarcoma likely to ben-
efit from this therapeutic approach.
Several limitations were identified. We found a moderate correla-

tion between 68Ga-FAPI uptake by PET and target expression
by immunohistochemistry. Thus, SUVmax may not be representative
of the entire tumor lesion, which may underestimate the intralesional
heterogeneity of FAP expression. Moreover, some patients did not
undergo 18F-FDG PET, potentially leading to a selection bias.
In this analysis, we focus on the diagnostic accuracy of 68Ga-FAPI

PET. This study does not include mandatory follow-up. The absence
of follow-up data may have led to bias. FAP-RPT eligibility was in
line with previously published criteria (15). However, these criteria
have not yet been validated on the basis of oncologic outcomes.

CONCLUSION

68Ga-FAPI PET demonstrates tumor uptake, detection rate, and
accuracy superior to that of 18F-FDG PET in patients with low-
grade and NA sarcomas. Tumor uptake for 68Ga-FAPI PET corre-
lated moderately with FAP expression for immunohistochemistry.
68Ga-FAPI PET criteria identified eligibility for FAP-RPT in about
half of sarcoma patients, especially those with SFT, UPS, and
leiomyosarcoma.
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KEY POINTS

QUESTION: Does the diagnostic performance of 68Ga-FAPI PET
in BS and STS vary according to grade of disease and subentities,
and if so, which subentities are more likely to be good candidates
for FAP-RPT?

PERTINENT FINDINGS: We observed diagnostic performance and
accuracy of 68Ga-FAPI superior to that of 18F-FDG in intermediate
and low-grade sarcomas. The subentities that consistently show
intense FAPI uptake (SUVmax . 20), namely, SFT, UPS, and leiomyo-
sarcomas, are more likely to benefit from this therapeutic approach.

IMPLICATIONS FOR PATIENT CARE: 68Ga-FAPI PET is a
diagnostic tool for low-grade and NA sarcomas and allows the
determination of eligibility for FAP-RPT.
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In contemporary oncologic diagnostics, molecular imaging modalities
are pivotal for precise local and metastatic staging. Recent studies
identified fibroblast activation protein as a promising target for molec-
ular imaging across various malignancies. Therefore, we aimed to sys-
tematically evaluate the current literature on the utility of fibroblast
activation protein inhibitor (FAPI) PET/CT for staging patients with
genitourinary malignancies. Methods: A systematic Embase and
Medline search was conducted, according to the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA) process,
on August 1, 2023. Relevant publications reporting on the diagnostic
value of FAPI PET/CT in genitourinary malignancies were identified
and included. Studies were critically reviewed using a modified ver-
sion of a tool for quality appraisal of case reports. Study results were
summarized using a narrative approach. Results:We included 22 ret-
rospective studies with a cumulative total of 69 patients, focusing on
prostate cancer, urothelial carcinoma of the bladder and of the upper
urinary tract, renal cell carcinoma, and testicular cancer. FAPI PET/CT
was able to visualize both local and metastatic disease, including
challenging cases such as prostate-specific membrane antigen
(PSMA)–negative prostate cancer. Compared with radiolabeled 18F-
FDG and PSMA PET/CT, FAPI PET/CT showed heterogeneous per-
formance. In selected cases, FAPI PET/CT demonstrated superior
tumor visualization (i.e., better tumor-to-background ratios and visual-
ization of small tumors or metastatic deposits visible in no other way)
over 18F-FDG PET/CT in detecting local or metastatic disease,
whereas comparisons with PSMA PET/CT showed both superior and
inferior performances. Challenges in FAPI PET/CT arise from physio-
logic urinary excretion of most FAPI radiotracers, hindering primary-
lesion visualization in the bladder and upper urinary tract, despite
generally providing high tumor-to-background ratios. Conclusion:
The current findings suggest that FAPI PET/CT may hold promise as a
future tool to aid clinicians in detecting genitourinary malignancies.
Given the substantial heterogeneity among the included studies and
the limited number of patients, caution in interpreting these findings is

warranted. Subsequent prospective and comparative investigations
are anticipated to delve more deeply into this innovative imaging
modality and elucidate its role in clinical practice.

Key Words: prostate cancer; urothelial carcinoma; renal cell carci-
noma; testicular cancer; metastatic screening; FAPI PET/CT
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Accurate staging of genitourinary malignancies is crucial for
optimizing treatment planning and patient outcomes (1–6). Recent
advances in molecular imaging modalities, such as radiolabeled
18F-FDG and prostate-specific membrane antigen (PSMA) PET/CT,
have significantly advanced the staging of genitourinary malignan-
cies, compared with conventional imaging methods (7–9). These
molecular imaging modalities excel at detecting metastatic disease
even in anatomically nonanomalous structures. However, challenges
persist. For instance, current molecular imaging modalities often
struggle to detect all metastatic lesions, demonstrating the relatively
low sensitivity of 18F-FDG and PSMA PET/CT, false positives due
to physiologic uptake in tissues not within the region of interest or
(postoperative) inflammation, and the occasional absence of PSMA
avidity. Thus, exploring alternative imaging modalities is essential to
enhance staging accuracy and guide therapeutic decisions (10–12).
Malignancies, including genitourinary cancers, comprise diverse

cell types and not just autonomic neoplastic cells (Fig. 1) (13). Acti-
vated fibroblasts or myofibroblasts, also known as cancer-associated
fibroblasts, are abundant in the tumor microenvironment and possess
various significant functions, such as promotion of tumor growth, cell
invasion and metastasis, angiogenesis, and regulation of immune
response (14). Distinguishing themselves from normal fibroblasts,
most cancer-associated fibroblasts exhibit remarkable overexpression
of the fibroblast activation protein (FAP), making them an appealing
target for noninvasive molecular imaging techniques (15,16).
Recently, a quinoline-based FAP inhibitor (FAPI) was identified,
which binds selectively to this epitope, and after being labeled with
positron-emitting isotopes, the tumor microenvironment could be
visualized in vivo using PET/CT imaging (17).
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Several publications have shown that FAPI PET/CT yields strong
positive signals in various malignancies, suggesting its potential as a
highly cancer-specific imaging modality that may overcome the lim-
itations of 18F-FDG and PSMA PET/CT (18–20). In this review, we
systematically assess the current literature regarding the diagnostic
value of FAPI PET/CT for genitourinary malignancies.

MATERIALS AND METHODS

This systematic review was registered in the International Pros-
pective Register of Systematic Reviews database on July 9, 2023
(CRD42023443837). The subsequent methodology followed the Pre-
ferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) statement (21).

Search Strategy
A systematic Embase and Medline search was conducted on August 1,

2023. The initial search included some of the following key terms:
“Fibroblast Activation Protein Inhibitor” OR “FAPI” AND (“Bladder
Cancer” OR “Prostate Cancer” OR “Penile Cancer” OR “Renal Cancer”
OR “Urachal Cancer” OR “Testicular Cancer” OR “Urethral Cancer” OR
“Upper Tract Urinary Cancer”). The complete free-text search terms are
attached as supplemental material (supplemental materials are available at
http://jnm.snmjournals.org). For searches, publication dates were limited
to the preceding 10 y, because the first FAPI tracer was introduced in the
preceding decade. No other limits were applied.

Inclusion and Exclusion Criteria
Studies were included for review if they explored the diagnostic

value of FAPI PET/CT in patients with genitourinary malignancies
(i.e., urothelial carcinoma of the bladder and upper urinary tract, pros-
tate cancer [PCa], penile cancer, renal cell carcinoma [RCC], mucinous
urachal adenocarcinoma, and testicular cancer). Hence, in accordance
with the PRISMA statement, we used a strategy considering popula-
tion, intervention, comparison, and outcome elements to select studies
that report on the diagnostic value of FAPI PET/CT in patients with
genitourinary malignancies, comparing it with established molecular
imaging modalities. Publications were excluded if they were not writ-
ten in English, related to nonclinical results, or were published as let-
ters to the editor, editorials, study protocols, or commentaries or were
in the gray literature. Finally, if multiple studies reported results from
overlapping cohorts, only the most recent publication was retrieved.

Systematic Review Process
The abstract and full-text screening and the

subsequent data extraction were performed
by 2 reviewers independently. Discrepancies
between reviewers were resolved by consen-
sus. Relevant publication reference lists were
screened manually to identify further studies.
The PRISMA flowchart describing the sys-
tematic review process, with the numbers of
papers identified and included or excluded at
each stage, is presented in Figure 2.

Data Extraction
Information on study characteristics was

extracted from all included studies by 2 of
the authors, who subsequently cross-checked
these to ensure their accuracy. A standard-
ized data extraction form was created a priori
to collect article information (first author
name, year of publication, study design, and

number of participants), population characteristics of interest (tumor
type, histologic subtype, and disease stage), and imaging details
(radiotracer and comparative imaging modality) and findings. Addi-
tionally, comparative information with other imaging modalities or
histopathologic specimens was likewise collected, ensuring a compre-
hensive evaluation of the diagnostic performance of FAPI PET/CT in
relation to alternative imaging techniques and pathologic findings.

Quality Appraisal
Assuming that identified reports would involve primarily nonrando-

mized studies, such as cohort studies and case reports, identified studies
were critically reviewed using a modified version of a tool for quality
appraisal of case reports (22). The assessment determined 4 items:
whether the patient was described adequately (i.e., main complaint, his-
tory, clinical and laboratory evaluations, treatments), whether an accu-
rate diagnosis was provided (i.e., valid and reliable outcome measures
were used), whether convincing evidence in support of the diagnosis

FIGURE 1. Graphic illustration of tumor microenvironment with cancer-associated fibroblasts
(CAFs) and their overexpression of FAP. (Created with BioRender.com.)
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FIGURE 2. PRISMA flow diagram showing outcome of searches and
selection of full studies included in review.
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was presented (i.e., according to the criteria for diagnosis of antipho-
spholipid syndrome or catastrophic antiphospholipid syndrome, or
describing the evidence for diagnosis), and whether alternate explana-
tions were considered and refuted (differential diagnosis was illustrated
and scientifically excluded, or underlying possible mechanisms that
could explain the finding were addressed). Possible item ratings were
yes, partially, or no.

Statistical Analysis
Studies were assessed using a narrative synthesis of included stud-

ies and descriptive statistics to summarize the data on extracted base-
line characteristics. The diagnostic value of FAPI PET/CT was
described with regard to its ability to detect metastatic disease, and it
was compared with current molecular imaging modalities if possible.
A metaanalysis was not performed, because of the expected heteroge-
neity of the included studies.

RESULTS

The first reviewer identified 65 potentially eligible studies, and the
second reviewer identified 75 potential studies, resulting in an 87%
agreement rate. Ultimately, 22 studies were eligible for inclusion, all
of which were retrospective and with a high or unclear risk of bias
(19,23–43). Supplemental Table 1 summarizes the quality appraisal.
All 22 studies focused on assessing the diagnostic value of FAPI
PET/CT in various genitourinarymalignancies, including PCa (n5 12),
urothelial carcinoma of the bladder and upper urinary tract (n 5 4),
RCC (n 5 6), and testicular cancer (n 5 1). The systematic review
encompassed a cumulative total of 69 patients. Table 1 presents article
information, population characteristics, and molecular imaging details
stratified by tumor type.

FAPI PET/CT in PCa
Of the 69 patients assessed, 33 (48%) underwent FAPI PET/CT

for staging PCa. Most FAPI PET/CT scans were performed on a
known-metastatic population with a history of prior treatment
(19,29,34,37,40–42). FAPI PET/CT was able to visualize metastatic
PCa lesions (nodal, skeletal, or visceral) because of the generally high
tracer uptake and minimal background activity of FAPI radiotracers,
resulting in high tumor-to-background ratios (TBRs). Similarly, in
newly diagnosed PCa patients, the primary tumor exhibited excellent
visualization, with high radiotracer uptake (23,26,28,31,32).
In comparison to 18F-FDG and PSMA PET/CT, FAPI PET/CT

demonstrated a variable diagnostic performance, including instances
of both higher and lower diagnostic yields, such as numbers of metas-
tases (23,26,29,34,40–42). Improved diagnostic outcomes (i.e., higher
diagnostic yield) were particularly observed in cases with more
advanced stages of PCa (37,40–42). Interestingly, several cases dem-
onstrated the ability of FAPI PET/CT to visualize local and metastatic
disease in patients with PSMA-negative tumors (26,37,40,42).
Given the focus on an established metastatic population, histopatho-

logic confirmation was infrequently pursued. In studies with histopath-
ologic evidence, this confirmation was limited to the primary tumor
(23,26,29). Hence, a direct comparison of FAPI PET/CT with conven-
tional molecular imaging using histopathology as a reference standard
was generally not possible in the included cases.

FAPI PET/CT in Urothelial Carcinoma of the Bladder and
Upper Urinary Tract
FAPI PET/CT was performed on 29 patients to stage urothelial

carcinoma of the bladder (n 5 22) and upper urinary tract (n 5 7).
FAPI PET/CT focused primarily on newly diagnosed patients,
constituting 20 of 29 cases (25,30,33,43). The notably high TBRs

in FAPI PET/CT generally facilitated excellent visualization of
metastatic lesions (25,30,33,43). However, because of the elevated
background signal resulting from renal and urinary excretion of
most FAPI radiotracers, primary tumors in the bladder and upper
urinary tract were often not visible (25,30,33). Similarly, lymph
nodes near the urinary tract posed a similar challenge due to over-
lapping urinary activity (30).
Compared with 18F-FDG PET/CT, FAPI PET/CT has shown

enhanced diagnostic value in included cases. FAPI PET/CT
yielded an increased number of identified lesions compared with
18F-FDG PET/CT and correctly reclassified suggestive (reactive)
lesions as nonsuggestive (25,30,43). Histopathologic confirmation,
however, remained limited in these studies, with the report by
Unterrainer et al. being the only one with histopathologic confir-
mation (30). Their findings showed that FAPI PET/CT could accu-
rately identify lymph node metastases; only 1 histopathologically
confirmed lymph node was missed.

FAPI PET/CT in RCC
Of the evaluated patients, 6 underwent FAPI PET/CT for RCC

(19,24,27,35,38,39). Noteworthy is the fact that these RCC cases
encompassed different subtypes, including sarcomatoid, chromophobe,
papillary, and clear cell. Both newly diagnosed and known-metastatic
patient populations were studied, with 4 of 6 cases falling within the
latter category. Despite the report by Kratochwil et al. (19) of low
tumoral tracer uptake in RCC, other investigators reported excellent
visualization of both primary and metastatic lesions. Notably, FAPI
PET/CT detected a solitary choroid plexus metastasis because of lack
of physiologic cerebral uptake with FAPI radiotracers (39).
In comparison to 18F-FDG PET/CT, FAPI PET/CT detected an

equal or greater number of metastatic lesions and provided enhanced
delineation of these lesions due to the higher TBRs of FAPI radio-
tracers. Additionally, if the primary tumor was not visualized on
18F-FDG PET/CT, FAPI PET/CT successfully revealed the primary
lesion (27). Dong et al., Pang et al., and Yang et al. provided histo-
pathologic confirmation for both metastatic and primary lesions,
with FAPI-positive lesions consistently confirmed to harbor meta-
static disease (24,27,39).

FAPI PET/CT in Testicular Cancer
The diagnostic value of FAPI PET/CT in testicular cancer has

been studied only once, involving a patient diagnosed with a meta-
static mixed germ cell tumor (36). In contrast to previously men-
tioned genitourinary malignancies, this study demonstrated only
mild tumoral tracer uptake. Nevertheless, the uptake was increased
with FAPI PET/CT compared with 18F-FDG PET/CT. Regretta-
bly, histopathologic confirmation of the metastatic lesions was not
provided.

DISCUSSION

Molecular imaging techniques have demonstrated added diagnos-
tic value for various genitourinary malignancies, such as PSMA
PET/CT for PCa and 18F-FDG PET/CT for urothelial carcinoma of
the bladder and upper urinary tract (7,44,45). Nevertheless, the pur-
suit of more sensitive and specific imaging modalities continues, as
an ideal imaging modality for metastatic screening must combine
near-perfect specificity with maximized sensitivity (1–6). This sys-
tematic review summarizes the existing evidence regarding the diag-
nostic value of FAPI PET/CT across genitourinary malignancies.
Despite an adequate number of identified studies, limitations in the
patient cohorts staged with this novel imaging modality within our
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review, along with the overall low quality of studies, preclude defini-
tive conclusions regarding its value in staging both local and meta-
static disease. Nevertheless, this comprehensive review offers valuable
insights for future research.
It is evident that research on FAPI PET/CT imaging is

extremely limited and lacks high-level data. However, in contrast
to genitourinary malignancies, for which such data are lacking,
research on the diagnostic value of FAPI PET/CT has significantly
advanced in other types of malignancies (46–52). Particularly,
FAPI PET/CT has displayed significant potential in gastrointesti-
nal malignancies such as colorectal, gastric, pancreatic, and liver
cancers, as well as in lung cancer. Its superior performance com-
pared with 18F-FDG PET/CT in identifying primary tumors, local
recurrences, lymph node involvement, and diverse metastatic
lesions highlights its value in clinical management within these
oncologic domains. In contrast, its management impact in genitouri-
nary malignancies is yet to be determined. As research continues, it
is worth noting that ongoing trials, as registered on ClinicalTrials.
gov, are also extending their investigations to encompass a broader
spectrum of malignancies, such as oral, breast, ovarian, prostate, and
bladder cancers. These ongoing investigations are poised to provide
a more comprehensive understanding of the diagnostic capabilities
of FAPI PET/CT, bridging the gap in research within the genitouri-
nary domain and enhancing the broader landscape of its applications
in oncology as a whole.
Similar to its application in these other malignancies, FAPI

PET/CT has demonstrated potential advantages and disadvantages
in genitourinary malignancies (19,33,53–55). One reported advan-
tage of FAPI PET/CT in genitourinary malignancies is its ability
to achieve a high TBR, facilitating excellent tumor visualization,
precise delineation, and accurate localization of metastatic disease.
Particularly advantageous is the minimal accumulation of FAPI
radiotracers in the abdomen and intestinal tract, improving detec-
tion of metastatic disease in these regions (i.e., peritoneal metasta-
ses) (33,43,54–58). FAPI radiotracers, however, come in various
forms (58). Although their biodistribution is generally comparable,
variations can be observed in physiologic uptake and tumor-to-
blood ratios, among others. Head-to-head comparisons between
different FAPI radiotracers are currently still lacking, highlighting
the need for further research in this area. Challenges generally
associated with all FAPI radiotracers relate to urinary excretion, a
characteristic shared with 18F-FDG and certain PSMA radiotra-
cers. This excretion hampers the visualization of primary tumors in
the bladder and upper urinary tract (30,56,57,59). Nevertheless, a
promising aspect of FAPI radiotracers is their rapid and high tumoral
tracer uptake, often detectable within 10min after tracer administra-
tion (33). This rapid and intense FAPI uptake suggests a potential
solution: enabling early PET image acquisition even before urinary
excretion has occurred, addressing the challenge posed by urinary
activity (33).
Comparing FAPI PET/CT with PSMA and 18F-FDG PET/CT in

genitourinary malignancies provides significant insights. Unlike
18F-FDG, both PSMA and FAPI specifically target overexpressed
molecules in malignancies. FAPI PET/CT’s distinctive feature of
avoiding metabolic activity assessment potentially enhances visu-
alization in challenging cases, such as cerebral metastases of RCC,
and may enable differentiation of reactive from metastatic lymph
nodes (25,30,39,60), unlike 18F-FDG PET/CT. However, FAPI
PET/CT exhibited varying diagnostic value compared with PSMA
PET/CT across the included reports, indicating potential dependence
on the varying FAP expression in PCa (37,61). FAP expression

significantly increases with disease progression, reaching its lowest
detection in benign and treatment-naïve patients (37). This indicates
a potentially greater diagnostic value of FAPI PET/CT in more
advanced disease stages. Moreover, FAPI PET/CT demonstrated
radiotracer uptake in both local and metastatic lesions of PSMA-
negative PCa patients, suggesting its potential as an alternative diag-
nostic tool in this specific subset (26,37,40,42). However, we also
found that FAPI PET/CT is not devoid of false-positive findings.
Although FAP overexpression is common in malignancies, it can
also be present during extracellular matrix remodeling, wound heal-
ing, and other benign conditions, such as arthritis, fibrosis, and ische-
mic heart tissue after a myocardial infarction (15,31), as well as
atherosclerosis, autoimmune disease, and metabolic diseases. Given
FAP’s role in tissue remodeling and expression on activated fibro-
blasts of scarring tissue, FAP expression is related to diseases of
uncontrolled scarring (fibrosis). FAP has been reported elevated in
fibrotic conditions involving the liver, lung, and colon (e.g., cirrho-
sis, idiopathic pulmonary fibrosis, keloid formation, Crohn disease).
Hence, false negatives and false positives remain possible with FAPI
PET/CT; however, their rates cannot be reliably assessed in this
review because of the limited number of patients and lack of histo-
pathologic confirmation.
FAPI PET/CT has shown promising initial results in genitouri-

nary malignancies; however, a comprehensive assessment of the full
spectrum of these malignancies was not achieved. This systematic
review did not encompass research on specific rare cancers, includ-
ing mucinous urachal adenocarcinoma, urethral carcinoma, and
penile squamous cell carcinoma. Studies on the application of FAPI
PET/CT within these rare genitourinary malignancies were either not
identified or ineligible for inclusion. Noteworthy findings concerning
the application of FAPI PET/CT in penile squamous cell carcinoma,
however, have been reported in a conference abstract by Eismann
et al. (62), who reported the successful identification of all histopath-
ologically confirmed lymph node metastases by FAPI PET/CT.
Interestingly, in half of their patients, focal uptake of FAPI was
observed in primary lesions, whereas in the remaining half, visualiza-
tion of primary lesions was hindered by increased urinary activity—
a pattern consistent with previous observations (30,56,57). Refined
imaging protocols (i.e., omission of furosemide and micturition before
the scan) might improve the visualization of primary lesions, although
these results are still awaited (62).
Signifying substantial promise in diagnostics, targeting of FAP

offers not only diagnostic potential but also the prospect of thera-
nostic applications. The high TBR and long retention allow for
potential therapeutic use by labeling FAPI with a- or b-emitting
isotopes, yielding a potent therapeutic agent (63). Currently, early-
stage clinical exploration focuses primarily on assessing the feasi-
bility, biodistribution, and dosimetry of FAPI radioligand therapy
in various malignancies, demonstrating good tolerability and
acceptable side effects (64). Although data on FAPI radioligand
therapy in genitourinary malignancies are limited, there is growing
recognition of its potential benefits. This is particularly notable for
specific patients exhibiting inadequate responses to current man-
agement options or for individuals for whom existing therapeutic
alternatives are unsuitable because of factors such as insignificant
PSMA expression (28,30,33–35,40–42).
Because of the novelty of this imaging modality, our review is

constrained by the retrospective nature of all included studies, pre-
dominantly consisting of case reports, case series, and retrospective
cohort studies. Consequently, inherent limitations such as selection
bias and publication bias are present. The studies we incorporated

894 THE JOURNAL OF NUCLEAR MEDICINE % Vol. 65 % No. 6 % June 2024



displayed a significant or unclear risk of bias and lacked a standard-
ized approach to reporting outcomes. Moreover, because of the
lack of histopathologic confirmation or follow-up imaging, FAPI
PET/CT findings have yet to be validated. Furthermore, the overall
number of patients investigated was small, and significant hetero-
geneity was observed across disease types, clinical settings, and
FAPI PET/CT (i.e., radiotracer use and acquisition techniques),
making it impossible to draw any conclusion or make any state-
ment on the sensitivity of FAPI PET/CT. These findings under-
score the limitations of the current body of research and emphasize
the imperative for meticulous and comprehensive exploration and
documentation of this imaging modality in the context of genitouri-
nary malignancies.

CONCLUSION

This systematic review synthesizes the existing evidence regard-
ing the diagnostic value of FAPI PET/CT in various genitourinary
malignancies, emphasizing the limited availability and low quality
of data. Current preliminary research hints at the potential of FAPI
PET/CT to effectively visualize both local and metastatic disease
in selected patients with various genitourinary malignancies. How-
ever, given the scarcity of comprehensive data, the use of FAPI
PET/CT seems most appropriate for experimental settings until its
potential in clinical practice is established.
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KEY POINTS

QUESTION: What is the current evidence regarding the diagnostic
value of FAPI PET/CT for genitourinary malignancies?

PERTINENT FINDINGS: This systematic review, emphasizing the
limited availability and low quality of data, hints at the potential of
FAPI PET/CT to effectively visualize both local and metastatic dis-
ease in patients with various genitourinary malignancies. Notably,
FAPI PET/CT shows potential in distinguishing between reactive
and metastatic lymph nodes and in visualizing local and meta-
static disease in patients with PSMA-negative tumors.

IMPLICATIONS FOR PATIENT CARE: Metastatic screening
using FAPI PET/CT could potentially aid in more accurate staging
of genitourinary malignancies and thereby optimize treatment
planning and patient outcomes.
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Prostate-specific membrane antigen (PSMA) and gastrin-releasing
peptide receptors are both overexpressed in prostate cancer (PC)
but may provide complementary information.68Ga-PSMA-R2 and
68Ga-NeoB (DOTA-p-aminomethylaniline-diglycolic acid-DPhe-Gln-
Trp-Ala-Val-Gly-His-NH-CH[CH2-CH(CH3)2]2) are novel PET radio-
pharmaceuticals that were developed for theranostic use. In this
phase II imaging study, we assessed the feasibility, safety, and diag-
nostic performance of 68Ga-NeoB and 68Ga-PSMA-R2 PET/MRI for
detection of biochemically recurrent PC. Methods: We prospectively
enrolled 27 men with suspected biochemically recurrent PC after initial
treatment but noncontributory conventional imaging results (negative
or equivocal findings on MRI, CT, and/or bone scan). Participants
underwent 68Ga-NeoB and 68Ga-PSMA-R2 PET/MRI within 2 wk in
noncontrolled order. The SUVmax of putative PC lesions was measured
and compared with a composite reference standard (histopathology,
follow-up imaging, prostate-specific antigen change). The SUVmax and
SUVmean of background organs were measured. Vital signs were
recorded before injection of the radiopharmaceuticals and after the
scans. Adverse events were recorded up to 72h after each scan.
Results: The prostate-specific antigen level at enrollment was
3.56 3.9ng/mL (range, 0.3–13.5ng/mL). 68Ga-NeoB PET/MRI
detected 31 lesions in 18 patients (66.7%), whereas 68Ga-PSMA-R2
identified 20 lesions in 15 participants (55.6%). 68Ga-NeoB PET/MRI
showed higher sensitivity (85.7% vs. 71.4%), accuracy (88.9% vs.
77.8%), and negative predictive value (66.7% vs. 50.0%) than 68Ga-
PSMA-R2, whereas specificity and positive predictive value were
equally high (100.0% for both). In 6 patients, 68Ga-NeoB PET/MRI iden-
tified 14 lesions that were false-negative on 68Ga-PSMA-R2 PET/MRI.
The mean lesion SUVmax was 6.663.2 (range, 2.9–13.2) for 68Ga-NeoB
and 4.46 1.5 (range, 2.6–8.8) for 68Ga-PSMA-R2 (P 5 0.019). Overall
lower uptake was noted in tumors and background organs for 68Ga-
PSMA-R2. There were no significant changes in vital signs before and
after the scans. No adverse events were reported in the 72-h period
after scans. Conclusion: 68Ga-NeoB and 68Ga-PSMA-R2 are safe for
diagnostic imaging. 68Ga-NeoB PET/MRI showed better diagnostic
performance than 68Ga-PSMA-R2. 68Ga-PSMA-R2 showed overall
lower uptake, equally in background organs and tumors, and might
therefore not be an ideal theranostic compound. Further evaluation in
larger cohorts is needed to confirm our preliminary data.
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Prostate cancer (PC) remains the most diagnosed cancer in
men and the second leading cause of cancer-related death among
men in the United States (1,2). Initial treatment with curative
intent for localized disease includes radical prostatectomy and
radiation therapy. Nonetheless, in up to 53% of patients, biochemi-
cally recurrent (BCR) disease will develop within 10 y after defini-
tive treatment (3,4). Early identification and localization of
recurrent disease is critical to guide treatment and improve patient
outcomes. U.S. and European guidelines (4,5) recommend conven-
tional imaging consisting of CT, MRI, and bone scintigraphy at
the time of biochemical recurrence; however, these modalities all
bear certain limitations, particularly at low prostate-specific anti-
gen (PSA) levels and in low-volume disease (6,7). Therefore, the
most recent National Comprehensive Cancer Network guideline
includes prostate-specific membrane antigen (PSMA) PET.
Molecular imaging using radiopharmaceuticals that target tumor-

specific cell receptors has revolutionized oncologic imaging. PSMA
is overexpressed in 90% of PC cells (8). 68Ga-PSMA-R2 is a novel,
urea-based ligand of PSMA that was developed for theranostic
use (9). Preliminary results of the phase I/II PROfind trial
(NCT03490032) showed a favorable biodistribution with rapid
blood clearance (10). Gastrin-releasing peptide receptors (GRPRs)
are also overexpressed in PC (11) and BCR PC (12–14). 68Ga-
NeoB (DOTA-p-aminomethylaniline-diglycolic acid-DPhe-Gln-
Trp-Ala-Val-Gly-His-NH-CH[CH2-CH(CH3)2]2), formerly known
as 68Ga-NeoBOMB1, is a DOTA-coupled GRPR antagonist and
was also developed for theranostic use. In preclinical and clinical
studies, 68Ga-NeoB showed an appropriate pharmacokinetic profile
with high receptor affinity, high in vivo stability, and a high tumor-
to-background ratio as well as a favorable safety profile (15,16).
PSMA- and GRPR-targeting radiotracers have been reported as
complementary to each other (14,17,18), however, more studies are
needed to understand their respective expression patterns.
In this prospective phase II study we aimed to assess the feasi-

bility, safety, and diagnostic performance of 68Ga-NeoB and 68Ga-
PSMA-R2 PET/MRI in patients with BCR PC and prior negative
or equivocal findings on conventional imaging.

MATERIALS AND METHODS

Participants
Informed oral and written consent was obtained from each partici-

pant before enrollment. The participants who were enrolled had non-
contributory conventional imaging findings (negative or equivocal
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findings on CT, MRI, and/or bone scan; Supplemental Table 1; sup-
plemental materials are available at http://jnm.snmjournals.org) but
clinically suspected BCR disease of histopathologically proven PC or
PSA persistence after initial treatment (radical prostatectomy or
radiation therapy). BCR disease was defined as a PSA level of at least
0.2 ng/mL with a second confirmatory PSA measurement of at
least 0.2 ng/mL after radical prostatectomy (19), or a PSA level of at
least 2 ng/mL above the nadir after radiation therapy (20). Further
inclusion criteria were an age of at least 18 y and a Karnofsky perfor-
mance status of at least 50. Exclusion criteria were an inability to lie
supine for the duration of the scan or metallic implants. Participants
were scheduled to undergo either 68Ga-NeoB followed by 68Ga-
PSMA-R2 PET/MRI within 2 wk or vice versa. This prospective
phase II study was approved by the local institutional review board
and registered on ClinicalTrials.gov (NCT03698370). Patients’ vital
signs (heart rate, blood pressure, respiratory rate, pulse oximetry) were
collected before injection of the radiopharmaceuticals and after com-
pletion of the imaging study. Adverse events were recorded for up to
72 h after each scan and were categorized according to the Common
Terminology Criteria for Adverse Events, version 5, as part of the
safety analysis.

PET/MRI Protocol
Imaging was performed using a 3-tesla time-of-flight–enabled

PET/MRI scanner (Signa; GE Healthcare), as previously described
(17,21). Simultaneous PET/MRI was acquired from vertex to mid
thighs with an acquisition time of 4 min per bed position. Additional
dedicated 20-min pelvic images were acquired.

Image Analysis
PET/MRI data were anonymized and then reviewed and analyzed by

2 nuclear medicine physicians independently and in random order. The
readers were not aware of any clinical information other than that patients
were scanned for BCR PC. Any focal uptake of 68Ga-NeoB or 68Ga-
PSMA-R2 in putative sites of disease with an SUVmax above the back-
ground level and not associated with a physiologic accumulation was
recorded as suggestive of PC. A region of interest was drawn over sus-
pected lesions to measure SUVmax. SUVmax and SUVmean were measured
in a volume of interest of 1 cm3 for the blood pool (aortic arch), liver
(segment VIII), and background organs bone (femur head) and gluteal
muscle, as well as the pancreas (body) for 68Ga-NeoB and parotid gland
for 68Ga-PSMA-R2 PET. Tumor-to-background ratios were calculated to
quantify uptake in tumors relative to background organs. MRI was used
for anatomic and lesion correlation.

Lesion Validation
A composite reference standard was used for lesion validation: his-

topathology whenever available, subsequent imaging within 2 mo, and
posttreatment PSA within 2 mo. A continuous decrease or rise in PSA
identified at 2 time points with a minimum interval of 4 wk was con-
sidered a treatment response or progressive disease.

68Ga-NeoB or 68Ga-PSMA-R2 PET/MRI was considered true-positive
when at least one of the following criteria was met: histopathologic con-
firmation; progression in number of uptake sites or uptake intensity on
follow-up molecular imaging with respective increase in PSA; confirma-
tion on follow-up conventional imaging (CT or MRI); or disappearance
or reduction of disease on molecular or conventional imaging after focal
or systemic treatment, with a respective decrease in PSA.

68Ga-NeoB or 68Ga-PSMA-R2 PET/MRI was considered true-
negative when there was no evidence of disease on follow-up conven-
tional or molecular imaging or when PSA was stable or decreased.

Participants without any composite reference standard correlation
were excluded from the analyses.

Statistical Analysis
Statistical analyses were performed using Stata 17.0 (StataCorp

LP). Patients’ clinical and imaging characteristics are reported as
descriptive statistics, given as mean 6 SD, range, and percentage.
Sensitivity, specificity, accuracy, positive predictive value, and nega-
tive predictive value are given in percentage with 95% CI. A post hoc
analysis was performed to stratify the detection rates of 68Ga-NeoB
and 68Ga-PSMA-R2 PET/MRI by PSA value (,0.5 ng/mL; 0.5 to
,1.0 ng/mL; 1.0 to ,2.0 ng/mL; 2.0 to ,5.0 ng/mL; $5.0 ng/mL)
and PSA doubling time (,3 mo; 3 to,6 mo; 6 to,9 mo; 9 to,12 mo;
$12 mo). A 2-sample proportion test was used to compare the
SUVmax of positive and negative lesions and to compare the SUVmax

and SUVmean of background organs. A P value of less than 0.05 was
considered significant.

RESULTS

Patient Characteristics
Twenty-seven men, 67.86 8.8 y old (range, 49.0–82.0 y), were

prospectively enrolled. The PSA level at the time of the scan was
3.56 3.9 ng/mL (range, 0.3–13.5 ng/mL). The PSA doubling time
was 6.46 5.2mo (range, 1.2–22.4mo); 3 participants showed
PSA persistence after radical prostatectomy. The image acquisition
started at 49.76 7.2min (range, 43–77min) after administration

TABLE 1
Patients’ Characteristics

Characteristic Data

Patients 27 (100%)

Age (y) 67.86 8.8 (49.0–82.0)

Initial treatment Radical prostatectomy:
25/27 (93%); radiation
therapy: 2/27 (7%)

Initial Gleason score 7: 18/27 (66.7%); 8: 1/27
(3.7%); 9: 8/27 (29.6%)

PSA (ng/mL) 3.56 3.9 (0.3–13.5)

PSA doubling time (mo) 6.465.2 (1.2–22.4)*
68Ga-NeoB

Injected activity (MBq) 198.16 25.5 (145.1–245.6)

Uptake time (min) 49.767.2 (43–77)

Duration of PET/MRI
(min)

58.564.5 (42–66)

Delay to pelvic PET/MRI
(min)

35.965.4 (21–46)

68Ga-PSMA-R2

Injected activity (MBq) 186.16 29.2 (108.4–228.6)

Uptake time (min) 47.062.8 (44–55)

Duration of PET/MRI
(min)

58.163.2 (52–65)

Delay to pelvic PET/MRI
(min)

37.464.5 (29–54)

Time between scans (d) 11.0615.2 (1–72)

*Three patients showed PSA persistence after radical
prostatectomy.

Qualitative data are number and percentage; continuous data
are mean 6 SD, followed by range in parentheses.
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of 198.16 25.5 MBq (range, 145.1–245.6 MBq) of 68Ga-NeoB
and at 47.06 2.8min (range, 44–55min) after administration of
186.16 29.2 MBq (range, 108.4–228.6 MBq) of 68Ga-PSMA-R2.
Pelvic images were acquired after a delay of 35.96 5.4min
(range, 21–46min) for 68Ga-NeoB and 37.46 4.5min (range,
29–54min) for 68Ga-PSMA-R2. The PET/MRI scans were per-
formed 11.06 15.2 d (range, 1–72 d) apart. Because the study was
conducted during the coronavirus disease 2019 pandemic, the
2-wk interval between scans could not always be maintained. In
4 participants, scans were performed 21, 35, 40, and 72 d apart.
The participants’ characteristics are summarized in Table 1.
Patients were followed for 24.86 3.9mo (range, 17.2–31.7mo)

after the PET/MRI scans. Subsequent patient management
included radiation therapy in 6 (22%) of the 27 participants;

radiation therapy in combination with androgen deprivation ther-
apy in 7 (26%), and androgen deprivation therapy in 8 (30%). Six
participants (22%) were under active surveillance.

Safety
There were no significant changes in heart rate, blood pressure,

respiratory rate, or pulse oximetry before and after injection of
either radiopharmaceutical, nor were there any grade 1 or worse
adverse events reported in the 24- to 72-h period after image stud-
ies for either radiopharmaceutical.

Lesion Analyses
Lesion validation was follow-up imaging for 18 (63%) of the

27 patients, PSA change in 7 (26%), and histology in 3 (11%).

TABLE 2
SUV of Lesions and Organs for 68Ga-NeoB and 68Ga-PSMA-R2 PET/MRI and Their Significance

Location 68Ga-NeoB 68Ga-PSMA-R2 P

SUVmax

Lesion 6.663.2 (2.9–13.2) 4.46 1.5 (2.6–8.8) 0.019*

Tumor-to-background ratio 11.465.1 (4.9–23.2) 7.46 3.1 (3.4–15.1) 0.013*

Blood pool 2.760.5 (1.7–3.9) 3.06 0.5 (2.0–4.1) 0.011*

Liver 5.561.0 (3.3–8.0) 2.46 0.7 (1.4–5.2) 0.000*

Bone 0.460.2 (0.1–1.2) 0.36 0.1 (0.1–0.7) 0.075

Gluteal muscle 0.660.1 (0.4–0.9) 0.66 0.1 (0.5–0.8) 0.149

Pancreas 44.1614.9 (21.2–88.0) —

Parotid gland — 3.36 0.8 (2.0–5.2)

SUVmean

Blood pool 2.160.4 (1.2–3.0) 2.46 0.5 (1.6–3.7) 0.026*

Liver 4.660.9 (2.7–6.4) 1.66 0.4 (1.0–2.6) 0.000*

Bone 0.260.1 (0.1–0.5) 0.26 0.1 (0.1–0.6) 0.106

Gluteal muscle 0.460.1 (0.1–0.5) 0.46 0.1 (0.3–0.6) 0.263

Pancreas 30.4613.2 (10.5–78.9) —

Parotid gland — 2.86 0.8 (1.6–5.3)

*Statistically significant.
Data are mean 6 SD, followed by range in parentheses.

TABLE 3
Diagnostic Performance of 68Ga-NeoB and 68Ga-PSMA-R2 PET/MRI in Detection of Recurrent PC on Per-Patient Basis

Index 68Ga-NeoB 68Ga-PSMA-R2

True positive (n) 18 15

True negative (n) 6 6

False positive (n) 0 0

False negative (n) 3 6

Sensitivity (%) 85.7 (63.7–97.0) 71.4 (47.8–88.7)

Specificity (%) 100.0 (54.1–100.0) 100.0 (54.1–100.0)

Accuracy (%) 88.9 (70.8–97.6) 77.8 (57.7–91.4)

Positive predictive value (%) 100.0 (81.5–100.0) 100.0 (78.2–100.0)

Negative predictive value (%) 66.7 (29.9–92.5) 50.0 (21.1–78.9)

Data in parentheses are 95% CI.
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68Ga-NeoB PET/MRI
68Ga-NeoB PET/MRI identified 31 lesions in 18 (66.7%) of the 27

patients: 1 (3.2%) of these 31 lesions was local recurrence in the pros-
tate, 1 (3.2%) was in the seminal vesicle, 10 (32.3%) were in pelvic
lymph nodes, 4 (13%) were in extrapelvic lymph nodes, 14 (45.2%)
were in bone, and 1 (3.2%) was a lung metastasis. On a per-lesion
level, all were confirmed true-positive using the reference standard
(Supplemental Table 2). The mean lesion SUVmax was 6.663.2
(range, 2.9–13.2), with a mean tumor-to-background ratio of
11.465.1 (range, 4.9–23.2). All SUVs are summarized in Table 2
and Supplemental Table 3. The PSA levels of patients with positive
68Ga-NeoB findings were significantly higher than those of patients
with negative 68Ga-NeoB findings (3.964.1 ng/mL [range, 0.3–
13.5 ng/mL] vs. 1.261.9 ng/mL [range, 0.3–6.5 ng/mL], P 5
0.034). 68Ga-NeoB PET/MRI was negative in 9 (33.3%) of 27
participants, with 3 (33.3%) of these 9 being
false-negative (Table 3).

68Ga-PSMA-R2 PET/MRI
68Ga-PSMA-R2 PET/MRI showed 20

lesions in 15 (55.6%) of 27 patients: 1
(5%) of these 20 lesions was local recur-
rence in the prostate, 6 (30%) were pelvic
nodal, 2 (10%) were extrapelvic nodal,
10 (50%) were bone, and 1 (5%) was a
lung metastasis. All 68Ga-PSMA-R2 PET–
positive patients were confirmed true-positive
using the reference standard (Supplemental
Table 2). Mean lesion SUVmax was 4.461.5
(range, 2.6–8.8), with a mean tumor-to-
background ratio of 7.463.1 (range, 3.4–
15.1). All SUVs are summarized in Table 2
and Supplemental Table 3. The PSA levels
for patients with positive 68Ga-PSMA-R2
findings were not different from those of
patients with negative 68Ga-PSMA-R2
findings (3.96 4.1 ng/mL [range, 0.3–
13.5 ng/mL] vs. 1.96 2.8 ng/mL [range,
0.3–9.3 ng/mL], P 5 0.156). 68Ga-PSMA-
R2 PET/MRI was negative in 12 (44.4%)
patients but false-negative in 6 (50%) of
these 12 (Table 3).

68Ga-NeoB PET/MRI Versus 68Ga-PSMA-R2 PET/MRI
The detection rate for 68Ga-NeoB PET/MRI was not signifi-

cantly higher than that of 68Ga-PSMA-R2 on either a per-patient
basis (66.7% vs. 55.6%, P 5 0.083) or a per-lesion basis (31 vs.
20 lesions, P 5 0.141). There were 17 true-positive lesions that
were detected by both 68Ga-NeoB and 68Ga-PSMA-R2 PET/MRI
(Fig. 1). There were also 17 lesions that were incongruent between
the 2 radiopharmaceuticals: 14 (82%) of 17 were positive on
68Ga-NeoB and negative on 68Ga-PSMA-R2 PET/MRI (Fig. 2),
correlating to 1 seminal vesicle lesion, 4 pelvic and 2 extrapelvic
nodal lesions, and 7 bone metastases, which were true-positive
according to the standard reference; 3 (18%) of 17 lesions were
positive on 68Ga-PSMA-R2 but negative on 68Ga-NeoB PET/MRI,
correlating to 1 extrapelvic lymph node and 2 bone metastases
(Fig. 3). These lesions were also true-positive according to the
reference standard but did not change overall detection rates on a
per-patient level. Three participants were negative on both scans,
as verified by the reference standard, and were subsequently under
active surveillance.

68Ga-NeoB PET/MRI had a higher sensitivity (85.7% vs.
71.4%), accuracy (88.9% vs. 77.8%), and negative predictive
value (66.7% vs. 50.0%) than did 68Ga-PSMA-R2, whereas speci-
ficity and positive predictive value were equally high (100.0% for
both) (Table 3). In 6 patients, 68Ga-NeoB detected 14 lesions that
were false-negative on 68Ga-PSMA-R2 PET/MRI (Figs. 4 and 5).
The lesional SUVmax and tumor-to-background ratio of

68Ga-NeoB were significantly higher than those of 68Ga-PSMA-R2
(P 5 0.019 and 0.013, respectively). All background tissues, gluteal
muscle and bone, showed similar tracer uptake, whereas blood pool
activity and liver uptake were significantly lower for 68Ga-PSMA-R2.

PSA
Differences in PSA values between positive 68Ga-NeoB and

68Ga-PSMA-R2 PET/MRI findings, as well as between negative

FIGURE 1. Venn diagram of lesion detected on 68Ga-NeoB and 68Ga-
PSMA-R2 PET/MRI, by site. All identified lesions were true-positive.

FIGURE 2. 71-y-old man with BCR PC after radical prostatectomy (from left to right: axial PET, axial
PET/MRI, axial MRI, and maximum-intensity projection). PSA at time of PET/MRI was 3.63ng/mL.
68Ga-NeoB PET/MRI (top row) shows intense uptake in left seminal vesicle and pelvic lymph node
(arrows), whereas 68Ga-PSMA-R2 PET/MRI (bottom row) was negative. Lesions were confirmed on
follow-up 18F-DCFPyL PET/CT and by PSA decrease as treatment response after initiation of andro-
gen deprivation therapy. 68Ga-NeoB and 68Ga-PSMA-R2 PET/MRI were performed within 2 d.
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68Ga-NeoB and 68Ga-PSMA-R2 PET/MRI findings, were not sig-
nificant (P 5 0.156 and P 5 0.550, respectively).
The detection rates of 68Ga-NeoB PET/MRI per PSA range

(,0.5ng/mL, 0.5 to ,1.0ng/mL, 1.0 to ,2.0ng/mL, 2.0 to ,5.0ng/
mL, and $5.0ng/mL) were higher than those of 68Ga-PSMA-R2
(33.3%, 50.0%, 66.7%, 100.0%, and 85.7% vs. 16.7%, 50.0%,
66.7%, 80.0%, and 71.4%, respectively)
(Fig. 6) as well as per PSA doubling time
(,3mo, 3 to ,6mo, 6 to ,9mo, 9 to
,12mo, and $12mo: 100.0%, 66.7%,
50.0%, 33.3%, and 33.3% vs. 85.7%,
50.0%, 50.0%, 0.0%, and 33.3%, respec-
tively) (Supplemental Table 4).

DISCUSSION

Here, we assessed the feasibility,
safety, and diagnostic performance of
68Ga-NeoB and 68Ga-PSMA-R2 at the
time of BCR PC when findings on con-
ventional imaging were negative or
equivocal. This specific cohort is clini-
cally challenging to manage because
treatment can be given only blindly as
radiation therapy to the pelvis or sys-
temic androgen deprivation therapy.
Both 68Ga-NeoB and 68Ga-PSMA-R2
were feasible and safe for diagnostic
imaging. 68Ga-NeoB PET/MRI showed
higher detection rates on a per-patient
and per-lesion basis than did 68Ga-
PSMA-R2, along with a higher sensitiv-
ity, accuracy, and negative predictive
value. Specificity and positive predictive
value were equally high.

Both radiopharmaceuticals, 68Ga-PSMA-
R2 and 68Ga-NeoB, were developed in an
effort to advance compounds that are suitable
for theranostics. Preliminary results for 68Ga-
PSMA-R2 showed a low absorbed radiation
dose in the salivary glands, indicating its
potential for therapeutic use (10). Our results
corroborate low uptake of 68Ga-PSMA-R2 in
the parotid gland. However, lower tumor
uptake was also noted as expressed by the
low tumor-to-background ratio. In compari-
son to 68Ga-PSMA-11 and 18F-DCFPyL,
lower uptake in the salivary glands, liver, and
tumor lesions was seen with 68Ga-PSMA-R2
(22). This suggests that 68Ga-PSMA-R2
might not be an ideal theranostic compound.
The overall diminished uptake may have
contributed to lower detection rates and
sensitivity. The sensitivity of 71% for 68Ga-
PSMA-R2 lies on the lower end of the pub-
lished pooled sensitivity of 70%–95.5% for
68Ga-PSMA-11 and 18F-DCFPyL but is
comparable to the detection rate of 61%
from the PROfind trial for 68Ga-PSMA-R2
PET/CT in 18 patients with BCR PC.
Specificity compares with the published

pooled specificity of 70%–100% (23–27). However, in the selected
cohort of BCR PC patients with prior negative or equivocal conven-
tional imaging results, a lower detection rate of 57.6% was reported
for 18F-DCFPyL (23).

68Ga-NeoB has an improved, higher affinity for the GRPR, on
which it acts as an antagonist. The highest physiologic uptake was

FIGURE 3. 76-y-old man with BCR PC after radical prostatectomy (from left to right: axial
PET, axial PET/MRI, axial MRI, and maximum-intensity projection). PSA at time of PET/MRI was
8.26ng/mL. 68Ga-PSMA-R2 PET/MRI (top row) shows uptake in right hilar lymph node (arrows),
whereas 68Ga-NeoB (bottom row) was negative. Additional lung metastasis (not shown) was seen
with both radiopharmaceuticals. Patient was treated with androgen deprivation therapy, with consec-
utive PSA decrease. PET/MRI scans were performed within 14 d.

FIGURE 4. 67-y-old man with BCR PC after radiation therapy (from left to right: sagittal PET,
sagittal PET/MRI, sagittal MRI, and maximum-intensity projection). PSA at time of PET/MRI was
9.3ng/mL. 68Ga-NeoB PET/MRI (top row) shows multiple foci in skeleton: T10, T12, L1, sacrum, and
right eighth rib, as well as additional left paratracheal lymph node metastasis (blue arrows). High
uptake is seen in gallbladder (physiologic as means of hepatobiliary excretion) and in distal esopha-
gus (green arrows). 68Ga-PSMA-R2 PET/MRI (bottom row) was negative. Lesions were confirmed on
subsequent 18F-DCFPyL PET/CT and by PSA decrease after combined treatment of radiation ther-
apy and androgen deprivation therapy. PET/MRI scans were performed within 7 d.
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seen in the pancreas, followed by the liver, as is consistent with
data from a phase I/IIa study evaluating 68Ga-NeoBOMB1 in gas-
trointestinal stromal tumors (28). Compared with 68Ga-RM2, the
currently most investigated GRPR antagonist, tumor uptake of
68Ga-NeoB was comparable, whereas physiologic uptake was
lower in the pancreas and higher in the liver (29). The sensitivity
of 86% for 68Ga-NeoB is higher than what has been reported for
68Ga-RM2 PET/MRI at the time of biochemical recurrence, with
detection rates ranging from 70% to 75% in larger cohorts
(14,17,30) and 63% for 68Ga-RM2 PET/CT in a small cohort of
16 patients with BCR PC and noncontributory 18F-fluoroethylcho-
line PET/CT results (12). Taken together, these findings indicate
that 68Ga-NeoB seems to be a suitable theranostic compound.
The detection rate of 68Ga-NeoB, stratified by the respective

PSA ranges, was higher at low PSA levels. The detection rates
increased with increasing PSA for both GRPR- and PSMA-
targeting radiopharmaceuticals. In line with the overall lower

detection rate of 68Ga-PSMA-R2, the rates
of localizing disease by PSA range and
PSA doubling time was also lower than
seen in previously published data for 18F-
DCFPyL (31) and 68Ga-PSMA-11 (14).
Despite comparable sensitivity, 68Ga-NeoB
showed slightly lower detection rates by
PSA range than did previous findings for
68Ga-RM2 PET/MRI (14).
There are some limitations to this study:

first, there were 4 participants for whom the
scans could not be performed within the
2-wk frame because of restrictions caused by
the coronavirus disease 2019 pandemic.
However, despite the long interval between
scans, no progression was seen. The imaging
studies that were performed 21 and 35 d apart
showed identical results, whereas the scans
with a 72-d interval were both negative; the
results of the PET/MRI scan that was per-
formed 40 d after an initial positive scan
were found to be false-negative. A second
limitation was the lack of histopathology as a
gold standard for all participants. The setback
of using a composite reference is that it may
lead to higher specificity calculations because

there may not be a significant number of false-negative results. None-
theless, obtaining histopathology for all potential metastatic lesions is
technically unfeasible and impractical and is not ethical; treating physi-
cians often rely on posttreatment PSA changes. A third limitation was
the small patient cohort, although not uncommon for a phase II trial.

CONCLUSION

68Ga-NeoB and 68Ga-PSMA-R2 are safe radiopharmaceuticals.
In the setting of BCR PC with prior noncontributory conventional
imaging results, 68Ga-NeoB performed better than 68Ga-PSMA-
R2 PET/MRI in localizing recurrent disease, particularly at low
PSA levels. The overall lower uptake of 68Ga-PSMA-R2 in tumors
and background organs might limit its use as a theranostic com-
pound. These results need to be confirmed in larger studies.

KEY POINTS

QUESTION: What is the diagnostic performance of the GRPR-
targeting 68Ga-NeoB and the PSMA-targeting 68Ga-PSMA-R2 for
localization of recurrent PC?

PERTINENT FINDINGS: In this prospective phase II study, 68Ga-
NeoB PET/MRI demonstrated higher sensitivity (86% vs. 71%),
accuracy (89% vs. 78%), and negative predictive value (67% vs.
50%) than 68Ga-PSMA-R2 PET/MRI. Specificity and positive pre-
dictive value were equally high for both radiopharmaceuticals
(100%). 68Ga-NeoB PET/MRI detected 14 lesions in 6 patients
whose imaging results were false-negative with 68Ga-PSMA-R2.

IMPLICATIONS FOR PATIENT CARE: Both 68Ga-NeoB and
68Ga-PSMA-R2 are safe radiopharmaceuticals that have shown
high and accurate diagnostic performance in evaluating biochemi-
cal recurrence of PC. Interrogating 2 targets, PSMA and GRPR, at
a stage when the disease is characterized by high tumor hetero-
geneity may ultimately allow for personalized medicine.

FIGURE 5. 55-y-old man with BCR PC after radical prostatectomy (from left to right: axial PET,
sagittal PET/MRI, axial MRI, and maximum-intensity projection). PSA at time of PET/MRI was
0.3ng/mL. 68Ga-NeoB PET/MRI (top row) shows intense uptake in sixth cervical vertebra (arrows),
whereas 68Ga-PSMA-R2 (bottom row) was negative despite 40 d between scans (no treatment initi-
ated). Lesion was confirmed on subsequent 18F-DCFPyL PET/CT and by PSA decrease after andro-
gen deprivation therapy.

FIGURE 6. Detection rates of 68Ga-NeoB and 68Ga-PSMA-R2 PET/MRI
per PSA range. 68Ga-NeoB performed better overall, particularly at low
PSA level.
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Development of a Visually Calculated SUVmean (HIT Score)
on Screening PSMA PET/CT to Predict Treatment Response
to 177Lu-PSMA Therapy: Comparison with Quantitative
SUVmean and Patient Outcomes

Mina Swiha1,2, Nathan Papa3, Zahra Sabahi1, Narjess Ayati1,3,4, Nikeith John1,4, Sarennya Pathmanandavel1,
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Wales, Australia; and 5Kinghorn Cancer Centre, St. Vincent’s Hospital, Sydney, New South Wales, Australia

177Lu-PSMA therapy is an effective treatment in patients with meta-
static castration-resistant prostate cancer. SUVmean is a valuable
screening biomarker to assess the suitability for 177Lu-PSMA therapy
but requires quantitative software. This study aims to develop a sim-
ple, clinically applicable prostate-specific membrane antigen PET/CT
score that encompasses the elements of SUVmean without requiring
additional quantification. Methods: Datasets from ethics-approved
trials of patients with metastatic castration-resistant prostate cancer
after androgen receptor signaling inhibition and taxane chemotherapy
(or unfit for taxane), who were treated with 177Lu-PSMA-617 and
177Lu-PSMA I&T with a pretreatment screening with 68Ga-PSMA-11
PET/CT, and clinical outcome data, including a prostate-specific anti-
gen (PSA) 50% response rate (PSA50), PSA progression-free survival
(PSA-PFS), and overall survival (OS), were included. The screening
68Ga-PSMA-11 PET/CT of all participants was analyzed both semi-
quantitatively and visually. Semiquantitative analysis was used to
derive the SUVmean. Visual analysis of the 68Ga-PSMA-11 PET/CT
images involved a binary visual heterogeneity assessment (homoge-
neous or heterogeneous), allocating a tumor SUVmax range (,15, 15–
29, 30–49, 50–79, or$80). A 4-category score incorporating both het-
erogeneity and intensity of tumors (HIT) was then developed as a
combination of heterogeneity and intensity (SUVmax range). The
SUVmaxwas less than 15 for score 1, 15–79 with heterogeneous inten-
sity for score 2, 15–79 with homogeneous intensity for score 3, and 80
or greater for score 4. This score was evaluated according to clinical
outcomes (PSA50, PSA-PFS, and OS) and compared with SUVmean.
Results: Data from 139 participants were analyzed. In total, 75 (54%)
patients achieved a PSA50 with a median PSA-PFS of 5.5mo (95%
CI, 4.1–6.0mo) and an OS of 13.5mo (95% CI, 11.1–17.9mo).
SUVmean was associated with PSA50 and survival outcomes when
analyzed as a continuous variable or as quartiles. The PSA50 for HIT
scores 1–4 was 0%, 39%, 65%, and 76%, respectively. The HIT
score was strongly related to PSA-PFS and OS (log-rank test,
P , 0.001 and P 5 0.002). The median PSA-PFS for HIT scores 1–4
was 1.0, 4.1, 6.0, and 8.5, respectively, and the median OS was 7.6,
12.0, 18.5, and 16.9mo, respectively. Cohen k between readers for

the HIT score was 0.71. Conclusion: A prostate-specific membrane
antigen PET/CT score incorporating HIT derived from tools on a stan-
dard PET workstation is comparable with quantitative SUVmean as a
prognostic tool following 177Lu-PSMA therapy.

KeyWords:SUVmean; prostate cancer;
177Lu-PSMA; PSMAPET/CT

J Nucl Med 2024; 65:904–908
DOI: 10.2967/jnumed.123.267014

Treatment with 177Lu-PSMA-617 improves the overall sur-
vival (OS) in men with metastatic castration-resistant prostate can-
cer (mCRPC) after androgen signaling inhibition and taxane
chemotherapy (1). 177Lu-PSMA is well tolerated and shows
improved quality of life compared with second-line chemotherapy
(2). Despite this, approximately one third of patients will have
upfront treatment resistance or a limited duration of response to
177Lu-PSMA radiopharmaceutical therapy (3). Developing imag-
ing biomarkers to better predict response is important to further
improve patient outcomes. The TheraP and VISION trials found
that semiquantitatively derived SUVmean from prostate-specific
membrane antigen (PSMA) PET/CT imaging is predictive of treat-
ment response with 177Lu-PSMA-617 (4–6). However, deriving
SUVmean requires dedicated software programs not currently clini-
cally available. The aim of this study is to develop a reproducible
assessment method using standard PET workflow tools that corre-
lates with SUVmean and is predictive of patient outcomes with
177Lu-PSMA.

MATERIALS AND METHODS

Study Population
This study is a retrospective analysis of screening 68Ga-PSMA-11

PET/CT parameters and patient outcomes including prostate-specific
membrane (PSA) 50% response rate (PSA50), PSA progression-free
survival (PSA-PFS), and OS from 3 previously published clinical trials
in men with progressive mCRPC who were undergoing 177Lu-PSMA
therapy after at least 1 line of androgen receptor signaling inhibition
and 1 line of taxane chemotherapy or who were determined ineligible
for taxane chemotherapy (7–9). The institutional review board of
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St. Vincent’s Hospital approved this retrospective study (Human
Research Ethics Committee approval number 2022/ETH00924), and
the requirement to obtain informed consent was waived.

PSMA PET/CT Acquisition and Visual Analysis
68Ga-PSMA-11 PET/CT imaging was undertaken per institutional

or clinical trial protocols before treatment with 177Lu-PSMA. Images
were analyzed both visually and semiquantitatively. Visual assessment
included evaluation of heterogeneity and tumor intensity relative to
parotid and liver avidity on rotating 3-dimensional maximum-
intensity-projection images adjusted to the SUV window range (0–15).
First, visual analysis was performed by 3 experienced nuclear medi-
cine specialists who were masked to the clinical outcomes. Heteroge-
neity was a binary score. If at least 80% of all lesions not impacted by
partial-volume effects (larger lesions) had similar intensities, this was
classified as homogeneous. If more than 20% of larger lesions had var-
iable intensity (inter- or intralesional), this was classified as heteroge-
neous (Fig. 1). Second, the readers measured the SUVmax of the most
intense lesions and allocated an SUVmax range (,15, 15–29, 30–49,
50–79, or $80). Third, the readers evaluated if the most intense
lesions were above the parotid intensity or between the liver and
parotid intensities. No patients in whom the highest lesional intensity
was below the liver intensity were enrolled. All readers participated in
a 30-min training session that involved an explanation of the heteroge-
neity binary assessment and a consensus read of 20 68Ga-PSMA-11
PET/CT scans outside the study dataset. The heterogeneity category
given by most readers was used for analysis.

PSMA PET/CT Quantitative Analysis
Semiautomated segmentation of baseline 68Ga-PSMA-11 PET/CT

was performed using MIM software (LesionID; MIM Software Inc.)
and a standardized semiautomated workflow to delineate regions of
interest with a minimum SUVmax cutoff of 3 and a lesion size of at
least 0.5mm. All lesions identified quantitatively were reviewed by
experienced nuclear medicine physicians. Output parameters included
SUVmean, SUVmax, and total tumor volume.

Interreader Reliability
After development of the heterogeneity-and-intensity-of-tumors

(HIT) score, a full reread of the same dataset was performed by an
additional 2 experienced nuclear medicine specialists using HIT scores
1–4 with comparison of Cohen k between these readers.

Clinical Outcomes
All patients were treated with 177Lu-PSMA until they were no longer

clinically benefiting. Clinical outcomes included PSA50, PSA-PFS, and
OS. PSA50 was defined as a PSA decline of 50% or more compared
with baseline at any time during the treatment. PSA-PFS was defined as
the time from treatment initiation to PSA progression or death from any
cause. PSA progression was defined as at least a 25% increase in PSA
of at least 2.0 ng/mL above nadir per the criteria of the Prostate Cancer
Clinical Trials Working Group 3 (10). OS was defined as the time from
treatment initiation to death from any cause.

Statistical Analysis
The analysis followed 3 main phases. First, SUVmean was confirmed

as a predictor of outcomes in the sample by entering it continuously as
a restricted cubic spline function with knots at the tertiles into a logis-
tic (for PSA50) or Cox regression (for PSA-PFS and OS) and plotting
the results. In the Cox regression, the (near) median value of 8 was set
as the reference, and analysis time began on the date of cycle 1.
Kaplan–Meier plots were also generated with SUVmean entered as
quartiles and log-rank tests used to identify differences in the survival
curves. Second, the relation between SUVmean and a combination of
SUVmax range and visual heterogeneity was examined. Nested linear
regression models and the likelihood ratio test were used to assess
whether heterogeneity, above the SUVmax range alone, added signifi-
cantly to the model fit predicting SUVmean. A scatterplot with locally
weighted regression curves of log-transformed SUVmean versus SUVmax

range, by heterogeneity, was generated to visually guide the creation
of the 4-category HIT score. HIT score 1 was derived separately from
the scatterplot on the basis of data demonstrating no PSA response in
patients with an SUVmax less than 15 (8). HIT scores 2–4 were
derived on the basis of the scatterplot. Score 4 required an SUVmax of
at least 80 and was derived from the scatterplot as a point above
which heterogeneous or homogeneous curves joined with no signifi-
cant differences between the 2 groups—and with higher treatment
responses. Finally, the relation between the 4-category HIT score and
outcomes was assessed similarly to quartiles of SUVmean. The predic-
tive power of the Cox survival models including the HIT score, the
quartiles of SUVmean, or the quartiles of SUVmax range was quantified
with the Somers D statistic. Exploratory analysis assessed the survival
outcomes according to tumor intensity relative to parotid intensity
with Kaplan–Meier plots and log-rank tests, and interrater agreement
of the HIT score was calculated on the basis of image readings by 2
readers once the HIT score had been created. Analysis was performed

with Stata/MP version 17.0 (StataCorp
LLC), and tests were 2-sided with signifi-
cance set at less than 0.05.

RESULTS

Patient Characteristics
In total, 139 patients who had received

177Lu-PSMA-617 or 177Lu-PSMA I&T in
two phase 2 clinical trials and a published
clinical therapy program between 2016
and 2022 were included in this analysis
(Table 1). All patients received a median
of 4 doses of 7.5 GBq of 177Lu-PSMA.
The overall PSA50 was 54%, the number
of PSA-PFS events was 120 with a median
PSA-PFS of 5.5mo (95% CI, 4.1–6.0mo),
and the number of deaths was 82, with a
median OS of 13.5mo (95% CI, 11.1–
17.9mo).

FIGURE 1. Maximum-intensity projection of PSMA PET/CT showing 2 patients with homogeneous
PSMA uptake in lesions (left) and 2 patients with heterogeneous PSMA uptake in lesions (right).
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SUVmean

The median semiquantitatively derived SUVmean was 8.0 (inter-
quartile range, 6.6–9.9). Increasing SUVmean as a continuous vari-
able demonstrated a strong relationship with a higher probability
of PSA50 and lower hazard ratio of PSA-PFS and OS, evidenced
by a near-monotonic function with these
outcomes (Supplemental Fig. 1; supple-
mental materials are available at http://
jnm.snmjournals.org). When assessed as
quartiles, SUVmean significantly predicted
PSA-PFS (P , 0.001) with borderline sig-
nificance for OS (P 5 0.051) (Fig. 2).

HIT Score
The 4-category HIT score was derived

from an evaluation of heterogeneity and
allocation of an SUVmax range. Inclusion
of heterogeneity significantly improved
the prediction of SUVmean above that of
the SUVmax range (likelihood ratio test,
P 5 0.0041); hence, both factors were
required. On evaluation of the scatterplot
and locally weighted regression curves
(Fig. 3), in association with results from

previous studies, the following categories were devised: score 1
was all patients with an SUVmax of less than 15; score 2 included
patients defined as having heterogeneous disease visually with an
SUVmax between 15 and 79; score 3 included patients with visu-
ally homogeneous disease and an SUVmax between 15 and 79;
score 4 included all patients with an SUVmax of at least 80 inde-
pendent of whether the tumor was homogeneous or heterogeneous
(Fig. 4). The distribution of the HIT score among the sample was
as follows: score 1, n 5 5 (3.6%); score 2, n 5 54 (39%); score 3,
n 5 63 (45%); and score 4, n 5 17 (12%).

HIT-Score Agreement
Following HIT-score development, images were read by 2 read-

ers and a score was assigned. The interrater agreement (Cohen k)
of the HIT score was 0.71 (95% CI, 0.60–0.82), and the percent-
age agreement was 82%.

HIT Score and Outcomes
The PSA50 for a HIT score of 1–4 was 0% (0/5), 39% (21/54),

65% (41/63), and 76% (13/17), respectively. The HIT score statis-
tically significantly predicted both PFS and OS (log-rank test, P ,

0.001 and P 5 0.002, respectively) (Fig. 5). The differences in
survival curves between scores 2 and 3 (same SUVmax range but
heterogeneous vs. homogeneous) were also significant for PFS
(P , 0.001) and OS (P 5 0.040). The median PFS (95% CI) for
HIT scores 1–4 was 1.0mo (0.6mo to not estimable), 4.1mo (2.9–
5.5mo), 6.0mo (5.1–9.4mo), and 8.5mo (3.3–14.5mo), respec-
tively. The corresponding median OS (95% CI) was 7.6mo
(5.5mo to not estimable), 12.0mo (8.9–17.9mo), 18.5mo (12.0–
21.6mo), and 16.9mo (7.1mo to not reached). Cox models with a
HIT score had predictive power comparable to that of SUVmean

quartiles for PSA-PFS (Somers D of 0.25 vs. 0.27) and OS (Som-
ers D of 0.15 vs. 0.16) and exceeded those for SUVmax range quar-
tiles (0.17 for PFS and 0.12 for OS).

Physiologic Activity and Heterogeneity
Most patients had lesion intensity that was greater than parotid

intensity, n 5 126 (91%), with the remainder having an intensity
between those of the liver and parotid. No statistically significant
difference in survival curves for PSA-PFS or OS between those
with intensity above or below that of the parotid was observed
(Supplemental Fig. 2).

TABLE 1
Patient Characteristics

Characteristic Value

n 139

Age (y) 69 (64–74)

Time since diagnosis (y) 6 (3–9)

ECOG status

0–1 122 (88)

2 17 (12)

Baseline PSA (ng/mL) 94 (34–325)

LDH (NR, 120–250U/L) 245 (216–317)

ALP (NR, 30–110U/L) 112 (74–203)

Hemoglobin (NR, 130–180g/L) 118 (106–129)

Previous systemic treatments

Androgen receptor signaling inhibitors 139 (100)

Docetaxel 125 (90)

Cabazitaxel 88 (63)

Disease volume from PSMA PET/CT

,20 metastases 49 (35)

$20 metastases 90 (65)

Sites of disease on PSMA PET/CT

Bone 133 (96)

Nodal* 72 (52)

Visceral 31 (22)

*Pelvic or distant.
ECOG 5 Eastern Cooperative Oncology Group; LDH 5 lactate

dehydrogenase; NR 5 normal range; ALP 5 alkaline phosphatase.
Quantitative data are number and percentage. Continuous data

are median and interquartile range.

FIGURE 2. Kaplan–Meier curve (log-rank tests) of PSA-PFS (A) and OS (B) for semiquantitative
SUVmean quartiles (Q1–Q4).
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DISCUSSION

Developing screening imaging biomarkers that can predict
response to 177Lu-PSMA is important to improve patient outcomes
and to better personalize treatment options. Quantitative whole-
body SUVmean has shown value in predicting treatment response
in men treated with 177Lu-PSMA in both TheraP and VISION
trials; however, the clinical application of this tool is limited by
the onerous requirements for image quantitation (4,5). This study
has found that the HIT score, derived using tools available on clin-
ical PET workstations, shows promising predictive capability for
both PFS and OS in men being treated with 177Lu-PSMA therapy.
SUVmean is a semiquantitatively derived calculation of the mean

voxel intensity of total-body tumor deposits. It gives a good mea-
sure of both the intensity of PSMA expression in tumor deposits
and the variability of PSMA expression intra- and intertumorally.
A patient with heterogeneous PSMA expression may have a low
SUVmean despite some deposits demonstrating high PSMA expres-
sion. Metastatic prostate cancer is inherently heterogeneous, with
PSMA expression shown to be variable both within and between
tumoral deposits (11). This heterogeneity could significantly
impact the response to 177Lu-PSMA (12). The HIT score using
the most intense lesion SUVmax ranges with a binary visual tumor
heterogeneity scoring on 68Ga-PSMA
PET/CT screening successfully predicts
both PSA-PFS and OS in response to
177Lu-PSMA therapy in men with
mCRPC, with comparable predictability to
quantitative SUVmean quartiles.
Several previous studies have shown

that PSMA SUVmax is not predictive of
treatment response to 177Lu-PSMA (4,13–
15). However, these studies used PSMA
SUVmax as a continuous or binary variable
(SUVmax , 20 and $ 20). In this study, 5
ranges of PSMA SUVmax (,15, 15–29,
30–49, 50–79, and $80) were used. This
was to allow better separation of intensity
levels between patients and to reduce the
impact of inherent limitations of SUVmax

reproducibility. SUVmax is dependent on

several variables that limit its reproducibility such as variation in
body habitus, size of the maximal voxel between different scan-
ners, and the statistical quality of the images (16). The HIT score,
through combining a binary visual heterogeneity evaluation and
SUVmax range, optimizes the clinical value of SUVmax, while min-
imizing the limitations of reproducibility.
The PSMA PET/CT tumor–to–salivary gland ratio proposed a

visual method for assessment of tumor intensity using parotid
intensity. A cohort of 237 patients was classified as high (.80%
lesions above parotid), intermediate, and low (.80% lesions
below parotid) (13). That study found that a high tumor-to–
salivary gland ratio had higher PSA50 (63% vs. 17%) and longer
PSA-PFS and OS than did the low tumor-to–salivary gland ratio
(6.7 vs. 1.9mo and 14.3 vs. 12.9mo, respectively) (13). The cur-
rent study shows no significant difference in patient outcome using
PSMA intensity of the most active lesion above or below the
parotid intensity but did not compare parotid with tumor intensity
at all sites. Using whole-body lesions in tumor–to–salivary gland
ratios provided an indirect measure of tumor heterogeneity and
thus allowed stratification. HIT score integrating SUVmax ranges
and binary heterogeneity score significantly correlates with PSA50
and both PSA-PFS and OS with higher separation between the
highest and lowest scores in PSA50, PSA-PFS, and OS (76% vs.
0%, 8.5 vs. 1.0mo, and 16.9 vs. 7.6mo, respectively).
The current study has several limitations. Analysis of the

screening 68Ga-PSMA-11 PET/CT was undertaken retrospectively
using data from single-institution trials. Results will need to be
reproduced and validated in more diverse clinical datasets before
clinical implementation, including full assessment of the reproduc-
ibility of the HIT score between multiple readers. Screening crite-
ria for trial enrollment required minimal levels of PSMA intensity
on 68Ga-PSMA-11 PET/CT images; hence, the number of patients

FIGURE 3. Scatterplot of weighted regression curves of log SUVmean vs.
SUVmax range, by visual heterogeneity score (homogeneous vs.
heterogeneous).

Intensity (SUVmax)

<15 15-29 30-49 50-79 ≥80
Heterogeneous 4 20 23 11 4
Homogeneous 1 14 24 25 13

FIGURE 4. Color-coded table of HIT scores 1–4 incorporating SUVmax

range (most intense lesion) and binary visual heterogeneity with patient
numbers in each group. Red 5 HIT score 1; yellow 5 HIT score 2; green
5 HIT score 3; blue5 HIT score 4.

FIGURE 5. Kaplan–Meier curve (log-rank tests) of PSA-PFS (A) and OS (B) for HIT scores 1–4.
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with an SUVmax less than 15 (HIT score 1) is low. 68Ga-PSMA-11
was the only PET radiopharmaceutical used for screening patients
in this study. The use of a heterogeneity score should be applicable
across PSMA PET/CT ligands, and the use of the SUVmax range
rather than using absolute SUVmax may mitigate differences
between PSMA ligands, but this needs separate evaluation for
confirmation.

CONCLUSION

A PSMA PET/CT score incorporating the HIT score derived
from tools on a standard PET workstation is comparable to
SUVmean as a prognostic tool for PFS and OS following 177Lu-
PSMA therapy without the need for total-body quantitation.
Further studies are warranted to validate the clinical utility of
the HIT score.
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KEY POINTS

QUESTION: Can a visually based score using standard PET work-
station tools predict patient outcomes with 177Lu-PSMA therapy
on PSMA PET/CT screening and correlate with semiquantitative
SUVmean?

PERTINENT FINDINGS: The HIT score using standard PET work-
station tools to measure tumor PSMA intensity and heterogeneity
predicted PSA50, PSA-PFS, and OS and was comparable to
quantitative SUVmean.

IMPLICATIONS FOR PATIENT CARE: The HIT score is a simple
clinically applicable PSMA PET/CT score that shows promising
capability to predict patient outcomes with 177Lu-PSMA therapy
without requiring further quantification.
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Prospective results have demonstrated favorable safety and efficacy
of [177Lu]Lu-PSMA radiopharmaceutical therapy for up to 6 cycles in
men with metastatic castration-resistant prostate cancer. However,
no systematic data are available outlining the feasibility of extended
therapy beyond 6 cycles. We aim to evaluate the safety and efficacy
of extended [177Lu]Lu-PSMA radiopharmaceutical therapy in patients
who have receivedmore than 6 cycles.Methods: In total, 111 patients
were included in this multicenter retrospective analysis. Based on indi-
vidual decisions, patients underwent uninterrupted continuation of
therapy (continuous treatment) or reexposure after a therapy break
(rechallenge treatment) between 2014 and 2023. Overall survival, 50%
prostate-specific antigen (PSA) decline (measured 8–12 wk after treat-
ment initiation or rechallenge), PSMA PET response, and grades per
Common Terminology Criteria for Adverse Events were assessed. x2

tests, multivariable Cox regression analysis, and log-rank tests were
applied for statistical analyses. Results: Patients received extended
treatment with [177Lu]Lu-PSMA, either as a continuous treatment (43/
111, 38.7%) or as a rechallenge (68/111, 61.3%) treatment, with
median cumulative doses of 57.4 or 60.8 GBq, respectively. Overall
survival from the initiation of [177Lu]Lu-PSMA was 31.3, 23.2, and
40.2mo for the entire cohort, the continuous treatment group, and the
rechallenge treatment group, respectively. The initial 50% PSA decline
was significantly higher in the retreated group than in the continuous
group (57/63 [90.4%] vs. 26/42 [61.9%]; P 5 0.006). A 50% PSA
decline was observed in 23 of 62 patients (37.1%) after the first rechal-
lenge. The rate of grades 3–4 toxicity was comparable between
continuous and rechallenge treatments (anemia, 7/43 [16.3%] vs.
13/68 [19.1%)], P 5 0.6; leukocytopenia, 1/43 [2.3%] vs. 2/67 [3.0%],
P 5 0.3; thrombocytopenia, 3/43 [7.0%] vs. 3/68 [4.4%], P 5 0.3;
renal, 2/43 [4.7%] vs. 5/68 [7.4%], P 5 0.2). Conclusion: Extended
therapy with [177Lu]Lu-PSMA is safe and has not been associated with
increased grades 3–4 toxicity. Patient candidates for extended treat-
ment experienced a favorable median survival of 31.3mo from the first
administration. Response under [177Lu]Lu-PSMA rechallenge demon-
strated preserved efficacy of [177Lu]Lu-PSMA after a treatment break.

KeyWords: prostate cancer; PSMA therapy; mCRPC
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Prostate-specific membrane antigen (PSMA)–targeted radio-
pharmaceutical therapy (RPT) is an approved option for patients
with metastatic castration-resistant prostate cancer (mCRPC). The
VISION trial demonstrated that [177Lu]Lu-PSMA significantly pro-
longed overall survival (OS) compared with the control arm (1).
The VISION trial allowed up to 6 cycles of 7.4 GBq of [177Lu]Lu-
PSMA-617. This was partly based on a German multicenter retro-
spective study that reported early clinical experience (2).
In the VISION trial, approximately one third of patients in the

[177Lu]Lu-PSMA arm did not experience biochemical response,
which was defined as a greater than 50% decrease in prostate-
specific antigen (PSA) levels (1). In addition, patients who responded
to treatment demonstrated highly variable depth or duration of
response. It may be beneficial to extend the use of [177Lu]Lu-PSMA
beyond 6 cycles, and this approach is currently being applied in clini-
cal practice. However, systematic data on safety and the antitumor
effect of [177Lu]Lu-PSMA RPT beyond 6 cycles are scarce (1,3,4).
Treatment extension beyond 6 cycles may be conducted as an

uninterrupted continuation of treatment (continuous treatment) or
reexposure after a therapy break (rechallenge treatment). Rechal-
lenge treatment is usually conducted following biochemical and
imaging responses after initial cycles and disease progression after
treatment cessation. Rechallenge treatment in these good respon-
ders could potentially delay the risk of [177Lu]Lu-PSMA–related
side effects. However, it is unclear whether the initial treatment
effect is preserved after a therapy break. Thus, the aim of this ret-
rospective analysis was to evaluate the safety and efficacy of
extended [177Lu]Lu-PSMA therapy (i.e., beyond 6 cycles) and to
investigate potential differences in safety and efficacy of continu-
ous and rechallenge treatments.

MATERIALS AND METHODS

Patient Cohort and [177Lu]Lu-PSMA RPT
The data from patients who underwent more than 6 cycles of

[177Lu]Lu-PSMA therapy between December 2014 and March 2023
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were retrospectively extracted from the databases of the University Hos-
pitals in Augsburg, Essen, M€unster, and Munich (Technical University).
All patients signed an informed consent form and were treated under the
conditions of the Declaration of Helsinki article 37 (unproven interven-
tions in clinical practice). The multicenter retrospective analysis was
approved by the ethics committee in Essen (19-8570-BO and 2021-576-
f-S), and the retrospective analysis was approved by local ethics com-
mittees (Augsburg, 2020-40 and 23-0847; M€unster, 2016-585-f-S; and
Munich, 115/18S). [177Lu]Lu-PSMA was prepared according to good
manufacturing practices and the German Medicinal Products Act (AMG
§13 2b) at all respective centers. Either [177Lu]Lu-PSMA-617 or
[177Lu]Lu-PSMA I&T was administered as summarized in Table 1.

European Association of Nuclear Medicine guidelines were fol-
lowed for patient selection for [177Lu]Lu-PSMA therapy, radionuclide
preparation, therapy administration, radiation protection, and follow-
up monitoring (5,6). The treatment decision was made by an interdis-
ciplinary tumor committee. Patients had to have received androgen

deprivation therapy, androgen receptor signaling inhibitors, and at
least 1 line of chemotherapy in the absence of contraindications. The
degree of PSMA expression was determined by PSMA PET before
the initiation of treatment. PSMA PET–based eligibility was based on
VISION trial criteria, that is, higher lesion uptake than in the liver and
the absence of PSMA-negative lesions. Patients with macroscopic
residual disease, that is, stable disease or with a partial response,
underwent continued treatment beyond 6 cycles (continuous treat-
ment). Patients showing excellent biochemical and imaging responses
by judgment of the treating physician were offered a therapy break
after 4–6 cycles and were reexposed to [177Lu]Lu-PSMA RPT (rechal-
lenge treatment). Eligibility and choice of treatment protocol were
decided by an interdisciplinary tumor committee. A therapy break was
defined as a period of at least 4mo without [177Lu]Lu-PSMA adminis-
tration, which was chosen as twice the maximum treatment interval of
8 wk and thus prevented patient logistic-induced breaks from qualify-
ing as rechallenge regimens.

TABLE 1
Patient Characteristics (n 5 111)

Parameter Continuous treatment Rechallenge treatment

Number of patients 43 (38.7) 68 (62.3)

Age at [177Lu]Lu-PSMA therapy (y) 73.0 (67.7–79) 72.0 (65.3–77.0)

Time from diagnosis to [177Lu]Lu-PSMA therapy (mo) 84.4 (40.9–119.6) 102.7 (67.8–146.5)

Local therapy to the prostate

Prostatectomy 11 (25.6) 23 (33.8)

Radiotherapy 3 (7.0) 8 (11.8)

Both 8 (18.6) 17 (25.0)

None 21 (48.8) 19 (27.9)

Not available 0 (0.0) 1 (1.5)

Number of prior treatment lines for mCRPC 3 (2–4) 3 (3–4)

Systemic therapy after ADT

Docetaxel 32 (74.4) 54 (79.4)

Cabazitaxel 11 (25.6) 23 (33.8)

Abiraterone 35 (81.4) 63 (92.6)

Enzalutamide 38 (88.4) 62 (91.2)
223Ra 3 (7.0) 8 (11.8)

Other 4 (9.3) 5 (7.4)

ECOG performance status before initial [177Lu]Lu-PSMA RPT

0 20 (46.5) 35 (51.5)

1 19 (44.2) 27 (39.7)

2 1 (2.3) 5 (7.4)

3 2 (4.7) 0 (0.0)

Not available 1 (2.3) 1 (1.4)

Initial PSMA PET response after 2 cycles of [177Lu]Lu-PSMA RPT (RECIP)

PR 10/38 (26.3) 33/59 (55.9)

SD 26/38 (68.4) 25/59 (42.4)

PD 2/38 (5.3) 1/59 (1.7)

CR 0/38 (0.0) 0/59 (0.0)

ADT 5 androgen deprivation therapy; ECOG 5 Eastern Cooperative Oncology Group; PR 5 partial response; SD 5 stable disease;
PD 5 progressive disease; CR 5 complete response.

Qualitative data are number and percentage. Continuous data are median and interquartile range.
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Therapy Response
Biochemical response to therapy was defined as a PSA decline of at

least 50% 8–12 wk after treatment initiation (initial change in PSA).
For patients who underwent rechallenge treatment, the biochemical
response at rechallenge was calculated using the first cycle of the
rechallenge as a baseline (rechallenge change in PSA). Interim PSMA
PET (after 2 cycles of initial [177Lu]Lu-PSMA therapy) was inter-
preted using visual assessment following Response Evaluation Criteria
in PSMA PET/CT (7). Figure 1 shows the assessment of the response
to treatment.

Adverse Events
Serum parameters, such as hemoglobin, leukocyte, and thrombocyte

counts, and kidney and liver function values were recorded during
each treatment cycle and, where possible, during 3mo of follow-up.
Adverse events were assessed according to Common Terminology
Criteria for Adverse Events version 5.0 for each category.

OS
OS was calculated from the initial [177Lu]Lu-PSMA treatment until

loss of follow-up or death.

Statistical Analysis
The R language (The R Project for Statistical Computing) was used

for statistical analyses and graphical representation (Kaplan–Meier
curve, box, and swimmer plots). Normal distribution was assessed by
the Kolmogorov–Smirnov test. Descriptive data were given as mean
and SD for normally distributed parameters, as median and interquartile
range for skewed parameters, or as number and percentage. Cox regres-
sion analysis and log-rank tests were used for censored data, and the x2

exact test was used for categoric data. A P value of less than 0.05 was
considered statistically significant. CIs represent the 95% range.

RESULTS

Patient Characteristics and [177Lu]Lu-PSMA Therapy Regimes
In total, 111 patients were included. Of those patients, 43

(38.7%) received continuous treatment whereas 68 (71.3%) under-
went rechallenge treatment (Fig. 2). Median cumulative activity
per patient in the continuous and rechallenge treatments was 57.4
GBq (range, 51.6–59.5 GBq) versus 60.8 GBq (range, 54.9–73.1
GBq), respectively, and the median interval between therapy
cycles in each sequence of continuous and rechallenge treatments
was 1.4mo (range, 1.4–1.8mo) versus 1.5mo (range, 1.4–1.9mo),

respectively. The median interval between the end of the initial
[177Lu]Lu-PSMA RPT and initiation of rechallenge treatment was
7.2mo (range, 5.4–11.5mo). Of the patients who received continu-
ous therapy, 24 of 43 (55.8%) received therapy once or twice
within an interval of 10–16 wk; otherwise, therapy occurred within
an interval of 8–10 wk. For the continuous and rechallenge groups,
respectively, the median number of treatment cycles was 8 versus
9, and the median dose per cycle was 7.2 versus 6.8 GBq. In the
rechallenge group, 80.1% of patients received 1 rechallenge treat-
ment, whereas the remainder received 2–4 additional rechallenge
treatments: 10 of 68 (14.7%) received 2 additional treatments, 2 of 68
(2.9%) received 3 additional treatments, and 1 of 68 (1.5%) received
4 additional treatments. Patient characteristics and [177Lu]Lu-PSMA
treatment regimes are presented in Tables 1 and 2.

Safety
Higher-grade adverse events according to Common Terminology

Criteria for Adverse Events version 5.0 are presented in Table 3
and are illustrated in Figure 3. Rates of grades 3–4 hematotoxicities
were not significantly different between the continuous and rechal-
lenge groups for anemia (16.3% vs. 19.1%; P 5 0.6), leukocytope-
nia (2.3% vs. 3.0%; P 5 0.3), and thrombocytopenia (7.0% vs.
4.4%; P 5 0.3).
Hematologic parameters in the last treatment cycle were signifi-

cantly lower than those in the first cycle for both the continuous
and rechallenge groups (Table 4). In the overall cohort (20 total
events), the frequency of grades 3 and 4 anemia was higher in the

FIGURE 1. Patients received extended administration of [177Lu]Lu-
PSMA (.6 cycles), either continuously (continuous treatment) or as reex-
posure after therapy pause (rechallenge treatment). PSA response was
measured at 8–12 wk after treatment initiation and start of rechallenge.
Imaging response by Response Evaluation Criteria in PSMA PET/CT
(RECIP) was assessed after 2 cycles. DPSA5 change in PSA.

FIGURE 2. Swimmer plots depicting individual treatment sequence, out-
come, and toxicity. Data are presented separately for continuous (A) and
rechallenge treatment (B).
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extended treatment sequence (cycle 7 and beyond) than in the ini-
tial treatment sequence (cycles 1–6) (12/20 [60%] vs. 8/20 [40%]).
Grade 4 thrombocytopenia occurred in 1 patient during the rechal-
lenge therapy cycles.

Few occurrences of grades 3–4 renal toxicity (7/111 [6.3%])
were observed in the overall cohort, with most occurring in the
extended treatment sequence (cycle 7 and beyond) (4/7 [57.1%]).
The rate of renal toxicity was not significantly different between

TABLE 2
[177Lu]Lu-PSMA RPT Regimen

Parameter Continuous treatment Rechallenge treatment

PSMA ligand 43 (38.7) 68 (62.3)

PSMA-617 3 (7.0) 21 (30.8)

PSMA I&T 40 (93.0) 46 (67.6)

PSMA-617 and PSMA I&T 0 (0.0) 1 (1.5)

Number of [177Lu]Lu-PSMA cycles

7 10 (23.3) 8 (11.8)

8 25 (58.1) 22 (32.4)

9 4 (9.3) 9 (13.2)

10 4 (9.3) 13 (19.1)

11 0 (0.0) 2 (2.9)

12 0 (0.0) 10 (14.7)

$13 0 (0.0) 4 (5.9)

Cumulative activity (GBq)

40–50 6 (14.0) 6 (8.8)

.50–60 29 (67.4) 28 (41.2)

.60–70 5 (11.6) 11 (16.2)

.70–80 3 (7.0) 11 (16.2)

.80 0 (0.0) 12 (17.6)

Time between therapy cycles (mo) 1.4 (1.38–1.83) 1.5 (1.4–1.9)*

Duration of therapy break before rechallenge sequences (mo) – 7.2 (5.4–11.5)

*Time interval between cycles of therapy was calculated for rechallenge group without considering period of therapy break.
Qualitative data are number and percentage. Continuous data are median and interquartile range.

TABLE 3
Incidence of Grades 3–4 Adverse Events Stratified by Continuous vs. Rechallenge Treatment

Continuous treatment (n 5 43) Rechallenge treatment (n 5 68) After rechallenge (n 5 68)

Event Grade 3 Grade 4 Grade 3 Grade 4 Grade 3 Grade 4

Hematologic

Leukocytopenia 1 (2.3) 0 (0.0) 2* (3.0) 0 (0.0) 0 (0.0) 0 (0.0)

Neutropenia 1† (2.6) 0 (0.0) 0‡ (0.0) 0 (0.0) 0 (0.0) 0 (0.0)

Anemia 7 (16.3) 0 (0.0) 13 (19.1) 0 (0.0) 10 (14.7) 0 (0.0)

Thrombocytopenia 3 (7.0) 0 (0.0) 2 (2.9) 1 (1.5) 2 (2.9) 1 (1.5)

Renal

Decrease in GFR 2 (4.7) 0 (0.0) 5 (7.4) 0 (0.0) 5 (7.4) 0 (0.0)

Adverse event leading to
discontinuation

5 (11.6) 10 (14.7) 10 (14.7)

Adverse event leading to
dose reduction

7 (16.2) 10 (14.7) 10 (14.7)

*n 5 67 patients.
†n 5 39 patients.
‡n 5 66 patients.
Data are number and percentage.
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the continuous and rechallenge groups (2/43 [4.7%] vs. 5/68
[7.4%]; P 5 0.2). Median glomerular filtration rates (GFRs) were
significantly lower in the last treatment cycle than in the first in
both continuous and rechallenge groups (Table 4).
Any grade of xerostomia was detected in 58 of 111 patients in

the overall cohort (52%, n 5 29 for the continuous group and
n 5 29 for the rechallenge group) with most occurring in the ini-
tial 6 cycles rather than in the extended treatment sequence (40/58
[69%] vs. 18/58 [31%]). Any grade of dry eyes was detected in 13
of 111 patients in the overall cohort (12%, n 5 5 for the continu-
ous group and n 5 8 for the rechallenge group), with most occur-
ring in the first 6 cycles rather than in the extended treatment
sequence (11/13 [85%] vs. 2/13 [15%]).
Administered activity was reduced to a range of 3 and 6 GBq in

17 patients (5.3%) because of a decrease in GFR (35.3%) and
hematotoxicity (64.7%), respectively.
[177Lu]Lu-PSMA RPT was discontinued in 15 patients (15/111

[13.5%]) because of decreased GFR (7/15 [46.7%]) or hematotoxi-
city (8/15 [53.3%]) (Table 3). In the continuous group, therapy
was discontinued in 3 patients because of a decrease in GFR and
in 2 patients because of thrombocytopenia. In the rechallenge
group, therapy was discontinued in 4 patients because of a
decrease in GFR, in 3 patients because of thrombocytopenia, in 1
patient because of bicytopenia, in 1 patient because of pancytope-
nia, and in 1 patient because of anemia.
Interestingly, patients who had not previously received docetaxel or

cabazitaxel had a tendency toward higher rates of adverse events,
resulting in dose reduction, than did those who received one or both
treatments (7/24 [29.2%] vs. 6/54 [11.1%] vs. 4/33 [12.1%]; P5 0.1).

Biochemical Response
The rate of the initial 50% PSA decline was significantly higher

in the rechallenge group than in the continuous group (57/63

[90.4%] vs. 26/42 [61.9%]; P 5 0.006; Table 5). In the continuous
group, the rate of 50% PSA decline after the first 6 cycles was 36
of 42 (85.7%), whereas the rate of 50% PSA decline between the
sixth cycle and the last cycle was 7 of 43 (16.3%). In the rechal-
lenge group, the rate of 50% PSA decline was 23 of 62 (37.1%)
after the first rechallenge treatment and 9 of 12 (75.0%) after the
second rechallenge treatment. Figure 4 shows individual PSA
levels and the 50% PSA decline during the initial treatment and
additional rechallenge treatments.

Imaging Response
Interim PSMA PET was available in 97 of 111 patients (87.3%)

(38/43 in the continuous group and 59/68 in the rechallenge group).
In the continuous versus rechallenge groups, partial response by
PSMA PET/CT was observed in 10 of 38 patients (26.3%) versus
33 of 59 patients (55.9%), and stable disease was observed in 26 of
38 patients (68.4%) versus 25 of 59 patients (42.4%). The initial
partial response rate was significantly lower in the continuous
group than in the rechallenge group (26.3% vs. 55.9%, P 5 0.004).
Details on the PSMA PET response are shown in Table 5.

OS
Patient status was followed for a median of 33.9mo (95% CI,

25.0–42.7mo) after initiation of [177Lu]Lu-PSMA RPT. A total of
54 patients (51.4%) died, and median OS was 31.3mo (95% CI,
26.3–36.3mo) for the entire cohort (Fig. 5A). Figure 5B shows
that OS from the beginning of initial [177Lu]Lu-PSMA therapy
was significantly shorter for continuously treated patients than for
rechallenge patients (23.2mo [95% CI, 20.4–25.9mo] vs. 40.2mo
[95% CI, 31.8–48.7mo]; P , 0.001).

DISCUSSION

In this retrospective analysis, we assessed the safety and effi-
cacy of [177Lu]Lu-PSMA therapy beyond
6 cycles. After 6 cycles of standard
[177Lu]Lu-PSMA treatment, patients in
our cohort either received continuous
[177Lu]Lu-PSMA treatment for residual
disease or were treated again after a pause
because of a good initial response.
Extended treatment with [177Lu]Lu-PSMA
was well tolerated, with few grades 3–4
adverse events, with the most frequent being
anemia after 6 cycles. Overall, extended
[177Lu]Lu-PSMA RPT achieved an OS of
31.3mo from the first administration.
In our study, extended treatment with

[177Lu]Lu-PSMA was well tolerated.
Grade 3 or 4 anemia was observed in 18%
(20/111) of patients, mainly during addi-
tional cycles. Grade 3 or 4 thrombocytope-
nia was observed in only 5% of patients,
and grade 3 neutropenia was found in only
0.1% of patients. In line with our results,
Mader et al. reported grades 3–4 anemia
in 15% of patients receiving extended
[177Lu]Lu-PSMA therapy and reversible
thrombocytopenia in only 1 patient (4%)
(8). In contrast to our cohort, mCRPC
patients who received cabazitaxel as
second-line chemotherapy had high rates

FIGURE 3. Median serum values for GFR (A), hemoglobin (B), thrombocytes (C), and leukocytes (D)
per cycle from patients receiving continuous or rechallenge [177Lu]Lu-PSMA. Data are only shown for
first 12 cycles.
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of grades 3–4 neutropenia (82%), and a considerable fraction had
febrile neutropenia (8%) (9). However, the rate of grades 3–4 ane-
mia and thrombocytopenia was similar to that found in our study
(11% and 4%, respectively) (9). In the TheraP study, the cabazi-
taxel group had a higher rate of any grade 3 or 4 adverse event
overall than did the [177Lu]Lu-PSMA group (53% vs. 33%) (10).
The data indicate that initial and extended [177Lu]Lu-PSMA ther-
apy may be tolerated better than cabazitaxel in mCRPC patients
after docetaxel chemotherapy.
Our population demonstrated a low rate of grades 3–4 events

concerning renal function assessed by the GFR (7/111, 6.3%). In
line with our results, only 1 patient (4%) who received 12 cycles
of [177Lu]Lu-PSMA treatment experienced grade 3 nephrotoxicity
in the Mader et al. study (8). Furthermore, Mader et al. were able
to demonstrate that the critical threshold for a renal absorbed dose
of 40Gy was not significantly associated with a reduction in GFR
(8). Our results underline favorable renal safety with a low risk of
induced renal failure. However, Sch€afer et al. reported 3 cases in
which patients who received more than 6 cycles of [177Lu]Lu-
PSMA therapy showed nephropathy with severe chronic kidney
disease that was likely induced by diffuse subacute renal throm-
botic microangiopathy as well as acute tubular injury (11). In addi-
tion, most recently, Steinhelfer et al. reported that a considerable
proportion (45%) of patients may experience moderate to severe
decreases in estimated GFR 1 y from initiation of [177Lu]Lu-
PSMA, but without association with the number of treatment

cycles (12). Follow-up after the last cycle of treatment in our study
was short, precluding definitive statements on possibly delayed
renal toxicity.
In the present study, the overall incidence of grades 3–4 adverse

events was 32.4%, and the adverse event rate leading to dose
reduction was 15.3%. In the CARD study, the rate of grades 3–4
adverse events was 56.3% in patients receiving cabazitaxel as a
second-line chemotherapy (13). Cabazitaxel showed a higher fre-
quency of dose reductions (cabazitaxel arm of TheraP trial,
20.8%; CARD trial, 21.4%) (10,13). In our study, the rate of
adverse events resulting in dose reduction was relatively higher in
patients who had not received docetaxel or cabazitaxel previously.
Patients with comorbidities unsuitable for chemotherapy may be
more likely to experience a higher rate of adverse events, leading
to a dose reduction. Furthermore, we observed decreased rates of
dose reduction in patients who received docetaxel or cabazitaxel
(11.1%) or both (12.1%) before extended [177Lu]Lu-PSMA ther-
apy compared with the rates reported in the CARD study (21.4%)
(13). This suggests that extended [177Lu]Lu-PSMA therapy has a
favorable safety profile compared with second-line cabazitaxel
therapy.
OS from the initiation of [177Lu]Lu-PSMA was 23.2mo for the

continuous treatment group and 40.2mo for the rechallenge group.
In both groups, the OS was considerably longer than that observed
in the phase 3 VISION study (1). Notably, our patient cohort has a
significant selection bias compared with the VISION study as only

TABLE 4
Median of Laboratory Parameters During First Therapy vs. Last Therapy Cycle in Both Treatment Groups

Continuous treatment Rechallenge therapy

Parameter First cycle Last cycle P First cycle Last cycle P

Hemoglobin (g/dL) 11.5 (10.4–12.7) 10.7 (8.9–11.5) ,0.001* 12.5 (11.3–13.7) 10.1 (8.4–11.4) ,0.001*

Leukocytes (cells/nL) 6 (5.3–7.7) 4.6 (3.4–6.9) ,0.001* 5.9 (5.1–8.2) 5.0 (3.8–6.3) ,0.001*

Thrombocytes (cells/nL) 234.0 (208.0–296.0) 180.0 (120.0–222.0) ,0.001* 231.0 (181.8–272.0) 174.0 (121.0–212.3) ,0.001*

GFR (mL/min/1.73 m2) 85.0 (70.9–95.9) 78.2 (57.2–94.4) 0.01* 78.0 (67.0–97.5) 66.5 (50.6–87.2) ,0.001*

*Statistically significant.
Continuous data are median and interquartile range.

TABLE 5
Response to [177Lu]Lu-PSMA RPT Stratified for Continuous vs. Rechallenge Treatment

Parameter Continuous treatment Rechallenge treatment

Initial 50% PSA decline after 8–12 wk 26/42 (61.9) 57/63* (90.4)

50% PSA decline during continuous therapy

Between first and sixth cycles 36/42 (85.7)

Between sixth and last cycles 7/43 (16.3)

50% PSA decline at rechallenge

First rechallenge sequence 23/62† (37.1)

Second rechallenge sequence 9/12‡ (75.0)

*PSA response was assessed after first cycle in 2 of 63 (3.1%) patients.
†PSA response was assessed after first rechallenge cycle in 21 of 62 (33.9%) patients.
‡PSA response was assessed after first rechallenge cycle in 7 of 12 (58.3%) patients.
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patients who showed response after 6 cycles were eligible for
extended treatment.
In our rechallenge subgroup, [177Lu]Lu-PSMA therapy resulted

in high biochemical response rate (first rechallenge, 37.1%; second
rechallenge, 75.0%) as well as a favorable OS of 40.2mo. These
results are comparable with those of a previous study on 30
patients under [177Lu]Lu-PSMA rechallenge treatment. In that
study, Yordanova et al. demonstrated a biochemical response in
almost 40% of patients after 2 cycles of rechallenge, and an OS of
25mo from the first cycle (3). Interestingly, the biochemical
response rate after the first rechallenge treatment in our [177Lu]Lu-
PSMA-retreated group (37.1%) was comparable to that of patients
receiving cabazitaxel for the first time (36%) in the presence of
progressive disease with failure of previous treatments including
enzalutamide or abiraterone and docetaxel (13). Rechallenge ther-
apy with docetaxel was previously studied in a phase 3 trial for
mCRPC patients who progressed to mCRPC and previously
received docetaxel in a metastatic hormone-sensitive prostate can-
cer setting (14). Only 14% of patients in the docetaxel rechallenge
arm experienced a 50% PSA decline (14). Additionally, the doce-
taxel rechallenge did not prolong the OS of mCRPC patients who
responded to the first-line docetaxel therapy when compared with
OS in non–taxane-based therapy (15). The cabazitaxel rechallenge
has also been shown to be feasible and to achieve a median OS of
51mo from the start of the first dose of cabazitaxel, which is lon-
ger than the 40mo reported here for the [177Lu]Lu-PSMA rechal-
lenge group (16).
Given the limited treatment options in mCRPC, extension or

rechallenge treatment with substantial antitumor effects will be
increasingly discussed for [177Lu]Lu-PSMA. Therefore, the evalua-
tion of the safety of [177Lu]Lu-PSMA beyond 6 cycles is important
(17). Currently, several ongoing clinical trials are evaluating
[177Lu]Lu-PSMA treatment in taxane-naïve patients, for example,

PSMAfore (NCT04689828), SPLASH (NCT04647526), ECLIPSE
(NCT05204927), PSMAddition (NCT04720157), and UpfrontPSMA
(NCT04343885). These patients will likely experience disease pro-
gression later on and might be candidates for rechallenge with
[177Lu]Lu-PSMA.
Our retrospective analysis comes with limitations. We report here

the results of extended treatment with [177Lu]Lu-PSMA in selected
patients with either macroscopic residual disease under stable or par-
tial response in the continuous group or excellent initial disease
reduction allowing a therapeutic pause in the retreated group. Selec-
tion criteria introduce bias toward favorable survival. The results
may, therefore, not be representative of patients outside these

FIGURE 4. Individual initial PSA values and PSA decline for patients
receiving rechallenge treatment. Baseline PSA values are given before
treatment initiation and before rechallenge treatment (A). Initial and subse-
quent PSA decline are presented after treatment initiation and rechallenge
treatments (B). DPSA5 change in PSA.

FIGURE 5. Kaplan–Meier curves for OS from first [177Lu]Lu-PSMA appli-
cation for entire cohort (A) and separately for continuous and rechallenge
treatments (B and C).
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clinical scenarios. In addition, the assessment of efficacy and safety
is less accurate in a retrospective design than in a prospective one
because of a lower level of control and follow-up. In particular, the
follow-up period after the last treatment cycle was short, precluding
definitive statements about potentially delayed renal toxicity.

CONCLUSION

Patients with mCRPC who have a favorable initial response to
[177Lu]Lu-PSMA therapy may benefit from extended treatment
beyond 6 cycles. Extended treatment was associated with favor-
able safety and substantial biochemical response. The benefit of
this treatment option has yet to be evaluated in prospective, ran-
domized, and controlled trials.
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KEY POINTS

QUESTION: Is [177Lu]Lu-PSMA therapy extension, either with
continuous or rechallenge methods, safe? Does therapy extension
improve survival and provide benefits?

PERTINENT FINDINGS: Extended therapy with [177Lu]Lu-PSMA
has been shown to be safe and has not been associated with an
increased incidence of grades 3–4 toxicity. Patients treated with
extended treatment experience a favorable median OS of 31.3mo
from the first administration. The response to [177Lu]Lu-PSMA
rechallenge demonstrates the preserved efficacy of [177Lu]Lu-
PSMA after a treatment break.

IMPLICATIONS FOR PATIENT CARE: Patients receiving
extended [177Lu]Lu-PSMA therapy experienced good responses
and had long OS. Extended treatment was well tolerated.
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Response Evaluation Criteria in Prostate-Specific Membrane Antigen
Imaging (RECIP) 1.0 is an evidence-based framework to evaluate ther-
apeutic efficacy in metastatic prostate cancer using prostate-specific
membrane antigen (PSMA) PET/CT. This study aimed to evaluate the
associations of interim PSMAPET/CT by RECIP 1.0 with short-term out-
come after radiopharmaceutical treatment. Methods: This multicenter
retrospective study included patients with metastatic castration-
resistant prostate cancer who underwent [177Lu]Lu-PSMA radiophar-
maceutical therapy at 3 academic centers and received PSMA
PET/CT at baseline and at 12 wk. Pairs of PSMA PET/CT images
were assessed by 5 readers for visual RECIP 1.0. The primary out-
come was the association of RECIP with prostate-specific antigen
progression-free survival (PSA-PFS) by Kaplan–Meier analysis.
Results: In total, 124 of 287 screened patients met the inclusion crite-
ria, with 0 (0%), 29 (23%), 54 (44%), and 41 (33%) of those 124
patients having complete response, partial response, stable disease,
or progressive disease (PD) by visual RECIP 1.0, respectively.
Patients with visual RECIP PD had a significantly shorter PSA-PFS
than those with RECIP stable disease or with RECIP partial response
(2.6 vs. 6.4 vs. 8.4mo; P, 0.001). Themedian PSA-PFS among patients
with RECIP PD versus those with non-RECIP PD was 2.6 versus 7.2mo
(hazard ratio, 13.0; 95% CI, 7.0–24.1; P , 0.001). Conclusion: PSMA
PET/CT by RECIP 1.0 after 2 cycles of [177Lu]Lu-PSMA is prognostic for
PSA-PFS. PSMA PET/CT by RECIP 1.0 may be used in earlier stages
of prostate cancer to evaluate drug efficacy and to predict progression-
free survival.

Key Words: metastatic castration-resistant prostate cancer; PSMA
PET; response evaluation; RECIP; LuPSMA; radiopharmaceutical
therapy
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Prostate-specific membrane antigen (PSMA) theranostics with
[177Lu]Lu-PSMA-617 improves the overall survival (OS) and
progression-free survival in patients with metastatic castration-
resistant prostate cancer (mCRPC) (1), which has led to drug
approval. The U.S. Food and Drug Administration approved
[68Ga]Ga-PSMA-11, [18F]DCFPyL, and [18F]rhPSMA-7.3 PET/CT
in patients with prostate cancer and suspected metastases who
were candidates for initial definitive therapy or who had sus-
pected recurrence based on elevated prostate-specific antigen
(PSA) levels to determine eligibility for [177Lu]Lu-PSMA-617
therapy (2–4).
Besides staging and restaging, cancer imaging can be used to

evaluate therapeutic efficacy. Objective criteria for measuring
response to cancer treatment are critical to clinical research and
practice (5). Therapeutic clinical trials of metastatic disease often
use radiographic endpoints to evaluate response to treatment (6).
Response Evaluation Criteria in PSMA Imaging (RECIP) ver-

sion 1.0 is an evidence-based framework to evaluate therapeutic
efficacy in metastatic prostate cancer using PSMA PET/CT and
was developed on the basis of OS outcomes in patients treated
with [177Lu]Lu-PSMA (7–9). Further studies validated RECIP 1.0
for measuring response based on associations with OS in mCRPC
patients who received androgen-receptor–signaling inhibitors
(10,11) and in early-stage prostate cancer patients with biochemi-
cal recurrence after the initial therapy (12).
PSA progression-free survival (PSA-PFS) is an efficacy end-

point commonly used in metastatic prostate cancer as a surrogate
for OS. Currently, evidence is lacking for the association of
RECIP 1.0 with short-term outcome, that is, progression-free
survival.
The current retrospective analysis aims to evaluate the associa-

tions of 12-wk PSMA PET/CT by RECIP 1.0 with progression-
free survival in mCRPC patients who receive [177Lu]Lu-PSMA.
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MATERIALS AND METHODS

Patients
Consecutive patients with mCRPC who were treated with [177Lu]Lu-

PSMA-617 or [177Lu]Lu-PSMA imaging and therapy (I&T) between
December 10, 2014, and July 19, 2019, at 3 academic medical centers
were screened for eligibility. Eligible patients had received PSMA
PET/CT at baseline and at 12 wk after 2 cycles of treatment (interim
PET) using the same PSMA-targeting radiotracer for the baseline and
interim PET examinations. Detailed inclusion and exclusion criteria are
given in Supplemental Figure 1 (supplemental materials are available at
http://jnm.snmjournals.org). Treatment protocols are detailed in the sup-
plemental materials. All patient data were previously reported (7–9).
These prior publications reported the development of RECIP 1.0 and
evaluated its prognostic value for OS. In contrast to prior work, this study
investigated the prognostic value of RECIP 1.0 for PSA-PFS after
[177Lu]Lu-PSMA radiopharmaceutical therapy. This retrospective analy-
sis was approved by the ethics committee of each participating site
(115/18S, 20-000954, and UKE 19-8570-BO), and the requirement for
study-specific consent was waived. PSMA PET/CT image acquisition
protocols were described previously (7) and are detailed in Supplemental
Table 1.

Image Analysis
PSMA PET/CT images were interpreted independently by 5 experi-

enced nuclear medicine physicians. Each reader was provided with
guidelines for image interpretation (supplemental materials), was
masked to the outcome data, and was not involved in the study design.
Readers were asked to interpret the baseline and 12-wk posttreatment
PSMA PET/CT scans for visual RECIP and quantitative RECIP 1.0,
as described previously (9).

Visual RECIP was determined by combining changes in PSMA-
positive total tumor volume evaluated visually by nuclear medicine
physicians with the status of new lesions. Visual assessment of
changes in PSMA-positive total tumor volume were approximated
qualitatively by means of side-by-side comparison of baseline and
follow-up maximum-intensity projection PSMA PET/CT images. In
borderline cases, additional analysis of axial sections was performed.

Quantitative RECIP was determined by combining changes in
PSMA-positive total tumor volume determined by a nuclear medicine
physician using tumor segmentation software (qPSMA software (13))

with the status of new lesions. After tumor segmentation was per-
formed, the PSMA volume was obtained by calculating the volume of
all voxels that were annotated as PSMA-positive tumors. Changes in
total tumor volume were determined by calculating the percentage
change between baseline and follow-up PSMA PET/CT scans.

Disagreement among readers was resolved by majority rule. Defini-
tion of RECIP 1.0, including definition of occurrence of new lesions,
is given in Table 1.

Statistical Analysis
Values are reported as medians with interquartile ranges for contin-

uous variables and numbers with percentages for categoric variables.
Response according to RECIP 1.0 was classified into progressive dis-
ease (PD), stable disease (SD), partial response (PR), or complete
response and dichotomized for the differentiation of progression ver-
sus nonprogression (RECIP PD vs. non-PD, where non-PD included
complete response, PR, and SD). The primary outcomes of our study
were the associations of RECIP 1.0 with PSA-PFS. Associations
between RECIP 1.0 and PSA-PFS were tested by Cox regression anal-
yses, and the hazard ratio (HR), its 95% CI, and the corresponding
P values were derived. PSA progression was defined per Prostate Can-
cer Clinical Trial Working Group 3 criteria as the time from treatment
initiation to PSA progression ($25% increase from baseline). The
median survival time and its 95% CI for each group of patients and
the entire cohort were calculated using Kaplan–Meier analysis.
Kaplan–Meier curves were truncated when the number at risk fell
below 10. Subgroup analyses were performed to evaluate associations
of RECIP 1.0 with PSA-PFS for each treatment type, that is,
[177Lu]Lu-PSMA-617 and [177Lu]Lu-PSMA I&T. A P value of less
than 0.05 was considered indicative of a statistically significant differ-
ence. All statistical analyses were performed using SPSS Statistics,
version 27 (IBM).

RESULTS

In total, 124 of 287 (43%) screened patients with mCRPC were
eligible and included. Of the 124 eligible patients, 102 (82%)
received treatment with [177Lu]Lu-PSMA I&T and 22 (18%)
received treatment with [177Lu]Lu-PSMA-617. The median age
was 73 y (interquartile range, 67–76 y). In total, 99 of 124 (80%)
patients received taxane-based chemotherapy and 123 of 124

TABLE 1
Definitions of New Lesions and RECIP

Parameter Definition

New lesion Any new focal uptake of PSMA ligand

Higher than the surrounding background

With tumor SUVmax . blood-pool SUVmax

Not present on baseline scan (tumor SUVmax , blood-pool SUVmax)

With tumor uptake not attributable to physiologic uptake or pitfalls

Any new malignant lesion detected on follow-up CT images independent of PSMA-ligand uptake

RECIP 1.0

RECIP-CR Absence of any PSMA-ligand uptake on follow-up PET scan

RECIP-PR $30% decrease in PSMA-VOL without appearance of new lesion

RECIP-PD $20% increase in PSMA-VOL with appearance of new lesion

RECIP-SD Does not meet the criteria for CR, PR, or PD

CR 5 complete response; PSMA-VOL 5 volume of PSMA.
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(99%) received androgen-receptor–signaling inhibitors. Detailed
patient characteristics are given in Table 2. The data cutoff date
for the final analysis was July 1, 2022, and all patients had PSA
progression at the last follow-up. The median PSA-PFS was

3.8mo (95% CI, 3.1–4.6mo). After the majority rule of the 5 read-
ers for visual RECIP 1.0 was applied, 41 of 124 (33%) patients
had RECIP PD and 83 of 124 (67%) had RECIP non-PD, of
whom 0 (0%), 29 (23%), and 54 (44%) of the 124 patients had

TABLE 2
Patient Characteristics (n 5 124)

Characteristic Data

Age (y) 73 (67–76)

Time since diagnosis of prostate cancer (y) 6 (4–11)

Gleason score at diagnosis*

,8 36 (32%)

$8 75 (68%)

M status at diagnosis

M0 75 (60%)

M1 49 (40%)

Primary treatment

Prostatectomy with or without lymphadenectomy 70 (56%)

Local radiotherapy 12 (10%)

Systemic treatment 42 (34%)

PSA (ng/mL) 139 (37–427)

Lactate dehydrogenase (U/L) 286 (223–408)

Total alkaline phosphatase (U/L) 125 (81–250)

Hemoglobin (g/dL) 9.9 (11.3–12.7)

ECOG performance status

0 31 (25%)

1 83 (67%)

2 10 (8%)

Previous mCRPC treatments

Previous chemotherapy 99 (80%)

Docetaxel 98 (79%)

Cabazitaxel 20 (16%)

Androgen-signaling inhibitors 123 (99%)

Abiraterone 111 (90%)

Enzalutamide 78 (63%)
223Ra 24 (19%)

Prior lines of mCRPC systemic treatment

1 9 (7%)

$2 115 (93%)

$3 71 (57%)

$4 33 (27%)

Sites of disease on PSMA PET/CT

Bone 114 (92%)

Nodal 101 (81%)

Bone plus nodal 92 (74%)

Visceral 32 (26%)

Bone plus nodal plus visceral 27 (22%)

*Data missing for 13 patients.
M 5 metastasized; ECOG 5 Eastern Cooperative Oncology Group.
Continuous data are median and interquartile range. Qualitative data are number and percentage.
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visual RECIP complete response, PR, and SD, respectively. After
the majority rule for quantitative RECIP 1.0 was applied, 40 of
124 (32%) patients had RECIP PD and 84 of 124 (68%) had
RECIP non-PD, of whom 0 (0%), 40 (32%), and 44 (36%) of the
124 patients had visual RECIP complete response, PR, and SD,
respectively.

PSA-PFS
Visual RECIP. The median PSA-PFS among patients with

RECIP PD versus RECIP SD versus RECIP PR was 2.6 versus
6.4 versus 8.4mo, respectively (Fig. 1). RECIP PD was associated
with a significantly shorter PSA-PFS than that with RECIP SD
(HR, 11.2; 95% CI, 6.0–21.3; P , 0.001) and that with RECIP
PR (HR, 17.1; 95% CI, 8.4–34.9; P , 0.001). RECIP SD was
associated with shorter—albeit not statistically significant—PSA-
PFS than that with RECIP PR (HR, 1.5; 95% CI, 0.9–2.5; P 5

0.10). The median PSA-PFS among patients with RECIP PD ver-
sus RECIP non-PD was 2.6 versus 7.2mo (HR, 13.0; 95% CI,
7.0–24.1; P , 0.001) (Fig. 1). In the subgroup analysis, RECIP
PD was associated with shorter PSA-PFS than was RECIP non-
PD in patients treated with [177Lu]Lu-PSMA I&T (HR, 12.7; 95%

CI 6.4–25.1; P , 0.001) or [177Lu]Lu-PSMA-617 (HR, 10.5; 95%
CI, 2.5–43.0; P 5 0.001) (Supplemental Fig. 2).
Quantitative RECIP. The median PSA-PFS for RECIP PD ver-

sus that for RECIP SD versus that for RECIP PR was 2.7 versus
5.4 versus 8.9mo, respectively (Fig. 1). RECIP PD was associated
with significantly shorter PSA-PFS than were RECIP SD (HR,
4.7; 95% CI, 2.8–7.9; P , 0.001) and RECIP PR (HR, 10.7; 95%
CI, 6.0–19.2; P , 0.001). RECIP SD was associated with signifi-
cantly shorter PSA-PFS than was RECIP PR (HR, 2.9; 95% CI,
1.4–3.7; P , 0.001). The median PSA-PFS among patients
with RECIP PD versus RECIP non-PD was 2.7 versus 6.5mo
(HR, 6.8; 95% CI, 4.1–11.2; P , 0.001) (Fig. 1). In the subgroup
analysis, RECIP PD was associated with shorter PSA-PFS
than was RECIP non-PD in patients treated with [177Lu]Lu-PSMA
I&T (HR, 6.3; 95% CI, 3.7–10.9; P , 0.001) or [177Lu]Lu-
PSMA-617 (HR, 10.5; 95% CI, 2.5–43.0; P 5 0.001) (Supple-
mental Fig. 2).

DISCUSSION

OS is a gold standard endpoint in cancer research and is desired
by regulatory authorities for drug approval in phase 3 registration

FIGURE 1. Associations between visual RECIP 1.0 (A and B) and quantitative RECIP 1.0 (C and D) responses with PSA-PFS. nPD5 non-PD.
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trials. Surrogate endpoints are increasingly accepted by regulatory
bodies for accelerated approvals of prostate cancer therapies, parti-
cularly in earlier disease stages, for example, metastatic hormone-
sensitive prostate cancer, nonmetastatic CRPC, or early-stage
mCRPC, in which the average life expectancy exceeds 2 y. Up to
48% of prostate cancer therapeutic trials use progression-free sur-
vival as a surrogate endpoint for OS (14). PSA-PFS is often used
as a primary endpoint in phase 2 clinical trials of prostate cancer
to investigate principal drug efficacy. For example, the EnzaP
randomized trial of enzalutamide versus enzalutamide plus
[177Lu]Lu-PSMA-617 in chemotherapy-naïve mCRPC patients
used PSA-PFS as the primary endpoint (15), whereas the TheraP
randomized trial of [177Lu]Lu-PSMA-617 versus cabazitaxel in
postchemotherapy mCRPC patients used PSA-PFS as the second-
ary endpoint (16).
The present analysis found that response evaluation by RECIP

1.0 at 12-wk PSMA PET/CT is associated with progression-free
survival after [177Lu]Lu-PSMA radiopharmaceutical therapy.
Patients with RECIP PD had significantly shorter PSA-PFS than
those patients with RECIP SD and RECIP PD. These findings sug-
gest that PSMA PET/CT performed after 2 cycles of [177Lu]Lu-
PSMA may identify patients who will shortly progress by PSA. A
strategy in which patients with RECIP PD at 12 wk switch to a
more efficacious treatment may improve clinical outcomes.
RECIP 1.0 is a framework for response evaluation that can be

determined in two ways, that is, qualitatively by visual reads of
nuclear medicine physicians and radiologists (visual RECIP) or
quantitatively using tumor segmentation software (quantitative
RECIP). A recent study found a 95% agreement between quantita-
tive and visual RECIP PD versus non-PD. In the present analysis,
visual RECIP PR failed to show significantly superior PSA-PFS
compared with that of RECIP SD (HR, 1.5; P 5 0.10), whereas the
quantitative RECIP PR showed superior PSA-PFS compared with
that of RECIP SD (HR 5 2.9; P , 0.001), highlighting the need
for training in evaluating responses in total tumor volume in PSMA
PET/CT before applying visual RECIP 1.0 in clinical practice.
Altogether, previous and current findings demonstrated that

RECIP 1.0 is associated with PSA-PFS and OS in mCRPC. The
data support the implementation of RECIP 1.0 in daily practice
and clinical trials for treatment response evaluation in mCRPC
patients during [177Lu]Lu-PSMA radiopharmaceutical therapy.
Notably, visual RECIP 1.0 should be used to determine only clini-
cally relevant PD versus non-PD, whereas quantitative RECIP 1.0
can be used to classify PR versus SD versus PD. Further, the data
encourage evaluation of associations of RECIP 1.0 with outcome
data in patients who are earlier in the disease trajectory and who
have a longer life expectancy.
The main limitation of this study is the use of the same patient

cohort that was used to develop RECIP 1.0 (7). However, the cur-
rent study used PSA-PFS as the study outcome, whereas the initial
analysis used OS as the endpoint. Other limitations include the
study’s retrospective design and lack of a comparative treatment
arm to test the prognostic versus predictive value of RECIP 1.0.

CONCLUSION

PSMA PET/CT by RECIP 1.0 after 2 cycles of [177Lu]Lu-
PSMA is prognostic for PSA-PFS. PSMA PET/CT by RECIP 1.0
may be used in earlier stages of prostate cancer to evaluate drug
efficacy and to predict progression-free survival. Further studies to
validate our findings in a prospective setting are warranted.

KEY POINTS

QUESTION: Is RECIP 1.0 associated with progression-free
survival in patients with mCRPC who are treated with
[177Lu]Lu-PSMA?

PERTINENT FINDINGS: This retrospective multicenter analysis
demonstrated that interim PSMA PET/CT performed after 2 cycles
of [177Lu]Lu-PSMA and evaluated by RECIP 1.0 is significantly
associated with PSA-PFS.

IMPLICATIONS FOR PATIENT CARE: PSMA PET/CT by RECIP
1.0 may be used in earlier stages of prostate cancer to evaluate
drug efficacy and predict progression-free survival.
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Absorbed Dose–Response Relationship in Patients with
Gastroenteropancreatic Neuroendocrine Tumors Treated
with [177Lu]Lu-DOTATATE: One Step Closer to
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[177Lu]Lu-DOTATATE has been approved for progressive and inoper-
able gastroenteropancreatic neuroendocrine tumors (GEP-NETs) that
overexpress somatostatin receptors. The absorbed doses by limiting
organs and tumors can be quantified by serial postinfusion scintigra-
phy measurements of the g-emissions from 177Lu. The objective of
this work was to explore how postinfusion [177Lu]Lu-DOTATATE
dosimetry could influence clinical management by predicting treat-
ment efficacy (tumor shrinkage and survival) and toxicity. Methods:
Patients with GEP-NETs treated with [177Lu]Lu-DOTATATE between
2016 and 2022 and who underwent dosimetry were included.
Absorbed doses were calculated for healthy organs (liver, kidneys,
bone marrow, and spleen) and tumors using PLANET Dose and the
local energy deposition method based on serial posttreatment
SPECT/CT. Up to 5 lesions per site were selected and measured on
images collected at baseline and 3mo after treatment end (measure-
ment masked to the somatostatin receptor imaging uptake). For toxic-
ity assessment, laboratory parameters were regularly monitored.
Clinical data, including time to death or progression, were collected
from the patients’ health records. Correlations between absorbed
doses by organs and toxicity and between absorbed doses by lesions
and tumor volume variation were studied using regression models.
Results: In total, 35 dosimetric studies were performed in patients with
mostly grade 2 (77%) tumors and metastases in liver (89%), lymph
nodes (77%), and bone (34%), and 146 lesions were analyzed: 1–9
lesions per patient, mostly liver metastases (65%) and lymph nodes
(25%). The median total absorbed dose by tumors was 94.4Gy. The
absorbed doses by tumors significantly decreased between cycles. The
absorbed dose by tumors was significantly associated with tumor vol-
ume variation (P, 0.001) 3mo after treatment end, and it was a signifi-
cant prognostic factor for survival. Toxicity analysis showed a correlation
between the decrease of hematologic parameters such as lymphocytes
or platelet concentrations and the absorbed doses by the spleen or
bone marrow. The mean absorbed dose by the kidneys was not

correlated with nephrotoxicity during the studied period.Conclusion: In
patients treated with [177Lu]Lu-DOTATATE for GEP-NETs, tumor and
healthy organdosimetry canpredict survival and toxicities, thus influenc-
ing clinicalmanagement.

KeyWords: [177Lu]Lu-DOTATATE; neuroendocrine tumors; absorbed
dose–response relationship

J Nucl Med 2024; 65:923–930
DOI: 10.2967/jnumed.123.267023

Well-differentiated neuroendocrine tumors (NETs) are a het-
erogeneous tumor type derived from the diffuse endocrine system.
The primary sites are mostly the gastroenteropancreatic system
and lungs. The World Health Organization proposed a prognostic
classification of NETs in 3 grades based on the histologic features
of proliferation (1). NETs usually overexpress somatostatin recep-
tors (SSTRs), especially in grade 1 and grade 2 tumors. Since the
1990s, peptide receptor radionuclide therapy (PRRT) has been
developed using radiolabeled somatostatin analogs, initially with
111In (2) and 90Y and more recently with 177Lu. The NETTER-1
prospective randomized multicenter phase III trial showed an
improvement in progression-free survival and health-related quality
of life in patients with progressive midgut grade 1 or grade 2 NETs
treated with [177Lu]Lu-DOTATATE compared with patients receiv-
ing a high dose of long-acting octreotide (3,4). These results and a
previous cohort study (5) led to the approval by regulatory authori-
ties of [177Lu]Lu-DOTATATE (Lutathera; AAA/Novartis) for the
treatment of progressive or inoperable, well-differentiated gastroen-
teropancreatic NETs (GEP-NETs). This treatment has been reim-
bursed in Europe since 2017 and in the United States since 2018.
The recommended regimen with [177Lu]Lu-DOTATATE, derived
from the NETTER-1 trial, consists of 4 intravenous injections of
fixed activities (7.4 GBq) separated by an interval of 8 wk. This regi-
men is well tolerated by most patients. However, it does not take
into account the full potential of [177Lu]Lu compounds that can be
imaged after injection to calculate the absorbed dose (AD) by organs
and lesions because of coemission of g-particles (6). The AD is a
physical parameter that is expressed in grays and reflects the amount
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of energy in joules released by ionizing radiation and absorbed per
unit mass of tissue (in kilograms). For a given radionuclide and a
given cell type, the damage to cells progressively increases with
the AD. It has been shown that when [177Lu]Lu-based PRRT
([177Lu]Lu-PRRT) is given with a fixed regimen, the ADs by organs
and tumors are heterogeneous among individuals (7,8). This variabil-
ity is directly correlated with the drug biodistribution and its resi-
dence time in the organs of interest. In [177Lu]Lu-PRRT, the
relationships between ADs by healthy organs and biologic effects
(i.e., toxicities) have been studied mostly using kidney dosimetry
and kidney function assessment. Different methods have been pro-
posed to calculate the ADs by kidneys after [177Lu]Lu-PRRT, but

none found a correlation between ADs and acute and middle–to–
long-term kidney impairment (9,10). Concerning hematologic toxici-
ties, some retrospective cohort studies found significant correlations
between the AD of bone marrow (11,12) or the spleen (13) and the
decrease of blood count parameters (i.e., platelets, white blood cells,
hemoglobin). In addition, the relationship between the AD by tumors
and efficacy has been little studied. A few studies found a positive
correlation between the AD by the small intestine or pancreatic
NETs and tumor shrinkage (14,15), a tumor volume decrease based
on SSTR molecular imaging (16), and recently that the AD by
NETs can predict patient survival (17). The aim of this study was to
explore how postinfusion [177Lu]Lu-DOTATATE dosimetry in

TABLE 1
Patient Characteristics

Parameter Data related to dosimetric dataset

Median age at treatment start (y) 68

Sex

Male 18 (51)

Female 17 (49)

Arterial hypertension 13 (37)

Diabetes 7 (20)

Carcinoid syndrome 9 (26)

Primary tumor site

Small intestine 27 (77)

Pancreas 5 (14)

Rectum 3 (9)

Site of metastases at treatment start

Lymph nodes 27 (77)

Peritoneum 7 (20)

Bone 12 (34)

Liver 31 (89)

Tumor grade

1 6 (17)

2 27 (77)

3 1 (3)

Unknown 1 (3)

Treatment before [177Lu]Lu-DOTATATE

Chemotherapy 12 (34)

Targeted therapy 14 (40)

Radiotherapy 4 (11)

Locoregional liver therapy 15 (43)

Somatostatin analogs 35 (100)

Surgery 11 (48)

Previous PRRT with [177Lu]Lu-DOTATATE 2 (6)

At least 1 treatment before [177Lu]Lu-DOTATATE 35 (100)

Markers of progression

Clinical 14 (40)

Biologic 20 (59)

Radiologic 29 (83)

Data are number and percentage, except for age.
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patients with GEP-NETs treated with a fixed regimen could influ-
ence the clinical management by predicting treatment efficacy
(tumor shrinkage and survival) and toxicity.

MATERIALS AND METHODS

Patients and Treatments
Patients who were treated with [177Lu]Lu-DOTATATE (Lutathera;

AAA/Novartis) between 2016 and 2022 for progressive GEP-NETs
overexpressing SSTRs and who underwent imaging for dosimetric
purposes after each [177Lu]Lu-DOTATATE cycle were included in
this retrospective single-center study. They received an intravenous
injection of a fixed activity of 7.4 GBq of [177Lu]Lu-DOTATATE
every 8 wk (#4 injection cycles in total). To avoid nephrotoxicity, an
intravenous injection of amino acid solution (1 L, 25 g of arginine, and 25 g
of lysine) was delivered to patients over 4 h, starting 30 min before
[177Lu]Lu-DOTATATE infusion. Clinical and biologic data were extracted
from the patients’ health records. The studywas approved by the institutional
ethics review board (ICM-ART2023/03).

Dosimetry Workflow
The calibration steps of the SPECT/CT Discovery NM/CT 670 system

(GE Healthcare) are detailed in the supplemental materials (available at
http://jnm.snmjournals.org). For cycles 1 and 2, SPECT/CT images with
at least 1 field of view that included the kidneys and liver were planned at
4, 24, 72, and 192 h after injection of [177Lu]Lu-DOTATATE. For cycles
3 and 4, a single-time-point SPECT/CT acquisition was performed 24 h
after injection, aligning with the patient’s release timing. [177Lu]Lu-DOTA-
TATE scintigraphy acquisitions were performed and reconstructed accord-
ing to a previously described protocol (18). Briefly, a medium-energy

general-purpose collimator was used. For 60 projections at 45 s each, the
energy window was set at 208 keV 6 20%, with a 10% scatter window
centered at 177 keV. Attenuation, scatter, and recovery resolution correc-
tions were applied. The first CT scan (4 h after injection) was acquired
with 120 kV, automatic milliampere regulation, a slice thickness of 5 mm,
a rotation time of 0.8 s, a pitch of 1.375, and a pixel matrix of 512 3 512.
All other CT scans were acquired with parameters inducing lower irradia-
tion (rotation time, 0.6 s; 80 mA fixed). Dosimetry was performed using
the European Conformity–marked PLANET Dose software, version
3.1.1.83 (DOSIsoft SA). An automatic and rigid registration based on the
first CT image, taken as a reference, was performed for all SPECT/CT
images of the same cycle. The volumes of interest of healthy organs
(spleen, kidneys, liver, and trabecular sections of lumbar vertebrae 2–4,
representing bone marrow) were manually segmented on the reference CT
image and then propagated and adjusted to the subsequent SPECT/CT
images. For lesions, the volumes of interest were initially delineated on
baseline, pretreatment, and contrast-enhanced CT (BL-CT) images and
then drawn on scintigraphy images on the basis of an isocontour that corre-
sponded to the volume defined on the BL-CT image. For the first 2 cycles,
time-absorbed dose-rate curves were produced and fitted using a monoex-
ponential model. ADs were calculated using the local energy deposition
method with density correction. To simplify the procedure, for cycles 3
and 4, ADs were calculated with the following equation,

AD cycle 3 or 45AD cycle 23
counts 24 h cycle 3 or 4
counts 24 h cycle 2

3
V 24 h cycle 2

V 24 h cycle 3 or 4
,

where AD cycle 2 is the AD calculated after cycle 2 (with 4 time points),
counts 24 h is the number of counts in structures segmented on the
SPECT/CT images acquired 24 h after [177Lu]Lu-DOTATATE injection,
and V 24 h is the volume of the related structure. A partial-volume–effect
correction was performed by applying to AD a recovery coefficient based
on the calibration studies (supplemental materials).

Choice of Lesions of Interest
Target lesions were selected on the BL-CT images, masked to their

SSTR expression status, and manually contoured to produce a volume
of interest. They were categorized by the following sites: liver, lymph
nodes, mesenteric mass, pancreas, and peritoneum. A maximum of 5
lesions per organ or site was allowed per patient (including the lesions
with the highest and smallest volume in each organ). Bone lesions
were excluded because of the difficulty in assessing the response to
treatment. Lesions smaller than 2 cm3 were excluded to minimize the

TABLE 2
Number of [177Lu]Lu-DOTATATE Cycles

Cycle Data

1 0 (0)

2 2 (6)

3 3 (8)

4 30 (86)

Data are number and percentage.

TABLE 3
Laboratory Toxicities According to Common Terminology Criteria for Adverse Events (Version 4.03)

During [177Lu]Lu-DOTATATE Therapy

Blood count parameter

Laboratory toxicity

At least 1 grade 1 At least 1 grade 2 At least 1 grade 3 At least 1 grade 4

GFR (CKD-EPI formula) decrease 32 (91.4) 11 (31.4) 0 (0.0) 0

Hemoglobin decrease 14 (40.0) 0 (0.0) 0 (0.0) 0

Leukocyte count decrease 35 (100.0) 10 (28.6) 1 (2.9) 0

Lymphocyte count decrease 30 (85.7) 29 (82.9) 21 (60.0) 0

Platelet count decrease 14 (40.0) 4 (11.4) 1 (2.9) 0

GFR 5 glomerular filtration rate; CKD-EPI 5 Chronic Kidney Disease Epidemiology Collaboration.
Data are number and percentage.
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partial-volume effect (2 cm3 corresponds to a recovery factor of 0.5;
Supplemental Fig. 1). The lesion volume was reassessed on the contrast-
enhanced CT images performed 3 mo after the last [177Lu]Lu-DOTA-
TATE injection (M3-CT). Variations in the lesion volume between
BL-CT and M3-CT were defined as

DeltaV%51003
V½M3-CT#2V½BL-CT#

V½BL-CT# ,

where DeltaV% is the variation of lesion volume and V[M3-CT] and
V[BL-CT] are the lesion volumes of M3-CT and BL-CT, respectively.

Collected Data and Studied Parameters
Laboratory parameters were collected from the patients’ health

records before the first cycle and around day 15 after each cycle, includ-
ing hemoglobin, white blood cell count, platelet count, creatinine con-
centration, and glomerular filtration rate, which was estimated using the
creatinine serum levels and the Chronic Kidney Disease Epidemiology
Collaboration formula. Treatment efficacy was assessed using RECIST
1.1 and by comparing BL-CT and M3-CT images. Toxicity was graded
according to the Common Terminology Criteria for Adverse Events
(version 4.03). Cumulative AD (CumAD) is defined as the sum of the
AD calculated after each cycle for the same PRRT course and the sum
used to correlate with toxicity (Supplemental Fig. 2). To define the

dosimetric indices for lesions, the following variables were studied: the
mean of the total AD of all lesions in each patient and the lesions with
the highest (Max) and the lowest (Min) total AD among all lesions in
each patient.

Statistical Analysis
Qualitative variables were described using the number of observations

and the frequency of each modality. Percentages were calculated exclud-
ing missing data. Quantitative data were described using the medians, the
minimum, and the maximum or the means and the SD. Variables of
interest were dichotomized using the medians. The statistical analyses are
fully described in the supplemental materials. All analyses were done
with SAS version 9.4 software (SAS Products & Solutions) and R ver-
sion 4.0.3 software (The R Project for Statistical Computing).

RESULTS

In total, 34 patients met the inclusion criteria. Among them, 2
patients were rechallenged with [177Lu]Lu-DOTATATE: 1 did not
undergo the dosimetric imaging for technical reasons, leading to
the final analysis of 35 dosimetric datasets. The characteristics of
the studied population are presented in Table 1. Most patients
(86%) received 4 injections, except for 5 patients who had kidney
impairment or platelet toxicity or were receiving retreatment with

[177Lu]Lu-DOTATATE (2 cycles) (Table
2). In total, 146 lesions were evaluated (1–9
lesions per patient) in the liver (65%),
lymph nodes (25%), mesentery (4%), pan-
creas (4%), and peritoneum (2%).
On the basis of RECIST 1.1 and M3-CT

imaging, 5 patients presented with progres-
sive disease (14%), 8 patients had partial
response (22%), and 22 patients had stable
disease (64%). Overall survival was 57mo
(95% CI, 25.3mo to not reached) and
progression-free survival was 30.72mo
(95% CI, 23.00–39.43mo). Clinical toler-
ance was excellent during treatment, with
only grade 3 hypertension in 5 patients
(14%). One patient had grade 1 nausea, and
another had grade 2 nausea with grade 1
vomiting. Intercycle tolerance was excellent
(grade 1–2 asthenia in most patients),
except in 3 patients who presented with

TABLE 4
Variation in Laboratory Parameters Between First Injection and Month 3 and Then 12 Months After Last Injection

Blood count parameters n
Before first
injection

Month 3 after
last injection P n

Before first
injection

Month 12 after
last injection P

GFR (mL/min/1.73 m2) 31 72.1 (15) 72.5 (17.3) 0.921 23 70.4 (13.9) 76 (18.1) 0.247

Hemoglobin (g/dL) 32 13.4 (1.3) 12.4 (1.4) 0.009* 24 13.2 (1.2) 12.5 (1.7) 0.095

Leukocytes (3109/L) 32 6.5 (2.2) 4.1 (1.2) ,0.001* 23 5.9 (1.9) 4.3 (1.2) 0.001*

Lymphocytes (3109/L) 32 1.5 (0.5) 0.8 (0.3) ,0.001* 24 1.5 (0.5) 0.9 (0.3) ,0.001*

Platelets (3109/L) 31 218 (68) 162.5 (51.1) ,0.001* 24 216.1 (68) 185.5 (69.1) 0.128

*P , 0.05.
GFR 5 glomerular filtration rate.
Data are means with SD in parentheses. P values were determined by Student t test.

FIGURE 1. Distribution of ADs by lesions (A) and selected healthy organs (B) in 4 PPRT cycles.
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grade 3 asthenia. There was no grade 3–4 nephrotoxicity. Laboratory
toxicities are listed in Table 3 and Table 4.
The ADs by organs and lesions are presented in Figure 1 and Table 5.

The ADs by healthy organs were not significantly different among
[177Lu]Lu-DOTATATE cycles except for the spleen (P , 0.05). The
median ADs by the 146 lesions were 32Gy (cycle 1), 25.6Gy (cycle
2), 23.3Gy (cycle 3), and 18.7Gy (cycle 4). The ADs by lesions
decreased significantly over time from cycle 1 to cycle 4 (P, 0.001).
The median total AD by lesions during 1 full treatment course was
94.4Gy, with a wide distribution range (Fig. 2).

Absorbed Dose–Effect Relationship
There was a significant (P , 0.001) and negative correlation

between the total AD by lesions and the lesion volume variations
between BL-CT and M3-CT (Fig. 3). A total AD by lesions in the
range of 55.8–130.7Gy led to a decrease of 21.9% of the lesion
volume. With a total AD of more than 95Gy, all lesions were con-
sidered stable (no volume increase of .20%). The tumor control
probability is presented in Figure 4.
There was no significant correlation between the glomerular filtra-

tion rates and the ADs by the kidneys during treatment (Supplemen-
tal Fig. 3). The ADs by the bone marrow (Fig. 5) and the spleen
(Supplemental Fig. 4) were negatively and significantly (P ,
0.0001) correlated with variations, compared with baseline values, of
neutrophil, lymphocyte, leukocyte, and platelet counts. The AD by
bone marrow better correlated with a decrease of leukocytes and pla-
telets than did the AD by the spleen. For instance, a CumAD
increase by bone marrow from 0.3 to 0.9Gy was related to a signifi-
cant decrease (P , 0.05) of leukocytes by 14.6% (95% CI, 220.2%
to 29.0%), neutrophils by 14% (95% CI, 222.0% to 26.2%), lym-
phocytes by 18% (95% CI, 222.3% to 213.7), and platelets by
22% (95% CI, 230.8% to 213.3%) compared with baseline values.
A change in CumAD by the spleen from 4.6 to 14.0Gy resulted in a
significant decrease in platelets by 15.7% (95% CI, 222.7% to
28.6%; P , 0.05) and lymphocytes by 20% (95% CI, 224.6% to
216.8%; P, 0.05).
The dosimetric indices for lesions in patients are presented in

Table 6. Patients with a mean total AD of more than 91.36Gy by

TABLE 5
Distribution of ADs by selected Healthy Organs and Lesions Throughout Cycles and at End of Treatment Course (Total AD)

Parameter Cycle 1 (Gy) Cycle 2 (Gy) Cycle 3 (Gy) Cycle 4 (Gy) Total AD (Gy)

Healthy liver 1.08 (0.47–9.32) 1.16 (0.52–9.34) 1.06 (0.41–5.48) 0.99 (0.59–4.19) 4.05 (2.06–27.29)

Spleen 3.42 (1.98–5.77) 3.69 (2.27–6.81) 3.76 (1.55–7.04) 4.08 (2.35–5.60) 14.28 (6.87–23.87)

Kidneys 2.73 (1.97–5.46) 2.74 (1.78–4.97) 2.74 (1.41–5.32) 2.77 (1.85–5.44) 10.77 (4.99–21.12)

Bone marrow 0.29 (0.15–1.4) 0.31 (0.18–1.06 0.29 (0.15–1.18) 0.26 (0.18–0.65) 1.07 (0.63–3.74)

Lesions 31.99 (1.77–98.49) 25.64 (2.59–73.03) 23.3 (1.22–81.73) 18.74 (2.33–74.17) 94.43 (8.73–287.89)

Values are median and range in parentheses.

FIGURE 2. Distribution of ADs by lesions after cycle 1 (A) and after treat-
ment end (B).

FIGURE 3. Relative tumor volume variation as function of total AD by
lesions (n 5 146). Solid line is prediction of model with 95% CI (blue haze
region). Horizontal dotted line is 20% threshold. DeltaV% 5 variation of
lesion volume.
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all target lesions presented a higher probability of progression-free
survival (hazard ratio [HR], 0.39; 95% CI, 0.17–0.92; P 5 0.03)
but not overall survival (HR, 0.34; 95% CI, 0.11–1.09; P 5 0.06)
(Figs. 6A and 6B). The median progression-free survival was
39.4mo (range, 31.1 mo to not reached) in patients with a mean
total AD of more than 91.36Gy and 23.6mo (range, 13–38.2mo)
in patients with a mean total AD of less than 91.36Gy. Patients
with a Min total AD of more than 52.52Gy by lesions had a
higher probability of progression-free survival (HR, 0.34; 95% CI,
0.14–0.81; P 5 0.01) and overall survival (HR, 0.23; 95% CI,

0.06–0.82; P 5 0.01) (Figs. 6C and 6D). Progression-free survival
and overall survival were 41mo (range, 31.1 mo to not reached)
and not reached, respectively, in patients with a minimum total
AD of more than 52.52Gy, and progression-free survival and
overall survival were 23.6mo (range, 16.3 mo to not reached) and
26.6mo (range, 25.2 mo to not reached), respectively, in patients
with a minimum total AD of less than 52.52Gy. The Max total
AD was not associated with progression-free survival and overall
survival.

DISCUSSION

Here, we found a significant correlation between the AD by
bone marrow and the decrease of hematologic parameters, which
agreed with results from previous studies (11,12). If the baseline
hematologic parameters and the stability of the AD by bone mar-
row over the cycles are considered, this relationship may help to
better select patients and anticipate toxicities. However, one
should consider that the nadir of the hematologic parameters might
occur beyond day 15 after injection. The AD by the spleen was
significantly higher starting from cycle 2 than it was starting from
cycle 1, with a significant inverse correlation between the CumAD
by the spleen and variations of hematologic parameters. Similarly,
in a previous study (13), the CumAD by the spleen (15 vs.
14.3Gy in our study) was inversely correlated with hemoglobin
and platelet variations. In our sample, the CumAD by the kidneys
never reached 23Gy, which was considered an endpoint in recent
PRRT trials (19,20) and was considered for external-beam radio-
therapy. Moreover, patients never presented any significant glo-
merular filtration rate decrease during treatment and for up to
12mo after treatment end, confirming that the kidney is not a lim-
iting organ in PRRT with [177Lu]Lu-DOTATATE when delivered
as 4 cycles at 7.4 GBq and amino-acid infusion.
As shown by other works, the AD by tumors was heterogeneous

(from 8.73 to 287.89Gy) (10). However, the AD to target lesions was
significantly correlated with variations of their volume (P5 0.01). The
probability of tumor control also was higher above a specific threshold:
all lesions were considered as responding when they received a dose of
more than 95Gy. These results, in favor of an AD–response relation-
ship, are in agreement with 2 retrospective studies on 24 patients with
pancreatic NETs (14) and 23 patients with small intestine NETs (15),
in which dosimetric results were calculated using multiple-time-point
SPECT imaging. We confirmed that the AD to tumors decreased sig-
nificantly over cycles, probably due to a decrease in SSTR density
(15,16,21). However, we also noticed that above a certain threshold,
the AD–response relationship appeared limited, with the appearance of
a plateau; adding more radiation to the lesions did not seem to improve
the efficacy. This may be explained by methodologic issues or radiobi-
ologic mechanisms of resistance to ionizing radiation that require fur-
ther translational studies.
Lesion dosimetric indices had a prognostic value: patients with

a mean total AD by target lesions of more than 91.36Gy were
more likely to have a longer progression-free survival (HR, 0.39;
95% CI, 0.17–0.92; P 5 0.03). Moreover, patients with at least 1
target lesion receiving a total AD of less than 52.52Gy had signifi-
cantly lower overall survival and progression-free survival. Other
prognostic factors had already been identified for patients with
NETs, including tumor grade (and percentage of Ki-67–positive
tumor cells), tumor heterogeneity (entropy) (22), tumor glucose
metabolism assessed by [18F]FDG PET/CT (23), injected activity
(24), the size of the largest lesion (for patients receiving salvage

FIGURE 4. Tumor control probability. Variation of lesion volume # 0%
between BL-CT and M3-CT is considered as controlled tumor. Tumor
control probability curve was produced using binary logistic regression
model and its 95% CI.

FIGURE 5. Correlation between cumulative AD by bone marrow and
variations of neutrophils (A), leukocytes (B), lymphocytes (C), and platelets
(D) relative to baseline. Curves are estimated using locally estimated scat-
terplot smoothing method, with 95% CI (gray region). Spearman correla-
tion coefficient (r) is nonparametric measurement that estimates
monotonic (not necessarily linear) relationship between 2 variables.
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PRRT) (25), tumor perfusion and SSTR density (26), molecular
profiling (27,28), and inflammation-based indices (29). A recent
retrospective cohort study with a population quite similar to ours
(progressive disease, 7% vs. 14% in our study; stable disease,
70% vs. 64% in our study; partial response, 24% vs. 22% in our
study) did not find that the tumor AD was predictive of patient
overall survival (16). However, Alipour et al. used a different dose
calculation methodology (imaging only at 24 h after infusion vs.
SPECT/CT performed at different time points in our series for
cycles 1 and 2 at least; no use of the lesion minimal AD index),
with 68% of patients receiving at least 1 [177Lu]Lu-DOTATATE
cycle with radiosensitizing chemotherapy, and their radiologic end-
point was not based on CT imaging but on molecular imaging of the
SSTR volume. This volume reflects the tumor volume and is also
correlated with SSTR expression level. This may also explain why
no correlation was found between the AD by lesions and the change
in molecular imaging of the SSTR volume in the previous study
(16). In a recent publication, a prospective study of 37 patients with
GEP-NETs who were treated with [177Lu]Lu-DOTATATE showed
a significant increase of progression-free survival for patients whose
target lesions received an AD of more than 35Gy after cycle 1 (17).
Further analysis is needed to compare results on the same basis
(cycle 1), but at first sight, the presented results seem to be in the
same range as ours.

Our study has some limitations, particularly its monocentric and
retrospective design. It also has some methodologic limitations: as
proper delineation of the lesion on noncontrast low-dose CT of
SPECT/CT is not feasible in an accurate way, a constant volume
was used over cycles for lesion dosimetry. That methodology may
underestimate the total AD by the lesion, especially for highly
responding lesions, and could, in part, explain the aspect of the
plateau in Figure 3. Whether a multiple-time-point dosimetry
should be performed after several administration cycles (2 in our
study) is a debated question. For obvious organizational reasons,
decreasing the number of cycles with full dosimetry or decreasing
the number of time points per cycle would simplify the process.
We are willing to consider such simplified approaches in the future
and assess how they affect the correlation between the AD and
the clinical outcome. Still, our results may influence the clinical
management (efficacy and toxicities) of patients treated with
[177Lu]Lu-DOTATATE for GEP-NETs. Indeed, as the AD by
tumors decreases over cycles, the total AD after 4 cycles can be
estimated, and these values can be compared with the patient dosi-
metric indices that are prognostic factors of survival. New PRRT
algorithms may be proposed to deliver more irradiation to lesions
(through higher injected activities per cycle or by adding more
cycles) for patients with low lesion ADs after the first cycles.
Moreover, as the ADs by the spleen and bone marrow are signifi-

cantly correlated with variations of hemato-
logic parameters, they could be considered
as surrogate markers of toxicity during per-
sonalized treatment mainly driven by lesion
dosimetry.

CONCLUSION

The results of this study suggest that per-
sonalized dosimetry of tumors and healthy
organs during treatment with [177Lu]Lu-
DOTATATE may improve clinical outcomes
and influence patient management. These
results need to be validated in prospective
clinical trials.
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TABLE 6
Dosimetric Indices (Gy) in Patients (n 5 35)

Mean total AD Min total AD Max total AD

91.36 (20.88–205.19) 52.52 (8.73–184.31) 118.59 (20.88–287.89)

Mean total AD 5 mean of total AD of all lesions in 1 patient; min total AD 5 lowest total AD value among all lesions in 1 patient; max
total AD 5 highest total AD value among all lesions in 1 patient.

Values are median and range in parentheses.

FIGURE 6. Kaplan–Meier estimates of overall survival (A) and progression-free survival (B) are
shown as function of mean total AD by all lesions in each patient’s course of treatment (n 5 35).
Kaplan–Meier estimates of overall survival (C) and progression-free survival (D) are shown as function
of lowest total AD in each patient’s course of treatment (n5 35). Min5 minimum.
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KEY POINTS

QUESTION: Can tumor ADs predict outcome in patients with
NETs who are treated with [177Lu]Lu-DOTATATE?

PERTINENT FINDINGS: In a retrospective cohort of patients with
NETs (mostly grade 2 small intestine NETs) treated with [177Lu]Lu-
DOTATATE, tumor and healthy organ dosimetry indices are pre-
dictive of survival and correlate with toxicities.

IMPLICATIONS FOR PATIENT CARE: These data are in favor of
dosimetry implementation to improve patient selection for treat-
ment with [177Lu]Lu-DOTATATE.
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Para-aminohippurate, also known as p-aminohippuric acid (PAH), is
used clinically to measure effective renal plasma flow. Preclinically, it
was shown to reduce 177Lu-DOTATOC uptake in the kidneys while
improving bioavailability compared with amino acid (AA) coinfusion.
We report the safety and efficacy of PAH coinfusion during peptide
receptor radiotherapy in patients with neuroendocrine tumors.
Methods: Twelve patients with metastatic or unresectable gastroen-
teropancreatic neuroendocrine tumors received 177Lu-DOTATOC in
33 treatment cycles. Either 8g of PAH or a mixture of 25g of arginine
and 25g of lysine were coinfused. Safety was assessed by monitoring
laboratory data, including hematologic and renal data, as well as elec-
trolytes obtained before and 24h after treatment. For radiation dosim-
etry, whole-body scans were performed at 1, 24, and 48h and a
SPECT/CT scan was performed at 48h, along with blood sampling at
5min and 0.5, 2, 4, 24, and 48h after administration. Absorbed dose
estimations for the kidneys and bone marrow were performed accord-
ing to the MIRD concept. Results: In 15 treatment cycles, PAH was
coinfused. No changes in mean creatinine level, glomerular filtration
rate, and serum electrolytes were observed before or 24h after treat-
ment when using PAH protection (P $ 0.20), whereas serum chloride
and serum phosphate increased significantly under AA (both P, 0.01).
Kidney–absorbed dose coefficients were 0.6060.14Gy/GBq with PAH
and 0.5360.16Gy/GBq with AA. Based on extrapolated cumulative
kidney-absorbed doses for 4 cycles, 1 patient with PAH protection and
1 patient with AA protection in our patient group would exceed the
23-Gy conservative threshold. The bone marrow–absorbed dose coeffi-
cient was 0.01260.004Gy/GBq with PAH and 0.0126 0.003Gy/GBq
with AA. Conclusion: PAH is a promising alternative to AA for renal
protection during peptide receptor radiotherapy. Further research is
required to systematically investigate the safety profile and radiation
dosimetry at varying PAH plasma concentrations.

KeyWords: dosimetry; NET; PAH; PRRT; renal protection
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Neuroendocrine tumors (NETs) represent a heterogeneous
group of neoplasms and arise in various organs, mostly the gastro-
intestinal tract but also the pancreas and lungs. For metastatic dis-
ease, 5-y survival is reported to be less than 50%, which poses the
need for adequate treatment options (1). Subsequent to the results
of the NETTER-I trial, peptide receptor radiotherapy (PRRT)
using 177Lu-DOTA ligands coupled to somatostatin analogs has
evolved into a valuable strategy for patients with unresectable or
metastatic NETs (2).
In extensively treated NET patients, hematopoietic or renal tox-

icity are the dose-limiting morbidities in PRRT. Although bone
marrow is typically not the dose-limiting organ, grade 3 or 4
hematologic toxicity, according to the Common Terminology Cri-
teria for Adverse Events (National Cancer Institute), has been
reported in approximately 10% of patients after PRRT (3,4). Radi-
olabeled peptides undergo renal clearance with active retention or
reabsorption by the renal proximal tubular cells. High and pro-
longed renal uptake may lead to radiation-induced acute chronic
nephrotoxicity that can significantly affect quality of life and long-
term outcomes. Consequently, in PRRT, the kidney-absorbed dose
is considered one of the major dose-limiting factors (5,6).
The kidney-absorbed dose can be reduced by coinfusing agents

that competitively inhibit reabsorption of radiolabeled compounds,
such as positively charged amino acids (AAs), gelofusine, trypsi-
nized albumin, or bovine serum albumin fragmented by cyanogen
bromide (5,7–9). When using AA, an average reduction of
absorbed dose in or uptake to the kidneys of between 23% and
47% was achieved compared with no renal protection (8,10,11).
Although these data rely on a limited number of patients and were
partially obtained with radiopharmaceuticals other than 177Lu-
DOTA ligands, AAs are most commonly used in PRRT (12).
Para-aminohippurate, also known as p-aminohippuric acid

(PAH), is an anionic substrate and is frequently used to assess
renal plasma flow and glomerular filtration rate (GFR) (13,14).
Maeda et al. (15) reported a surprising increase in the clearance of
benzylpenicillin when coadministered with PAH, suggesting a
potential inhibition of renal reabsorption processes. In addition,
PAH is a substrate for organic anion transmembrane transporters
(OAT1, OAT2, and OAT4) that are indicated to be involved in
renal clearance of somatostatin analogs (16,17). It was specifically
shown that PAH comedication reduces kidney uptake of small
peptide radiopharmaceuticals (18). Because of shorter infusion
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times for PAH than for AA and a possible reduction of side effects
reported with AA, such as nausea and hyperkalemia (10), adminis-
tration of PAH in the clinical setting during PRRT might further
improve patient throughput and tolerance to PRRT.
In this study, we investigated the safety and efficacy of PAH

coinfusion during 177Lu-DOTATOC treatment in patients with
gastroenteropancreatic NETs in comparison to our current stan-
dard protocol of AA infusion.

MATERIALS AND METHODS

Preliminary Preclinical Biodistribution Study
A study was performed before clinical investigations in healthy

male Wistar rats to assess the biodistribution profile of 177Lu-DOTA-
TOC when administered along with PAH. Before intravenous injec-
tion of a mean 6 SD of 0.96 0.1 MBq of 177Lu-DOTATOC, rats
(n 5 8–10 per group) were injected intraperitoneally with 1mL of
saline solution (0.9% sodium chloride [NaCl]), AA solution containing
arginine and lysine (200mg/mL), or PAH solution (200mg/mL). Sub-
sequently, the rats were sacrificed 5 or 60min after injection of 177Lu-
DOTATOC, and kidney activity was measured in a calibrated well
counter. For each of the 3 coinfusion groups, 4–5 kidney uptake values
were available at each time point after injection. The experiments
were conducted by Helmholtz-Zentrum Dresden-Rossendorf on behalf
of ITM Medical Isotopes Garching GmbH according to the German
Animal Welfare Act and European Union directive 2010/63/EU on the
protection of animals used for scientific purposes and were approved
by the provincial headquarters in Dresden (protocol DD24.1-5131/
450/16).

Clinical Application
Since it became available at our department (Department of Nuclear

Medicine at the University Hospital in Essen, Germany), PAH has
been offered alternatively to AA infusion in PRRT of patients with
metastatic or unresectable gastroenteropancreatic NETs. Data of the
first patients receiving PAH were analyzed retrospectively. The

primary aims of the study were to assess the clinical safety of PAH
and to evaluate kidney and bone marrow dosimetry of PAH coinfusion
during 177Lu-DOTATOC treatment. The secondary aim was to com-
pare the findings with that of the established coinfusion of AA. All
patients provided written informed consent for clinical PAH applica-
tion and PRRT. The local ethics committee (University of Duisburg-
Essen Medical Faculty, protocol 23-11120-BO) approved the study
and waived the need for study-specific consent.

Patients and Drug Administration
Fourteen gastroenteropancreatic NET patients treated between

November 2021 and November 2022 who received PAH for renal pro-
tection were initially identified. Of those, 2 patients were excluded
because of disease progression after the first cycle and were not further
evaluated. In addition to international joint recommendations on
patient eligibility for 177Lu-DOTATOC treatment (19), patients were
offered PRRT only if they were at least 18 y of age and they had an
initial GFR of at least 50mL/min. All patients showed somatostatin
receptor–positive lesions confirmed by 68Ga-DOTATOC PET/CT
imaging. Patient characteristics are summarized in Table 1.

Patients were administered 3 cycles of 7.4 GBq of 177Lu-DOTA-
TOC each, injected intravenously in 30–45min via automated infusion
pumps and accompanied by 500mL of 0.9% NaCl solution. Concomi-
tantly, either PAH or AA solution was infused for renal protection via
separate tubing. A PAH amount of approximately 8 g was used, result-
ing in a total infusion volume of less than 100mL (20). More specifi-
cally, a priming rate of 160mg of PAH per minute for 16min, followed
by a maintenance rate of 110mg/min for 48min, was used to reach an
estimated steady-state PAH plasma concentration of 450mg/L (total infu-
sion time of approximately 70min). A detailed description of PAH phar-
macokinetic assumptions used for the calculation of PAH plasma
concentration is provided in supplemental materials (supplemental mate-
rials are available at http://jnm.snmjournals.org). The AA solution con-
tained positively charged lysine and arginine (each 25g) and was infused
in 2L of NaCl solution over 4 h (5).

TABLE 1
Patient Characteristics at Time of First Treatment Cycle

Patient Sex Age (y) Height (cm) Weight (kg)
Protectant
at 1 cycle Type of NET DD (mo)

Previous
therapy

Prior cum.
PRRT activity

(GBq)

1 M 46 181 86 PAH Intestinal 28 S, PRRT 51.6

2 M 31 178 69 PAH Rectal 8 CT, PRRT 22.6

3 M 50 178 88 PAH Intestinal 162 S, CT,
SIRT,
PRRT

44.6

4 F 55 160 76 PAH Intestinal 81 S, PRRT 49.5

5 M 48 181 65 PAH Intestinal 17 S, PRRT 22.0

6 F 67 175 61 PAH Intestinal 212 S, PRRT 66.3

7 M 52 174 69 AA Intestinal 16 PRRT 15.1

8 M 78 192 85 AA CUP 65 S, PRRT 15.3

9 F 77 160 49 AA Intestinal 107 S, PRRT 22.7

10 F 84 170 67 AA Intestinal 71 PRRT 52.3

11 M 61 177 78 AA Intestinal 50 None 0

12 M 63 175 79 AA Pancreatic 29 CT 0

DD 5 disease duration; cum. 5 cumulative; S 5 surgery; CT 5 chemotherapy; SIRT 5 selective internal radiotherapy; CUP 5 cancer
of unknown primary.
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The administration flowchart in Figure 1 illustrates the choice of
renal protectant during the course of 3 treatment cycles. Of the 12
patients who were evaluated, 6 received PAH in the first cycle, fol-
lowed by AA in the second cycle. The other 6 patients received the
renal protectants in opposite order. The third treatment cycle was
given with coinfusion of the same renal protectant as used in the sec-
ond cycle to assess intrapatient variability of dosimetry calculations.
For 3 patients, dosimetry data were not available for the third cycle
because of imaging failure (n 5 1) or end of treatment (n 5 2).

Data Collection: Imaging, Blood Sampling, and Laboratory
Data

The hybrid approach was used for dosimetry imaging consisting of
whole-body planar imaging at 1, 24, and 48 h and 1 SPECT/CT scan
48 h after administration covering the abdomen. All scans were per-
formed on a Symbia Intevo T2 (Siemens Healthineers) SPECT/CT sys-
tem equipped with a medium-energy collimator. For anterior and
posterior whole-body planar images, the peak energy window was cen-
tered at 208 keV (width, 67.5%) and the lower and upper energy win-
dows for scatter correction were 65%. Images were acquired with a
scan velocity of 10 cm/min in a 2563 1,024 matrix. Each patient was
scanned along with an individually prepared 177Lu reference standard
placed between the heels to monitor system stability. Acquisition para-
meters used in the SPECT/CT scans were a 208-keV energy peak
(width,67.5%), upper and lower scatter window widths of65% each,
3! angular step size, 60 projections, and 20 s per projection. Standard
attenuation and scatter correction were applied to reconstruct images
into a 1283 128 transverse matrix with cubical voxels of a 4.8-mm
side length using an ordered-subset conjugate gradient maximization
algorithm with 48 iterations, 1 subset, and no gaussian filter (xQuant;
Siemens Healthineers) to provide fully quantitative images (21).

Venous blood samples were drawn before treatment and at 5min,
30min, and 2, 4, 24, and 48 h after the end of 177Lu-DOTATOC infu-
sion. Blood activity in each sample was measured in a calibrated well
counter (Wizard2 2480 3"; PerkinElmer). The activity values were cor-
rected for detector dead time, filling level, and decay to the time of
administration. Sample volumes were determined gravimetrically to
obtain the blood activity concentration.

Safety was assessed by monitoring clinical laboratory parameters
including hematologic data (hemoglobin, red blood cell counts, white
blood cell counts, and platelet counts), renal parameters (creatinine
level and estimated GFR), and electrolytes (sodium, potassium, chlo-
ride, phosphate, and calcium). These were obtained before and 24 h
after treatment.

Radiation Dosimetry
Kidney and Bone Marrow Time–Activity Curves. For the kid-

neys, manual volume segmentation was performed for the first cycle
on low-dose CT images. The volumes of interest were propagated into
other cycles. The imaged SPECT/CT activity concentration of each
kidney was corrected individually for the partial-volume effect by
applying experimentally derived recovery coefficients (21). In planar
imaging, background and attenuation-corrected geometric mean values
from anterior and posterior counts were calculated using the conjugate
view method with additional self-attenuation within the kidney, as pro-
posed by the MIRD committee (22). The resulting count value from
the 48-h planar images was scaled to equal the partial-volume effect–
corrected activity from SPECT/CT. Subsequently, the same scaling
factor was applied to the count values from the 1- and 24-h planar
images to construct the time–activity curve for each kidney.

Bone marrow activity was estimated using the blood method (23),
assuming that the activity concentration in the bone marrow was equal
to that in the blood (24). To obtain the bone marrow activity, the blood
activity concentration from each blood sample was multiplied by the
respective male or female reference bone marrow mass and scaled by
the ratio of individual-to-reference patient mass (25). To account for
cross-radiation from the remainder of the body, whole-body retention
curves were constructed from planar images by normalizing the geo-
metric mean count values of the whole body to the geometric mean
value from the first measurement (1 h after injection). Patients were
asked not to void until the first imaging time point to preserve transla-
tion from counts to activity. Alternatively, the excreted urine was col-
lected and scanned along with the patient.
Time-Integrated Activity Coefficients (TIACs) and Absorbed

Dose Coefficients. After normalizing kidney and bone marrow time–
activity curves to the administered activities, the resulting uptake
curves and whole-body retention curves were used to calculate the
TIACs. Point-to-point effective half-lives were derived by calculating
monoexponential functions between adjacent time points for each kid-
ney, the bone marrow, and the whole body. TIACs were obtained by
integrating the point-to-point monoexponential functions (26). For the
kidneys and bone marrow, the effective half-life between 1 and 24 h
after administration was used to extrapolate to the end of infusion (t 5
0). For the kidneys, an effective half-life of 50 h was assumed for inte-
gration after the last (48 h) time point (27,28), whereas for bone mar-
row and whole-body TIACs, the effective half-life between 24 and
48 h was used.

Dosimetry estimations were performed using the MIRD concept.
The left and right kidneys were summarized into a single source organ
of renal tissue, and absorbed dose coefficients were calculated individ-
ually using OLINDA/EXM 2.2 software. The bone marrow–absorbed
dose was calculated as proposed by Traino et al. (29) to account for
patient-specific S value scaling based on the individual’s whole-body
and bone marrow mass.

Software and Statistics
Image analysis was performed using PMOD version 4.2 software

(PMOD Technologies Ltd.). Statistical analysis, performed using
GraphPad Prism version 5.03 (GraphPad Software Inc.), included cal-
culation of mean and median values and the measure of dispersion
expressed as SD and interquartiles. Spearman correlation analysis and
the Mann–Whitney U test were used, and significance was assumed
for a P value of no more than 0.05.

RESULTS

Preliminary Preclinical Biodistribution Study
Kidney uptake in healthy male Wistar rats, expressed as the per-

centage of injected activity per gram of renal tissue, is shown in
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FIGURE 1. Administration flowchart.
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Supplemental Figure 1. In evaluations of
both 5 and 60min after 177Lu-DOTATOC
injection, PAH significantly decreased the
radioactivity in the kidneys from that
occurring with NaCl solution. Elimination
of 177Lu-DOTATOC was also signifi-
cantly faster with AA than with NaCl
solution. No signs of acute and delayed
toxicity were observed with the protective
agents.

Patients
Twelve patients, treated in 33 individual

PRRT cycles, were administered a mean
6 SD of 7.56 0.2 GBq of 177Lu-DOTA-
TOC per cycle. In 15 cycles, PAH was
coinfused for renal protection (AA was
coinfused in 18 cycles). The mean time
between subsequent cycles was 576 12 d. The actual imaging
time points after administration were 16 1, 206 2, and 436 2 h
for planar imaging and 446 2 h for SPECT/CT.

Safety
No grade 3 or 4 adverse events, according to the Common Ter-

minology Criteria for Adverse Events, were reported with either
PAH or AA. No significant changes in mean serum creatinine,
GFR, or serum electrolytes (sodium, potassium, chloride, phos-
phate, and calcium) were observed before or 24 h after treatment
under PAH (P $ 0.20). Under AA, serum chloride and serum
phosphate increased significantly after treatment (105.8 vs.
107.8mmol/L, P , 0.01, and 3.13 vs. 3.80mg/dL, P , 0.01,

respectively). One patient per renal protectant (patient 9 under
PAH and patient 1 under AA) showed a grade 1 creatinine
increase with a correlated grade 2 GFR decrease, and 1 patient
(patient 6) showed grade 1 hyperkalemia under AA. Based on
hematologic parameters measured before treatment of cycle 1 and
then cycle 2, 2 PAH patients (patients 4 and 5) developed grade 1
anemia and 1 AA patient (patient 10) developed grade 2 anemia.
One PAH patient (patient 3) showed grade 1 leukopenia and
thrombocytopenia. No other adverse events were reported.

Radiation Dosimetry
Figure 2 shows planar and SPECT/CT images of a representative

patient after PAH coinfusion during PRRT (patient 11, cycle 2).

FIGURE 2. Sequential planar images (A) and 1 fused axial SPECT/CT and corresponding CT slice
(B) of representative patient (patient 11, cycle 2) after PAH coinfusion during 177Lu-DOTATOC treat-
ment. HU5 Hounsfield units; p.i.5 postinjection.

TABLE 2
Kidney– and Bone Marrow–Absorbed Dose Coefficients Under Coinfusion of Either PAH or AA During 177Lu-DOTATOC

Treatment

Kidney–absorbed dose coefficient (Gy/GBq) Bone marrow–absorbed dose coefficient (Gy/GBq)

Patient PAH AA %-D PAH AA %-D

1 0.43 0.34 26 0.008 0.007 14

2 0.35 0.44 220 0.017 0.017 0

3 0.83 0.65 28 0.009 0.009 0

4 0.74 0.78 25.1 0.009 0.010 210

5 0.73 0.83 212 0.010 0.012 217

6 0.60 0.44 36 0.011 0.010 10

7 0.73 0.50 46 0.011 0.010 10

8 0.46 0.39 18 0.009 0.010 210

9 0.52 0.67 222 0.021 0.019 11

10 0.53 0.40 33 0.014 0.012 17

11 0.66 0.42 57 0.011 0.010 10

12 0.62 0.49 27 0.018 0.016 13

Mean 0.60 0.53 0.012 0.012

SD 0.14 0.16 0.004 0.003

Median 0.61 0.47 0.011 0.010

Min 0.35 0.34 0.008 0.007

Max 0.83 0.83 0.021 0.019

%-D 5 intrapatient percentage difference from PAH to AA; Min 5 minimum; Max 5 maximum.
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Time–activity curves of the left and right kidneys are provided in
Supplemental Figure 2. Kidney, bone marrow, and whole-body
TIACs with coinfusion of PAH and AA are provided in Supplemen-
tal Tables 1–3.
For the kidneys, intrapatient variability, expressed as mean

6 SD absolute percentage deviation of absorbed dose coefficients
from cycle 3 to cycle 2 (where the same renal protectant was
used), was 17.6% 6 9.9% (Supplemental Table 4). Kidney–
absorbed dose coefficients of cycles 1 and 2, used to compare
PAH and AA, are listed in Table 2 and illustrated by the Bland–
Altman plot in Figure 3. The mean kidney–absorbed dose coeffi-
cient was higher for PAH by 0.07Gy/GBq yet not significant
(P 5 0.14). The highest single value of 0.83Gy/GBq was
observed with both AA (patient 5) and PAH (patient 3). The larg-
est difference in a patient using different renal protectants was
observed in patient 11 (0.66Gy/GBq with PAH vs. 0.42Gy/GBq
with AA). In Figure 4, kidney–absorbed dose coefficients are plot-
ted against the percentage of kidney uptake at 48 h after adminis-
tration (Fig. 4A) and total kidney volume (Fig. 4B). For both PAH
and AA, absorbed dose to the kidneys correlated with the 48-h
uptake (r 5 0.8). No correlation was found between kidney–
absorbed dose coefficients and total kidney volume (r 5 20.1).
Based on extrapolated cumulative kidney-absorbed doses for 4
cycles (assuming 7.4 GBq per cycle), 1 patient with AA and 1
patient with PAH (8% of our patient group) would exceed the
23-Gy toxicity threshold. For at least 50% of patients (6 patients
for PAH and 8 patients for AA), 5 treatment cycles would have
been feasible before reaching the toxicity threshold.
For bone marrow, intrapatient variability was 6.4% 6 3.9%

(Supplemental Table 4). Mean 6 SD bone marrow–absorbed
dose coefficients were 0.0126 0.004Gy/GBq with PAH and
0.01260.003Gy/GBq with AA (Table 2). Extrapolation (4 cycles,
7.4GBq each) of the highest single value for each PAH and AA
patient would yield a cumulative bone marrow–absorbed dose of
approximately 0.6Gy (below the 2-Gy toxicity threshold for bone
marrow).

DISCUSSION

This study is the first, to our knowledge, to report the safety and
efficacy of PAH coinfusion in patients with gastroenteropancreatic
NETs undergoing 177Lu-DOTATOC PRRT. In our cohort, dosim-
etry revealed a comparable nephroprotective effect of PAH and

AA coinfusion in terms of compliance with toxicity thresholds. In
addition, PAH was well tolerated and improved patient comfort
during treatment because of shorter infusion times and possible
reduction of hyperkalemia.
One of the first clinical experiences with 90Y-DOTATOC, per-

formed by Otte et al. (30), had already identified the need to
reduce renal toxicity by improving inhibition of renal uptake dur-
ing PRRT. Later, Rolleman et al. (10) investigated the nephropro-
tective effect of different AA solutions and concluded that a
mixture of 25 g of lysine and 25 g of arginine provides the optimal
trade-off between protection and AA-induced side effects, such as
vomiting and hyperkalemia. Despite its known side effects, this
AA solution is considered the current standard for renal protection
in PRRT (12,19). In addition, Puszkiel et al. (31) evaluated the
impact of AA coinfusion on 177Lu-DOTATATE excretion kinetics
in patients with gastroenteropancreatic NETs and observed large
interpatient variability. Promising alternatives to overcome these
effects are under investigation (32,33). In the present study, PAH
coinfusion showed no increase in mean serum potassium; how-
ever, an increase was observed with AA, revealing a potential
reduction of hyperkalemia-related morbidities.
For PAH to develop a nephroprotective effect in this study, sat-

uration of the secretory capacity in proximal tubular cells was
desired. To saturate the tubular secretory capacity, Dowling et al.
(20) used PAH plasma concentrations of more than 800mg/L,
which were well tolerated, except for a few subjects reporting a

FIGURE 3. Bland–Altman plot of kidney–absorbed dose coefficients
during 177Lu-DOTATOC treatment with coinfusion of either PAH or AA.

FIGURE 4. (A) Kidney–absorbed dose coefficient dependence on kidney
percentage uptake 48h after administration (r 5 0.80). (B) No correlation
was found between kidney–absorbed dose coefficients and total kidney
volume (r 5 20.10). p.i.5 postinfusion.
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slight warming sensation at the highest priming rate (200mg/min),
which ceased within 5–10min after administration. To avoid these
side effects, 80% of this rate (160mg/min) was used in this study.
In addition, we aimed at a PAH plasma concentration of
450mg/L, which according to Dowling et al. (20) corresponded to
an approximate saturation of 80% of the secretory capacity.
Mean kidney-absorbed doses under PAH were 0.60Gy/GBq

compared with 0.53Gy/GBq under AA, and the protectants
showed equal nephroprotective capabilities in terms of compliance
with the 23-Gy toxicity threshold for extrapolated cumulative
kidney-absorbed doses (1 exceedance per renal protectant). In gen-
eral, the applicability of this absorbed dose limit is questioned as
being adopted from external beam radiation (34). Because of the
lower absorbed dose rates in PRRT, the absorbed dose limit for
kidney toxicity may be higher than 23Gy. Bodei et al. (35)
showed that a safe renal–absorbed dose limit might be a biologic
effective dose of up to 40Gy in patients without risk factors and
28Gy in patients with certain risk factors in 90Y-PRRT. Because
of its nonuniform irradiation compared with 90Y, application of
177Lu-PRRT is expected to allow for even higher dosimetry con-
straints (36). When multiplying our extrapolated kidney-absorbed
doses by 1.09—the dose–to–biologic effective dose conversion
factor for PRRT suggested by Sundl€ov et al. (36)—no patient
would have exceeded the conservative 28-Gy biologic effective
dose threshold, which is in line with our clinical observations.
Bone marrow–absorbed dose coefficients were equal under

coinfusion of PAH and AA, with no value greater than 0.021Gy/
GBq. In extensively treated patients, hematologic toxicities might
become relevant dose-limiting factors. Promising activity escala-
tion strategies, such as the P-PRRT trial, could achieve response
rates of 59% at the cost of subacute grade 3 or 4 lymphocytopenia
in 52% of patients (37). In addition, Sch€afer et al. (38) recently
reported 3 cases of radiation nephropathy induced by renal throm-
botic microangiopathy in the context of extensively treated 177Lu-
PSMA patients. Hence, the use of effective renal protectants
should also aim at preserving kidney functions to allow faster
excretion of radioactive compounds and therefore reduce systemic
radiation exposure.
It was established that the renal retention of the 8-AA peptide

DOTATOC primarily resulted from megalin and cubilin endocyto-
sis, followed by transportation for protein degradation in the lyso-
some (5). However, larger proteins such as albumin (65–70 kDa)
typically undergo tubular reabsorption mechanisms (39). The
structurally similar compound 177Lu-oxodotreotide (DOTATATE)
was reported to exhibit excretion with a radiochemical purity close
to 100% within the initial 48 h, indicating the absence of further
lysosomal degradation. In addition, probenecid—an inhibitor tar-
geting transporters similar to PAH—was shown preclinically to
influence kidney retention of 111In-DOTATOC (16). Our investi-
gations expand on these findings, suggesting that transporters other
than megalin and cubilin may also play a significant role in the
renal excretion or reabsorption of DOTATOC. Several transpor-
ters located on the apical side of proximal tubular cells and the
cortical collecting duct, such as OATK1, OAT-K2, OAT polypep-
tide 1, multidrug-resistance-associated protein 2, and sodium-
dependent inorganic phosphate transporter, serve as substrates for
PAH, and their role in the excretion of peptides or xenobiotics

remains incompletely understood (40). The presented study did
not delve into mechanistic details, and the explanations provided
remain speculative. Further biologic studies are warranted to
explore these aspects in greater depth.
The study was mainly limited by its small number of patients

and patient heterogeneity with respect to their treatment history
(Table 1), which could have influenced the nephroprotective effect
of PAH and AA. Both protectants need to be evaluated for PRRT-
naïve patients. In addition, dosimetry estimations were limited to
the 48-h imaging time point. A later imaging time point would
have enabled the assessment of late-phase kidney kinetics to
reduce the impact of fit functions after the last imaging time point.
Lastly, direct assessment of the PAH blood–plasma concentration
would provide more accurate insight into individual PAH clear-
ance to help optimize PAH dosing. These data were not available
for this retrospective analysis.

CONCLUSION

Nephroprotection of PAH coinfusion during 177Lu-DOTATOC
PRRT was comparable to that of AA in terms of compliance with
renal toxicity thresholds. It was well tolerated and may improve
patient quality of life during treatment by potentially reducing
hyperkalemia and nausea. In addition, implementation of PAH in
treatment protocols might enhance patient tolerance to PRRT
because of shorter infusion times. Further research is required
to investigate the safety profile at varying PAH plasma
concentrations.
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KEY POINTS

QUESTION: Is PAH coinfusion for renal protection effective and
safe in patients with NETs undergoing PRRT?

PERTINENT FINDINGS: PAH was well tolerated and improved
patient comfort during treatment because of shorter infusion times
and the potential reduction of hyperkalemia and nausea. In our
cohort, dosimetry revealed a comparable nephroprotective effect
between PAH and AA coinfusion in terms of compliance with tox-
icity thresholds.

IMPLICATIONS FOR PATIENT CARE: Implementation of PAH
coinfusion in treatment protocols may enhance patient tolerance
to PRRT and increase patient throughput.
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68Ga-FAP-2286 PET of Solid Tumors: Biodistribution,
Dosimetry, and Comparison with 18F-FDG

Brad Kline1, Surekha Yadav1, Youngho Seo1, Robin Cumming Ippisch1, Jessa Castillo1, Rahul R. Aggarwal2,
Robin Kate Kelley2, Spencer C. Behr1, Robert R. Flavell1,2, Courtney Lawhn-Heath1, Michelle Melisko2, Hope S. Rugo2,
Victoria Wang2, Sue S. Yom3, Patrick Ha4, Fei Jiang5, and Thomas A. Hope1

1Department of Radiology and Biomedical Imaging, University of California San Francisco, San Francisco, California; 2Helen Diller
Comprehensive Cancer Center, University of California San Francisco, San Francisco, California; 3Department of Radiation
Oncology, University of California San Francisco, San Francisco, California; 4Department of Otolaryngology–Head and Neck Surgery,
University of California San Francisco, San Francisco, California; and 5Department of Epidemiology and Biostatistics, University of
California San Francisco, San Francisco, California

Fibroblast activation protein (FAP), expressed in the tumor microenvi-
ronment of a variety of cancers, has become a target of novel PET
tracers. The purpose of this report is to evaluate the imaging character-
istics of 68Ga-FAP-2286, present the first—to our knowledge—dosime-
try analysis to date, and compare the agent with 18F-FDG and FAPI
compounds. Methods: Patients were administered 219643 MBq of
68Ga-FAP-2286 and scanned after 60min. Uptake was measured in up
to 5 lesions per patient and within the kidneys, spleen, liver, and medi-
astinum (blood pool). Absorbed doses were evaluated using MIM
Encore and OLINDA/EXM version 1.1 using the International Commis-
sion on Radiological Protection publication 103 tissue weighting factor.
Results: Forty-six patients were imaged with 68Ga-FAP-2286 PET. The
highest average uptake was seen in sarcoma, cholangiocarcinoma,
and colon cancer. The lowest uptake was found in lung cancer and tes-
ticular cancer. The average SUVmax was significantly higher on 68Ga-
FAP-2286 PET than on 18F-FDG PET in cholangiocarcinoma (18.26
6.4 vs. 9.165.0, P 5 0.007), breast cancer (11.166.8 vs. 4.162.2,
P, 0.001), colon cancer (13.862.2 vs. 7.661.7, P5 0.001), hepato-
cellular carcinoma (9.363.5 vs. 4.761.3, P 5 0.01), head and neck
cancer (11.363.5 vs. 7.665.5, P5 0.04), and pancreatic adenocarci-
noma (7.461.8 vs. 3.761.0, P 5 0.01). The total-body effective dose
was estimated at 1.16E202 mSv/MBq, with the greatest absorbed
organ dose in the urinary bladder wall (9.98E202 mGy/MBq). Conclu-
sion: 68Ga-FAP-2286 biodistribution, dosimetry, and tumor uptake
were similar to those of previously reported FAPI compounds. Additio-
nally,68Ga-FAP-2286 PET had consistently higher uptake than 18F-FDG
PET. These results are especially promising in the setting of small-
volume disease and differentiating tumor from inflammatory uptake.

KeyWords: dosimetry; FAP-2286; fibroblast activation protein; PET
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Fibroblast activation protein (FAP)–targeting radioligands
have emerged as promising agents in diagnostic cancer imaging
and therapy. FAP is a transmembrane glycoprotein with a limited

presence in healthy adult tissue but significant expression in
cancer-associated fibroblasts, which are present in the stroma of
most epithelial tumors and are known to be involved in disease
growth and progression (1,2). The tumorigenic nature of cancer-
associated fibroblasts, and the fact that they are absent from most
healthy tissue, make FAP an attractive target in the development
of pantumor radiopharmaceuticals.
Most of the literature on FAP-targeting PET focuses on the

FAP inhibitors (FAPIs). FAPI-04, for example, has shown excel-
lent uptake in breast cancer, esophageal cancer, lung cancer, sar-
coma, and cholangiocarcinoma, as well as superior diagnostic
efficacy in primary and metastatic lesions compared with 18F-FDG
across several tumor types (3,4). There is also considerable interest
and promising results in abdominal malignancies and using FAPI
tracers to identify peritoneal spread, which is poorly imaged with
18F-FDG (5).
FAP-2286 differs from FAPI molecules using a cyclic peptide

as a binding motif rather than a quinolone-based structure; how-
ever, previous evaluations have shown similar imaging character-
istics to FAPI compounds (6). For example, Pang et al. recently
presented results indicating the superiority of FAP-2286 over
18F-FDG in hepatic, gastric, and pancreatic cancers (7). Preclinical
and first-in-humans studies of 68Ga-FAP-2286 and 177Lu-FAP-
2286 have also demonstrated prolonged tumor retention, making it
a potential therapeutic target (6,8).
Here, we present our initial prospective experience with 68Ga-

FAP-2286, including comparison to 18F-FDG PET when available,
biodistribution in major organs, and radiation dosimetry analysis.

MATERIALS AND METHODS

Study Design and Patients
This single-arm, prospective study was performed at the University

of California San Francisco with the approval of the local institutional
review board (NCT04621435) and according to the ethical principles
of the 1964 Declaration of Helsinki. Patients were eligible if they had
histopathologically confirmed solid tumors. They were enrolled into
cohort 1 (dosimetry cohort, which included patients with and without
RECIST-measurable disease), cohort 2 (metastatic disease present on
the basis of RECIST), or cohort 3 (no evidence of metastatic disease
but at high risk for the presence of metastatic disease). All patients
gave written informed consent. Data were collected in a central RED-
Cap database. 18F-FDG PET scans were included for comparison if
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they were performed within 3mo of the 68Ga-FAP-2286 PET. Imag-
ing results in patients with bladder cancer will be reported separately.

68Ga-FAP-2286 Radiosynthesis
Radiosynthesis was conducted in an iQS 68Ga fluidic labeling module

and cassette (ITM Pharma Solutions GmbH). The precursor, FAP-2286
(Clovis Oncology, Inc.), was prepared into 41-mg/50-mL ultra-high-
purity water aliquots and stored at 220!C until use. Before radiosynth-
esis, the precursor aliquot was mixed with 800mL of 1M ammonium
acetate and 200mL of 0.125M sodium ascorbate. The reactor was pre-
heated to 120!C, and the prepared precursor was added. 68Ga was eluted
from a 68Ge/68Ga generator (Eckert and Ziegler) with 5mL of 0.1M HCl
into the reactor, yielding 68GaCl3 with radioactivity in the range of 555–
1,110 MBq (15–30mCi). The radiolabeling proceeded for 10min, and
the reaction mixture was passed through a sterilizing filter into a sterile,
pyrogen-free product vial to yield 68Ga-FAP-2286. The radiolabeling
yield was 95%, and radiochemical purity was 97% (n5 15).

68Ga-FAP-2286 PET Imaging
Patients were injected with 2196 43 MBq (allowed range, 111–296

MBq) and imaged at a mean of 616 7.4min after injection with a tar-
get uptake time of 60min (allowed range, 50–100min). A subset of
10 patients was also imaged at 30 and 120min for dosimetry. Patients
were imaged on either a Vision PET/CT (n 5 34, Siemens Healthi-
neers) or a 3.0-T Signa PET/MRI (n 5 12, GE Healthcare). For
PET/CT, continuous bed motion was used with a bed speed of 0.7 cm/s,
resulting in a scan duration of 11min and 46 s for a coverage of
495.5 cm. Noncontrast low-dose CT was used for attenuation correction,
and images were reconstructed using ultraHD%PET (Siemens) time of
flight with 8 iterations and 5 subsets. For PET/MRI, a whole-body PET
acquisition from the mid thighs to the vertex was obtained for 3min at
each of the 6 bed positions. The following MRI sequences were obtained
at each bed position: axial MR attenuation correction and axial
T1-weighted images (LAVA Flex; GE Healthcare).

Image Interpretation
A board-certified nuclear medicine physician evaluated the recon-

structed PET, CT, or MR images. A positive lesion on PET was
defined as a focus of activity with an SUV at least 1.5 times higher
than the SUVmean of the mediastinal blood pool and not attributable to
physiologic distribution such as urinary excretion. A volume of inter-
est was semiautomatically placed around each lesion, and the calcu-
lated SUVmax was recorded, including lesions that were detected on
standard scans but were not positive on PET. SUVmax data were then
averaged across all lesions within a given patient. To avoid clustering
effects, analysis was limited to the 5 largest lesions in each individual
patient. Additionally, volumes of interest were placed over the medias-
tinum, liver, spleen, and kidneys to measure physiologic distribution;
SUVpeak was used for quantification in the kidneys. Quantitative
uptake was performed at the 60-min time point for all patients.

Radiation Dosimetry
The 10 patients in the dosimetry cohort were imaged at 30-, 60-,

and 120-min time points. The data from these patients were used to
estimate the internal radiation dose. MIM Encore (MIM Software)
was used to segment the source organs. All activity within each organ
was included. OLINDA version 2.0 was used to derive values, with
curve fitting performed on the EXM module of the OLINDA version
1.1 software package (9). The reference adult model with International
Commission on Radiological Protection publication 103 tissue weight-
ing factor was used (10).

Safety
The first 35 patients enrolled in the study underwent pre- and postima-

ging laboratory evaluation, electrocardiography, physical examination,

and vital sign assessment. Subsequent patients underwent physical exami-
nation and vital sign assessment only. All patients were monitored for
adverse events up to 2h after injection and were contacted again 1–3 d
later to evaluate for delayed adverse events.

Statistical Analysis
Descriptive statistics were used to describe uptake across tumor

types. The Student t test was used for comparison of SUVs between
68Ga-FAP-2286 and 18F-FDG PET. P values of less than 0.05 were
considered statistically significant.

RESULTS

Patient Characteristics and Safety
Forty-six patients were enrolled between January 2021 and

April 2023. Patient characteristics are available in Table 1. No
clinically significant changes were seen in laboratory assessments
or electrocardiograms in the first 35 patients who received 68Ga-
FAP-2286. Across all patients, there were no clinically significant
changes in physical examination findings or vital signs after
administration. No serious adverse events were reported.

Biodistribution
SUVmean was measured in the liver (2.06 0.8), spleen (0.956

0.31), and blood pool (1.46 0.4), and SUVpeak was measured in
the kidneys (4.26 1.4), at the 60-min time point in all 46 patients
(Supplemental Fig. 1; supplemental materials are available at
http://jnm.snmjournals.org).

Tumor Uptake and Effect of Lesion Size
Forty-three patients had 68Ga-FAP-2286–positive lesions, includ-

ing all patients in cohort 1 and nearly all patients in cohort 2. Sar-
coma (SUVmax, 16.86 7.5) and cholangiocarcinoma (SUVmax,
16.66 6.5) demonstrated the highest uptake across tumor types
(Fig. 1). The total number of lesions evaluated was 147, with a dis-
tribution by lesion size as follows: 5 lesions measured 0–5mm; 23
lesions, 5–10mm; 33 lesions, 10–15mm; 17 lesions, 15–20mm;
and 69 lesions, more than 20mm. Median SUVmax generally
increased with lesion size (Supplemental Fig. 2, P 5 0.037 for the
0- to 5-mm and .20-mm groups).

Comparison to 18F-FDG
Comparing 68Ga-FAP-2286 PET with 18F-FDG PET across all

disease types, there was higher uptake on 68Ga-FAP-2286 PET than
on 18F-FDG PET (11.56 6.4 vs. 7.865.9, P , 0.001; Fig. 2).
The disease types with the highest relative uptake on 68Ga-FAP-
2286 PET compared with 18F-FDG were cholangiocarcinoma (n 5

4, 18.266.4 vs. 9.16 5.0, P 5 0.007), breast cancer (n 5 6,
11.166.8 vs. 4.16 2.2, P , 0.001), colon cancer (n 5 1,
13.862.2 vs. 7.661.7, P 5 0.001), HCC (n 5 2, 9.36 3.5 vs.
4.76 1.3, P 5 0.01), head and neck cancer (n 5 6, 11.36 3.5 vs.
7.66 5.5, P 5 0.04), and pancreatic adenocarcinoma (n 5 1,
7.46 1.8 vs. 3.76 1.0, P 5 0.01).

Dosimetry
The dosimetry is reported in Table 2 (full table available as

Supplemental Table 1). The highest absorbed dose for 68Ga-FAP-
2286 was in the urinary bladder wall (9.98E202 mGy/MBq), fol-
lowed by the kidneys (4.31E202 mGy/MBq), liver (2.23E202
mGy/MBq), and spleen (7.9E203 mGy/MBq). The effective dose
was estimated at 1.16E202 mSv/MBq.
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Clinical Applications of Note
A total of 8 patients with head and neck cancer were enrolled, 2

of whom had no evidence of disease. SUVmax in primary lesions
was 13.16 5.5 and uptake in metastases was 11.56 3.7, and there
was higher uptake in metastases with 68Ga-FAP-2286 than with
18F-FDG (11.5 vs. 5.6, P , 0.001). One benefit of 68Ga-FAP-2286
compared with 18F-FDG was relatively low background uptake in
mucosal, salivary, and inflammatory regions of uptake. In one case,
a patient at staging had false-positive nodes on 18F-FDG PET due
to a recent coronavirus disease 2019 vaccination; these nodes dem-
onstrated no uptake on the 68Ga-FAP-2286 PET (Fig. 3).

In total, 9 patients with breast cancer were enrolled. Lesion
SUVmax was higher on 68Ga-FAP-2286 PET than on 18F-FDG
PET in all patients (11.1 vs. 4.1, P , 0.001). The largest differ-
ence in SUVmax was in 2 patients with estrogen receptor–
positive/progesterone receptor–positive/human epidermal growth
factor receptor 2–negative invasive ductal carcinoma, for whom
the highest lesion SUVmax was 23.2 and 17.9 on 68Ga-FAP-2286
PET compared with 7.5 and 7.7 on 18F-FDG PET. 68Ga-FAP-
2286 SUVmax was higher in patients with invasive ductal carci-
noma (n 5 4) than in patients with invasive lobular carcinoma
(ILC) or mixed ductolobular carcinoma (n 5 5) (SUVmax of 14.6
for invasive ductal carcinoma vs. 4.9 for ILC/mixed; P 5 0.046).

TABLE 1
Patient Characteristics

Characteristic Cohort 1 Cohort 2 Cohort 3 Overall

Number of patients 10 25 11 46

Sex (n)

Female 5 12 6 23

Male 5 13 5 23

Age (y)

Range 26–83 33–80 44–78 26–83

Median 67 60 63 64

Diagnosis (n)

Breast cancer 1 5 3 9

Head/neck cancer 0 0 8 8

Sarcoma 2 6 0 8

Cholangiocarcinoma 4 1 0 5

Prostate cancer 1 4 0 5

HCC 1 2 0 3

Colon cancer 0 2 0 2

Pancreatic cancer 1 1 0 2

Lung cancer 0 2 0 2

Testicular cancer 0 1 0 1

Mesothelioma 0 1 0 1

Average administered activity (MBq) 2286 51 2186 41 2126 38 2196 43

Average uptake time (min) 596 3.9 62.46 8.8 61.66 5.3 616 7.4

Average time between 18F-FDG and 68Ga-FAP-2286 PET (d) 406 24 426 27 506 35 44624

FIGURE 1. Tumor uptake by tumor type. SUVmax-avg represents aver-
age SUVmax of hottest lesion per patient. Error bars represent 95% CI.
Average blood pool uptake (BP) was 1.4.

FIGURE 2. Comparison of paired SUVmax across various cancer types
imaged with 68Ga-FAP-2286 PET vs. 18F-FDG PET. Error bars represent
95% CI. *P, 0.05.
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Anecdotally, the higher uptake on 68Ga-FAP-2286 PET resulted in
improved lesion visualization, particularly promising for ILC (Fig. 4).
In total, 5 patients with cholangiocarcinoma and 3 patients with

hepatocellular carcinoma (HCC) were enrolled. The SUVmax in
cholangiocarcinoma was higher than that in HCC (13.5 vs. 8.6,
P 5 0.03), although one HCC had an SUVmax of 15.8, overlap-
ping with the cholangiocarcinoma patients. In patients for whom
paired 18F-FDG PET was available, both cholangiocarcinoma and
HCC had higher uptake on 68Ga-FAP-2286 PET than on 18F-FDG
PET (cholangiocarcinoma: 18.1 vs. 9.1, P 5 0.009; HCC: 9.3 vs.
4.7, P 5 0.04) (Fig. 5). There was no difference in uptake between
intrahepatic cholangiocarcinoma lesions and extrahepatic disease
(14.0 for intrahepatic vs. 12.7 for extrahepatic, P 5 0.7).

DISCUSSION

Here, we report the results of patient imaging using 68Ga-FAP-
2286 PET. We evaluated biodistribution and dosimetry, which
demonstrated that 68Ga-FAP-2286 is excreted primarily via the
kidneys and has a whole-body effective dose consistent with

previously studied FAPI agents. Tumor uptake ranged from 5.3 to
16.8 and in general was higher on 68Ga-FAP-2286 PET than on paired
18F-FDG PET, although there was variation among tumor types.
The biodistribution of 68Ga-FAP-2286 is similar to that of pre-

viously reported FAPI compounds, with low uptake in all organs
except the kidney, consistent with predominate renal excretion.
There was a slight increase in liver uptake and kidney uptake com-
pared with the previously reported agents FAPI-04, FAPI-46, and
FAPI-72 (11). This is similar to results reported by Pang et al.,
who also found that the biodistribution was similar between FAP-
2286 and FAPI-46, with higher liver and kidney uptake (7).
This was also consistent with our dosimetry analysis, which dem-
onstrated a higher absorbed dose in the liver than was seen
with 68Ga-FAPI compounds (12,13), supporting greater hepatic
accumulation. Overall, the average effective whole-body dose
of 68Ga-FAP-2286 PET was 1.16E202 mSv/MBq, which is
slightly lower than that of 18F-FDG PET and similar to that of
68Ga-FAPI-46 (12).
Uptake across tumor types was largely consistent with previous

studies of FAPI compounds, including a
study by Kratochwil et al. (3). In particu-
lar, colon and pancreatic cancer were sig-
nificantly higher on 68Ga-FAP-2286 PET
than on 18F-FDG PET, similar to what
was found by Pang et al. (7), which may
be attributable to the role of cancer-
associated fibroblasts in the desmoplastic
reactions surrounding pancreatic cancer
cells, as well as the increased presence of
fibroblasts in the tumor microenvironment
of colon cancer (14,15). In our study,
lesions were generally smaller than those
reported previously because of cohort 3,
which included patients without measur-
able disease and therefore biased our study
toward smaller lesions. The smaller aver-
age lesion size could contribute to an
underestimate of average SUVmax. This
possibility is further supported by the sim-
ilarity in median uptake between smaller
lesions and larger ones. Lesions in the
smallest grouping had a median SUVmax

TABLE 2
Selected Organ-Absorbed Dose and Effective Dose for 68Ga-FAP-2286 and Other Tracers

Parameter 68Ga-FAP-2286 68Ga-FAPI-46 (12) 18F-FDG (20)

Kidneys (mGy/MBq) 4.31E202 1.60E202 1.7E202

Liver (mGy/MBq) 2.23E202 1.01E202 2.1E202

Spleen (mGy/MBq) 7.93E203 6.96E203 1.1E202

Urinary bladder wall (mGy/MBq) 9.98E202 4.83E202 1.3E201

Effective dose (mSv/MBq) 1.16E202 7.80E203 1.9E202

Typical injected activity

MBq 229 236 370

mCi 6.18 6.38 10

Estimated effective dose per scan (mSv) 2.65 1.84 7.0

FIGURE 3. A 58-y-old man with newly diagnosed nasopharyngeal carcinoma. (A) Maximum-
intensity projections, axial fused PET, and axial PET images from 18F-FDG PET/CT demonstrate
known nasopharyngeal mass with SUVmax of 23.7 (solid arrow), along with small but mildly hyper-
metabolic left cervical and axillary lymph nodes with SUVmax of up to 3.7 (dashed arrows, dotted
circle). (B) Maximum-intensity projections, axial fused PET, and axial PET images from 68Ga-FAP-
2286 PET/CT demonstrate only nasopharyngeal mass with SUVmax of 12.7 (arrow), with no uptake
in the cervical lymph nodes (dotted circle). Fine-needle aspiration of left cervical node revealed
reactive changes, which was attributed to recent coronavirus disease 2019 vaccine.
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of 6.4, compared with 10.3 in the largest, potentially indicating
good sensitivity for the detection of small sites of disease.
With head and neck cancer, uptake was greater than seen on

18F-FDG PET, and maybe more importantly, there was anecdotal
evidence that inflammatory nodes are not seen on 68Ga-FAP-2286
PET, suggesting that 68Ga-FAP-2286 may have value in nodal
staging. Additionally, 68Ga-FAP-2286 might better discriminate
between the primary tumor and physiologic uptake in the oropha-
ryngeal mucosa. Consistent with this possibility, previous work
has shown that 68Ga-FAPI-04 PET has higher sensitivity and spe-
cificity than 18F-FDG PET for nodal metastases (16). In the setting
of breast cancer, 68Ga-FAP-2286 PET had higher uptake than 18F-
FDG PET, but this was particularly clinically relevant in ILC, for
which disease frequently is not seen on 18F-FDG PET (17). Previ-
ously, ILC that was 18F-FDG–negative was shown to have uptake
on 68Ga-FAP-04 PET (18), and further work should be done in

this setting. With liver tumors, there was
hope that 68Ga-FAP-2286 PET could help
distinguish between HCC and cholangio-
carcinoma. Although there was higher
uptake in cholangiocarcinoma, there was
overlap, which limited the ability of 68Ga-
FAP-2286 PET to help characterize intra-
hepatic lesions, as is consistent with
results in prior work (19). One potential
benefit of 68Ga-FAP-2286 in cholangiocar-
cinoma could be the ability to distinguish
between an adjacent tumor and inflamma-
tion associated with biliary ductal stents
and obstruction, which is a common con-
founder with 18F-FDG PET.
Limitations of our report include the

small number of patients enrolled per cancer
type, the absence of comparison to 18F-FDG
PET in some patients, and the possibility of
disease progression within the 3-mo maxi-
mum time between 18F-FDG PET and
68Ga-FAP-2286 PET. Future studies with
larger populations and smaller imaging win-
dows would improve the robustness of our

findings related to 68Ga-FAP-2286 imaging. Additionally, 18F-FDG
PET was performed on different scanners, limiting the comparison
between the 18F-FDG and 68Ga-FAP-2286 studies.

CONCLUSION

68Ga-FAP-2286 biodistribution, dosimetry, and tumor uptake
were similar to those of previously reported FAPI compounds.
Additionally, 68Ga-FAP-2286 PET had consistently higher uptake
than 18F-FDG PET. These results are especially promising in the
setting of small-volume disease and differentiating tumor from
inflammatory uptake.
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FIGURE 4. A 72-y-old woman with metastatic invasive lobular breast cancer. 68Ga-FAP-2286 PET
(A) revealed extensive metastatic disease not seen on 18F-FDG PET (B), including small mediastinal
and hilar lymph nodes (A, solid black arrow), diffuse gastric mucosal disease (A, dotted black arrow),
and extensive peritoneal disease (SUVmax, 7.1; A, black arrowhead and white arrow). Uptake seen on
18F-FDG PET in abdomen reflects physiologic uptake in bowel (B, black arrowhead) rather than tumor.

FIGURE 5. A 69-y-old man with cholangiocarcinoma imaged using PET/MRI. (A) 68Ga-FAP-2286
images demonstrate uptake within hepatic metastases. Uptake is more central (solid arrow), which
correlates with region of delayed enhancement on MRI (dashed arrow). (B) 18F-FDG PET/CT demon-
strates more peripheral uptake associated with more cellular component of tumor (arrow).
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KEY POINTS

QUESTION: What are the dosimetry and tumor uptake of
68Ga-FAP-2286 PET?

PERTINENT FINDINGS: Our prospective study demonstrated a
total-body effective dose of 1.16E202 mSv/MBq and tumor
uptake that mirrored that of other FAPI compounds. Additionally,
68Ga-FAP-2286 PET had higher uptake than 18F-FDG PET.

IMPLICATIONS FOR PATIENT CARE: In the setting of
small-volume disease and differentiating tumor from inflammatory
uptake, 68Ga-FAP-2286 PET could improve staging.
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Prognostic Value of [99mTc]Tc-DPD Quantitative SPECT/CT
in Patients with Suspected and Confirmed Amyloid
Transthyretin–Related Cardiomyopathy and Preserved Left
Ventricular Function
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Quantitative 99mTc-3,3-diphosphono-1,2-propanodicarboxylic acid
([99mTc]Tc-DPD) SPECT may be used for risk-stratifying patients with
amyloid transthyretin–related cardiomyopathy (ATTR-CM). We aimed
to analyze the predictive value of quantitative [99mTc]Tc-DPD
SPECT/CT in suspected and confirmed ATTR-CM according to differ-
ent disease stages.Methods: The study enrolled consecutive patients
with suspected ATTR-CMwho were referred to a single tertiary center
and underwent quantitative [99mTc]Tc-DPD SPECT/CT allowing
SUVmax and SUVpeak analysis. Patients were divided into 2 groups
according to left ventricular ejection fraction (LVEF) at baseline (i.e.,
$50% and ,50%). Clinical, laboratory, and echocardiographic para-
meters and major adverse cardiac events (i.e., all-cause death, sus-
tained ventricular tachyarrhythmia, hospitalization for heart failure,
implantation of a cardioverter defibrillator) were investigated for any
correlation with quantitative uptake values. Results: In total, 144
patients with suspected ATTR-CM were included in the study (98 with
LVEF $ 50% and 46 with LVEF , 50%), of whom 99 were diagnosed
with ATTR-CM (68.8%; 69 with LVEF $ 50% and 30 with LVEF
, 50%). A myocardial SUVmax of at least 7 was predictive of major
adverse cardiac events at 21.9613.0mo of follow-up (hazard ratio,
2.875; 95% CI, 1.23–6.71; P 5 0.015) in patients with suspected or
confirmed ATTR-CM (global x2 5 6.892, P 5 0.02) and an LVEF of at
least 50%. SUVmax was not predictive in patients with an LVEF of less
than 50% and suspected or confirmed ATTR-CM. Conclusion: In
patients with suspected or confirmed ATTR-CM and preserved LVEF,
representing an early disease stage, quantitative [99mTc]Tc-DPD
SPECT should be considered to improve early-stage risk stratification.

Key Words: cardiac transthyretin amyloidosis; ATTR-CM; ATTR;
SPECT; quantitative SPECT; DPD
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To diagnose amyloid transthyretin–related cardiomyopathy
(ATTR-CM), 99mTc-3,3-diphosphono-1,2-propanodicarboxylic

acid ([99mTc]Tc-DPD) scintigraphy and SPECT/CT have become
established noninvasive methods (1–3). Although the visual inter-
pretation according to Perugini score (4) is currently the clinical
diagnostic standard, this visual grading failed to show an associa-
tion with adverse clinical outcomes (5). However, the potential of
semiquantitative [99mTc]Tc-pyrophosphate SPECT/CT to predict
major adverse cardiac events (MACEs) has recently been described
(6,7). Quantitative data in these studies were based on ratios
between ventricular myocardial uptake and various structures of
the body rather than on SUV, and there is a need to define whether
SUV-based quantitative SPECT/CT can yield a robust prognostic
value in patients with suspected ATTR-CM. Recent studies suggest
that SUV may be proportional to the degree of active deposition of
amyloid fibrils rather than to the amyloid burden within the myo-
cardium (8–10). Hence, SUV may be hypothesized to be a prog-
nostic marker whose importance is higher if assessed in the early
stages of the disease, wherein a higher rate of amyloid fibril deposi-
tion could lead to a more rapid progression of ATTR-CM, poten-
tially associated with an adverse prognosis. The aim of the current
study was to evaluate the association of quantitative [99mTc]Tc-
DPD SPECT/CT at baseline with outcomes in ATTR-CM patients
with preserved and reduced left ventricular ejection fraction
(LVEF), representing patients at earlier and more progressive
disease stages, respectively.

MATERIALS AND METHODS

Patient Selection
In this retrospective study, we included all consecutive ATTR-CM

patients from the Bern Cardiac Amyloidosis Registry who had been
referred to the Department of Nuclear Medicine and the Department
of Cardiology at Bern University Hospital between October 2019 and
December 2022. All patients underwent [99mTc]Tc-DPD SPECT/CT
for suspected ATTR-CM. Clinical, laboratory, and echocardiographic
data were recorded both at the time of [99mTc]Tc-DPD SPECT/CT
(baseline) and during follow-up according to a prespecified schedule.
Patients were divided into 2 groups: a group with preserved left ventricu-
lar function (LVEF $ 50% as assessed by planar transthoracic echocar-
diography) and a group with impaired function (LVEF , 50%). The
design of the study was approved by the local ethics committee. The
study was registered with ClinicalTrials.gov (NCT04776824) and con-
ducted in accordance with the Declaration of Helsinki.
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[99mTc]Tc-DPD Scintigraphy
The imaging protocol has been published previously (2). In short,

674.19 6 10.25 MBq of [99mTc]Tc-DPD were injected intravenously.
Three hours after injection, whole-body planar imaging and subsequent
SPECT/CT of the thorax were performed on a hybrid SPECT/CT system
(Symbia Intevo; Siemens Medical Solutions AG). Images were recon-
structed to a 256 3 256 matrix with a dedicated iterative algorithm
(xSPECT/CT Quant; Siemens Medical Solutions AG), and low-dose CT
was performed for attenuation correction.

Two independent readers graded the images using the previously
validated visual score by Perugini et al. (4). Myocardial uptake on
SPECT/CT images (SUVmax and SUVpeak) was automatically calcu-
lated for each patient using commercial software (SyngoVia Package;
Siemens Medical Solutions AG) by generating an isocontour volume
of interest with a 40% threshold of peak activity around the myocar-
dial wall.

Follow-up
The following MACEs were considered for the time-to-first-event

analysis: all-cause death, hospitalization due to heart failure, sustained
ventricular tachyarrhythmia ($30 s), or the implantation of a cardio-
verter defibrillator. During follow-up, changes in transthyretin-
stabilizing therapy and heart failure medications were also recorded.

Statistical Analysis
Clinical, image-derived, and laboratory data were compared in the

whole cohort and in the subgroup of patients with confirmed ATTR-
CM between patients with preserved and impaired left ventricular
function by means of the Mann–Whitney U test for continuous vari-
ables and the Fisher exact test for nominal variables. The optimal
threshold for SUVmax to predict a MACE was assessed by means of
receiver-operating-characteristic curve analysis with calculation of the
Youden index. Cox regression analysis was used to correlate various
clinical and imaging-derived parameters with MACEs (i.e., body mass
index [BMI], N-terminal pro–B-type natriuretic peptide [NT-proBNP],
left ventricular end-diastolic diameter [LVEDD], Perugini score,
SUVmax and SUVpeak as a continuous variable, and SUVmax $ 7). If
no MACEs were present in a group, the incident rate ratios were eval-
uated by calculating global x2 by means of Poisson logistic regression.
All these parameters were tested in a univariate analysis; since only an
SUVmax of 7 or higher showed significance, no multivariate analysis
including nonsignificant variables was performed. The treatment with
tafamidis was not entered into the Cox regression analysis. The rate of
MACEs was evaluated by means of Kaplan–Meyer curves with the
log-rank test. To that end, the interval between baseline SPECT and
onset of the first MACE was considered. The analysis was performed
with SPSS (version 28.0.1.1; IBM) for Microsoft Windows. P values
of less than 0.05 were considered statistically significant.

RESULTS

Patient Population
In total, 144 patients underwent quantitative [99mTc]Tc-DPD

SPECT/CT for suspected ATTR-CM (mean age6 SD, 81.56 5.8 y;
127 men [88.2%]). Of these, 99 (68.8%) were diagnosed with
ATTR-CM on the basis of clinical, laboratory, and radiologic data.
The characteristics of the patient populations are summarized in
Table 1 (whole cohort with suspected ATTR-CM) and Table 2
(patients diagnosed with ATTR-CM).
All patients with a Perugini score of at least 2 had a final diag-

nosis of ATTR-CM (65 with score 2, 27 with score 3). Among
those with confirmed ATTR-CM, 7 had a Perugini score of 1. Of
these, 2 patients had confirmed ATTR-CM due to evidence of
increased extracellular volume (ECV) on subsequent cardiac MR

(CMR); 4 patients, due to evidence of increased [99mTc]Tc-DPD
uptake in the basal segments of the left ventriculum on SPECT
images; and 1 patient, due to an SUVmax that was higher than the
reference values reported in the literature (2).
Among patients diagnosed with ATTR-CM, 53 patients

(53.5%) were started on transthyretin-stabilizing therapy (i.e., tafa-
midis, 61mg administered once daily). In all patients with a Peru-
gini score of 0, and in 2 patients with a Perugini score of 1, the
diagnosis of ATTR-CM was rejected.
In the whole cohort (n 5 144), patients with preserved LVEF had

lower LVEDD and NT-proBNP levels than did subjects with
impaired LVEF. Furthermore, they had a higher BMI and were on
therapy more often with spironolactone and less often with sodium-
glucose cotransporter 2 inhibitors and b-blockers (Table 1).
Similarly, among patients with confirmed ATTR-CM (n 5 99),

patients with preserved LVEF had a lower LVEDD than did
patients with an LVEF of less than 50% but similar levels of
NT-proBNP. They had a higher BMI and were under therapy
more often with calcium channel antagonists and less often with
sodium-glucose cotransporter 2 inhibitors and b-blockers.
Patients with an LVEF of at least 50% had a higher SUVmax

and SUVpeak than did patients with an LVEF of less than 50%.

Follow-up
The median follow-up time was 21.96 13.0mo. A detailed

flowchart with the main grouping is displayed in Figure 1. Of all
patients, 98 presented with preserved LVEF (69 with ATTR-CM
and 29 without), whereas 46 had impaired LVEF (30 with ATTR-
CM and 16 without).
Considering the whole cohort, 44 MACEs occurred: 32 in

patients with an LVEF of at least 50% (32.7%) and 12 in those
with LVEF of less than 50% (26.1%, P 5 0.28). Specifically, hos-
pitalization for heart failure occurred in 17 patients with an LVEF
of at least 50% (17.3%) and in 7 patients with an LVEF of less
than 50% (15.2%, P 5 0.30); sustained ventricular tachyarrhyth-
mia occurred in 4 patients with an LVEF of at least 50% (4.1%)
and in 1 patient with an LVEF of less than 50% (2.2%, P 5 0.62);
a cardioverter defibrillator was implanted in 5 patients with an
LVEF of at least 50% (5.1%) and in 2 patients with an LVEF of
less than 50% (4.4%, P 5 0.57). Twenty-six patients eventually
died (either as the first event or after another MACE): 16 patients
with an LVEF of at least 50% (16.3%) and 10 patients with an
LVEF of less than 50% (21.7%, P 5 0.29).
In patients with ATTR-CM, 34 MACEs occurred: 25 in patients

with an LVEF of at least 50% (25.3%) and 9 in those with an
LVEF of less than 50% (9.1%, P 5 0.36). Specifically, hospitali-
zation for heart failure occurred in 16 patients with an LVEF of at
least 50% (23.2%) and in 7 patients with an LVEF of less than
50% (23.3%, P 5 0.28); sustained ventricular tachyarrhythmia
occurred in 4 patients with an LVEF of at least 50% (5.8%) and in
1 patients with an LVEF of less than 50% (3.3%, P 5 0.60); a car-
dioverter defibrillator was implanted in 4 patients with an LVEF
of at least 50% (5.8%) and in 2 patients with an LVEF of less than
50% (6.6%, P 5 0.51). Eighteen patients eventually died (either
as the first event or after another MACE): 11 patients with an
LVEF of at least 50% (15.9%) and 7 patients with an LVEF of
less than 50% (23.3%, P 5 0.27).
Summarizing, during follow-up, a total of 44 patients experi-

enced a MACE (34 among patients with ATTR-CM [77.3%] and
10 in patients without [22.7%]).
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Predictive Value of SPECT
At receiver-operating-characteristic curve analysis, an SUVmax

of 7 was the best threshold to predict a MACE in patients with pre-
served LVEF (sensitivity, 72%; specificity, 49%). In the whole
cohort, an SUVmax of at least 7 was the only parameter among the
abovementioned clinical and imaging-derived ones that was associ-
ated with MACEs, but the association was present only in patients
with an LVEF of at least 50% (hazard ratio, 2.875; P 5 0.015).
Conversely, SUVmax and SUVpeak as a continuous variable,

LVEDD, BMI, and NT-proBNP did not have an association with
MACEs (Table 3). When patients with confirmed ATTR-CM were
considered, an SUVmax of at least 7 was again associated with
MACEs only in patients with an LVEF of at least 50% (x2 5
6.892, P 5 0.009). SUVmax and SUVpeak as a continuous variable,
LVEDD, BMI, and NT-proBNP did not predict MACEs (Table 4).
At Kaplan–Meyer analysis, an SUVmax of at least 7 identified

among patients with an LVEF of at least 50% those at a shorter
MACE-free survival, both in the whole cohort (P 5 0.01, Fig. 2A)

TABLE 1
Clinical Characteristics of Whole Patient Sample

Characteristic

All patients with
suspected ATTR-CM

(n 5 144)

Patients with
preserved

LVEF ($50%, n 5 98)

Patients with
impaired LVEF
(,50%, n 5 46) P

Clinical parameters

BMI (kg/m2) 26.46 4.8 26.76 4.4 25.16 5.4 0.01*

NYHA functional class $ III 38 (26.4%) 24 (24.5%) 14 (30.4%) 0.29

Age (y) 81.56 5.8 80.26 8.2 79.76 7.5 0.39

Male sex 127 (88.2%) 87 (88.8%) 40 (86.7%) 0.34

Laboratory parameters

T-troponin (ng/L) 42 (37) 51.86 39.5 60.06 44.9 0.18

Median nT-proBNP (pg/mL) 2,294 (IQR, 3,368) 1,540.0 (IQR, 3,193.0) 2,925.0 (IQR, 2,452.0) 0.01*

Median creatinine-phosphokinase (IU/L) 88 (IQR, 73) 88.0 (IQR, 80.0) 104.4 (IQR, 67.0) 0.68

Echocardiographic parameters

LVEDD (mm) 45.86 7.0 44.76 6.9 48.76 6.3 0.01*

LVEF (%) 53.36 10.8 58.86 5.9 39.36 7.2 ,0.001*

Maximum wall thickness (mm) 15.96 4.6 15.66 3.1 16.56 7.1 0.51

Left ventricular mass index (g/m2) 138.136 52.6 131.16 41.0 156.96 71.8 0.09

Scintigraphy

Perugini score 0 43 (29.9%) 29 (29.6%) 14 (30.4%) 0.43

Perugini score 1 9 (6.3%) 6 (6.1%) 3 (6.5%) 0.60

Perugini score 2 65 (45.1%) 48 (49.0%) 17 (37.0%) 0.18

Perugini score 3 27 (18.8%) 16 (16.3%) 11 (23.9%) 0.19

SUVmax 9.36 6.7 9.96 7.0 7.96 5.9 0.18

SUVpeak 8.76 6.3 9.26 6.6 7.36 5.5 0.17

Therapy

Ace inhibitors 36 (25.0%) 28 (28.6%) 8 (17.4%) 0.28

Angiotensin-II inhibitors 49 (34.0%) 36 (36.7%) 13 (28.3%) 0.51

Sacubitril/valsartan 3 (2.1%) 1 (1.0%) 2 (4.3%) 0.18

b-blockers 63 (43.8%) 36 (36.7%) 27 (58.7%) ,0.001*

Spironolactone 21 (14.6%) 11 (11.2%) 10 (2.2%) 0.03*

SGLT-2 inhibitors 19 (13.2%) 8 (8.2%) 11 (23.9%) 0.003*

Diuretics 86 (39.7%) 60 (61.2%) 26 (56.5%) 0.22

Calcium channels antagonists 32 (22.2%) 28 (28.6%) 4 (8.6%) 0.02*

Amiodaron 8 (5.6%) 5 (5.1%) 3 (6.5%) 0.38

Tafamidis 53 (36.8%) 38 (38.8%) 15 (32.6%) 0.30

*Statistically significant.
NYHA 5 New York Heart Association.
Qualitative data are number and percentage; continuous data are mean 6 SD unless otherwise indicated. Therapies other than

transthyretin stabilizer were recorded at baseline; therapy with tafamidis (if any) was started after final diagnosis was reached.
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and in those with confirmed ATTR-CM (P 5 0.02, Fig. 3A). The
same held true after subdividing the latter on the basis of
transthyretin-stabilizing therapy (n 5 46, P 5 0.01, Supplemental
Fig. 1; supplemental materials are available at http://jnm.
snmjournals.org).
Conversely, also at Kaplan–Meyer analysis, an SUVmax of at least

7 failed to predict MACE-free survival in patients with an LVEF of
less than 50%, either in the whole cohort (P 5 0.27, Fig. 2B) or in
the those with confirmed ATTR-CM (P5 0.19, Fig. 3B).

A tertile analysis based on SUVmax in patients with ATTR-CM
(first tertile, ,9.76; second tertile, $9.76% and ,15.95; third ter-
tile, $15.95) showed a clear tendency toward worse outcomes for
patients with higher SUVmax if LVEF was at least 50% (P 5
0.06), whereas no differences were shown in patients with an
LVEF of less than 50% (P 5 0.46, Supplemental Fig. 2). After
patients with a Perugini score of 1 were excluded, an SUVmax of
at least 7 was still predictive of a worse outcome in patients
with an LVEF of at least 50%, both in the whole population

TABLE 2
Clinical Characteristics of Patients with Confirmed ATTR-CM

Characteristic

Patients with
confirmed ATTR-CM

(n 5 99)

Patients with
preserved LVEF
($50%, n 5 69)

Patients with
impaired LVEF
(,50%, n 5 30) P

Clinical parameters

BMI (kg/m2) 26.164.6 26.364.0 25.765.8 0.04*

NYHA functional class $ III 27 (27.3%) 17 (24.6%) 10 (33.3%) 0.26

Age (y) 81.565.9 81.565.8 81.466.3 0.74

Male sex 91 (91.9%) 64 (92.8%) 27 (90.0%) 0.29

Laboratory parameters

T-troponin (ng/L) 57.8641.9 54.2639.7 67.0646.9 0.08

Median nT-proBNP (pg/mL) 2533.0 (IQR, 3301.0) 1564.0 (IQR, 3230.0) 2914.2 (IQR, 2364.0) 0.09

Median creatinine-phosphokinase
(IU/L)

88.0 (IQR, 75.0) 88.0 (IQR, 89.0) 86.5 (IQR, 61.0) 0.43

Echocardiographic parameters

LVEDD (mm) 45.267.1 43.866.8 48.966.7 0.02*

LVEF (%) 53.4610.2 58.566.0 40.165.6 ,0.001*

Maximum wall thickness (mm) 16.163.1 16.263.1 16.063.0 0.73

Left ventricular mass index (g/m2) 139.1641.9 133.0642.3 154.9637.2 0.05

Scintigraphy

Perugini score 0 0 (0%) 0 (0%) 0 (0%) —

Perugini score 1 7 (7.1%) 5 (7.2%) 2 (6.7%) 0.64

Perugini score 2 65 (65.7%) 48 (69.6%) 17 (56.7%) 0.16

Perugini score 3 27 (27.3%) 16 (23.2%) 11 (36.6%) 0.13

SUVmax 12.665.7 13.365.4 10.864.8 0.04*

SUVpeak 11.865.0 12.565.1 10.164.5 0.03*

Therapy

Ace inhibitors 26 (26.3%) 21 (30.4%) 5 (16.7%) 0.16

Angiotensin-II inhibitors 34 (34.3%) 23 (33.3%) 11 (36.7%) 0.37

Sacubitril/valsartan 2 (2.2%) 1 (1.4%) 1 (3.3%) 0.50

b-blockers 43 (43.4%) 24 (34.8%) 19 (63.3%) 0.003*

Spironolactone 18 (18.2%) 11 (15.9%) 7 (23.3%) 0.22

SGLT-2 inhibitors 15 (15.2%) 7 (10.1%) 8 (26.7%) 0.03*

Diuretics 67 (67.7%) 47 (68.1%) 20 (66.7%) 0.47

Calcium channels antagonists 23 (23.2%) 20 (29.0%) 3 (10.0%) 0.04*

Amiodaron 5 (5.5%) 4 (5.8%) 1 (3.3%) 0.55

Tafamidis 53 (53.5%) 38 (55.1%) 15 (50.0%) 0.40

*Statistically significant.
NYHA 5 New York Heart Association.
Qualitative data are number and percentage; continuous data are mean 6 SD unless otherwise indicated. Therapies other than

transthyretin stabilizer were recorded at baseline; therapy with tafamidis (if any) was started after final diagnosis was reached.
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(P 5 0.037) and in the subgroup of patients with confirmed
ATTR-CM (P 5 0.039, Supplemental Fig. 3). Again, no signifi-
cance was found in patients with impaired LVEF (P 5 0.401 and
0.291, respectively).
Visual analysis failed to yield prognostic value: Perugini score

showed no association with the onset of MACEs in patients with
and without preserved LVEF, either in the whole cohort (Table 3)
or in patients with confirmed ATTR-CM (Table 4).

DISCUSSION

We demonstrated for the first time, to our knowledge, the value of
quantitative [99mTc]Tc-DPD SPECT/CT in the prediction of MACEs
in patients with suspected and, most importantly, confirmed ATTR-
CM and preserved LVEF, representing an early disease stage. This
association was not found in patients with reduced LVEF, represent-
ing later disease stages. Although previous work (6,7) used semi-
quantitative, normalized ratios, we here report a robust predictive
value for myocardial SUV. This aspect provides novelty in that it
supports the concept that the activity within the heart itself (and not
the relative activity compared with bone or soft tissue) reflects a
pathophysiologic mechanism linked to disease progression.
In this regard, the exact significance of different degrees of

[99mTc]Tc-DPD uptake within the myocardium deserves a detailed
discussion.
Perugini visual score failed to show prognostic value in patients

with ATTR-CM (5). To account for the lack of prognostic value,
it was hypothesized that visual interpretation does not accurately

reflect the amount of amyloid burden in the myocardium. This lat-
ter would be predictive of a different outcome, but Perugini score
may indicate only the presence of amyloid deposition, without
information on the amyloid burden (2). Although quantification
with SPECT/CT was expected to be more accurate in this regard,
previous studies on patients at different stages of ATTR-CM
showed only limited prognostic value and used normalized values
only, thus raising doubts on the linear correlation between
[99mTc]Tc-DPD uptake and amyloid burden (6,7). Conversely,
studies capitalizing on CMR imaging showed that increased ECV
correlates well with amyloid burden within the myocardium and
allows for risk stratification (11,12). Hence, there is a clear dis-
crepancy between the prognostic value of quantitative SPECT and
CMR, which is probably related to the different target.
Recently published papers (8–10) show that myocardial

[99mTc]Tc-DPD uptake decreases after therapy with tafamidis. If
we assumed that the uptake is proportional to the amyloid burden,
these data would be counterintuitive, as tafamidis acts essentially
by preventing further deposition of amyloid fibrils rather than
degrading them. Hence, it is conceivable that [99mTc]Tc-DPD
uptake is proportional not to amyloid burden but rather to the
degree of active deposition of amyloid fibrils within the myocar-
dium, which can be lowered by transthyretin-targeting therapies.
Of note, this concept is consistent with what is observed in other
fields of cardiovascular imaging, wherein nuclear medicine techni-
ques are preferred modalities to distinguish between the active
phase and the chronic phase of the disease (13). The discrepancy
between SPECT and CMR is further evidenced by a recent CMR
study in which stabilization of ECV after treatment with tafamidis
was reported, which may indicate that ECV is proportional to
amyloid burden and not to its active deposition (14).
Taken together, these observations suggest that in an early stage

of ATTR-CM, the amyloid burden may not be high but deposition
of amyloid fibrils can already be rapid. In this setting, it is con-
ceivable that assessment of the activity of such deposition by eval-
uating [99mTc]Tc-DPD can yield prognostic value, as it would be
an indicator of the more or less rapid evolution of the disease (15).
For that reason, we investigated for the first time, to our knowl-
edge, specifically patients with preserved LVEF, which would
indicate an earlier stage of ATTR-CM.

144 patients with
suspected ATTR-CM

45 patients with
rejected ATTR-CM

99 patients with
confirmed ATTR-CM

30 patients with
LVEF<50%

69 patients with
LVEF≥50%

16 patients with
LVEF<50%

29 patients with
LVEF≥50%

9 MACEs
(30.0%)

25 MACEs
(36.2%)

3 MACEs
(23.1%)

7 MACEs
(24.1%)

FIGURE 1. Study flowchart.

TABLE 3
Hazard Ratio of Relevant Clinical and Imaging-Derived Parameters for Prediction of MACEs in Whole Patient

Sample (n 5 144)

All patients with suspected
ATTR-CM (n 5 144)

Patients with preserved
LVEF ($50%, n 5 98)

Patients with impaired
LVEF (,50%, n 5 46)

Parameter HR 95% CI P HR 95% CI P HR 95% CI P

BMI 0.980 0.927–1.037 0.489 0.982 0.917–1.051 0.594 0.962 0.855–1.083 0.521

NT-proBNP 1.0 1.0–1.0 0.127 1.0 1.0–1.0 0.168 1.0 1.0–1.0 0.168

LVEDD 0.987 0.709–2.357 0.590 0.983 0.931–1.038 0.540 0.998 0.903–1.103 0.967

Perugini score 1.183 0.896–1.561 0.236 1.306 0.934–1.825 0.118 0.916 0.541–1.552 0.745

SUVmax (continuous) 1.014 0.970–1.059 0.540 1.028 0.980–1.079 0.258 0.923 0.820–1.039 0.186

SUVpeak (continuous) 1.015 0.969–1.063 0.519 1.031 0.980–1.085 0.244 0.918 0.810–1.042 0.185

SUVmax $ 7 1.752 0.925–3.317 0.090 2.875 1.230–6.710 0.015* 0.525 0.164–1.687 0.280

*Statistically significant.
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Consistent with previous reports, our study showed that visual
Perugini scoring is not predictive of MACEs in ATTR-CM
patients. Yet, SUV-based quantitative SPECT showed prognostic
value, and in this regard, our study provided novelty regarding
another 2 major aspects.
First, we demonstrated that patients with preserved or impaired

LVEF have a similar rate of MACEs, but differences become sig-
nificant if patients are further stratified according to their
[99mTc]Tc-DPD uptake. This provides more evidence that the
degree of active deposition of the amyloid fibrils may be the major
determinant of the rate of MACEs in patients with ATTR-CM and
supports the concept that quantitative [99mTc]Tc-DPD SPECT/CT
allows for an in vivo assessment of this activity.
Second, the same prognostic value pertained also to patients

with suspected ATTR-CM. To date, the clinical diagnosis of
ATTR-CM relies on a combination of clinical, echocardiographic,

and radiologic findings, and DPD scintigraphy represents a corner-
stone in confirming or rejecting the diagnosis (16). In our popula-
tion, some of the patients with suspected ATTR-CM had clinical
and echocardiographic signs of the disease, but the diagnosis was
eventually rejected because [99mTc]Tc-DPD SPECT had negative
findings. In this regard, how to interpret a Perugini score of 1 (i.e.,
detectable myocardial uptake below bone activity) is contentious,
and a score of 1 often does not allow for a definite diagnosis. But
a proportion of our patients with confirmed ATTR-CM (n 5 7)
had detectable cardiac [99mTc]Tc-DPD uptake visually below
bone activity. Considering the robust prognostic value in our
whole cohort and in the cohort with patients diagnosed with
ATTR-CM, there may be a rationale to consider patients with a
Perugini score of 1 as patients with ATTR-CM in a very early
stage or with a weak deposition of fibrils, which may, however,
accelerate at a certain time point. This aspect has an evident

TABLE 4
Hazard Ratio of Relevant Clinical and Imaging-Derived Parameters for Prediction of MACEs in Patients with Confirmed

ATTR-CM (n 5 99)

All patients with suspected
ATTR-CM (n 5 99)

Patients with preserved
LVEF ($50%, n 5 69)

Patients with impaired
LVEF (,50%, n 5 30)

Parameter HR 95% CI P HR 95% CI P HR 95% CI P

BMI 1.006 0.940–1.076 0.867 0.999 0.916–1.090 0.984 1.004 0.896–1.126 0.939

NT-proBNP 1.0 1.0–1.0 0.059 1.0 1.0–1.0 0.240 1.0 1.0–1.0 0.612

LVEDD 0.975 0.929–1.024 0.320 0.970 0.914–1.030 0.323 0.988 0.890– 1.097 0.830

Perugini score 1.115 0.645–1.929 0.696 1.358 0.684–2.697 0.358 0.825 0.336–2.028 0.675

SUVmax (continuous) 0.996 0.939–1.059 0.893 1.009 0.941–1.083 0.800 0.877 0.741–1.038 0.127

SUVpeak (continuous) 0.997 0.934–1.064 0.928 1.012 0.939–1.070 0.760 0.868 0.725–1.040 0.125

SUVmax $ 7 1.939 0.682–5.510 0.214 6.892* — 0.009† 0.420 0.112–1.574 0.198

*Given lack of events in patients with SUVmax , 7 in this group, this value represents global Wald x2, calculated with log-Poisson
regression analysis.

†Statistically significant.
HR 5 hazard ratio.
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FIGURE 2. Kaplan–Meyer curves highlighting predictive role of myocardial SUVmax $ 7 in whole cohort (n 5 144). (A) In patients with preserved LVEF,
SUVmax $ 7 as separator predicted higher rate of MACEs. (B) Conversely, no predictive role was seen in patients with already-impaired LVEF.
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impact on the management of patients with suspected ATTR-CM
and may suggest the need for further SPECT imaging at shorter
intervals, which will need to be defined.
This study had some limitations. Its retrospective nature pre-

vented us from recruiting patients with standardized therapy. How-
ever, the patient cohort was large enough to allow for a
subanalysis in patients not under transthyretin-stabilizing therapy.
Second, this was a registry study and not a specific powered study.
The fact that a clearly worse outcome was present in patients with
high myocardial uptake and preserved LVEF strengthens the con-
fidence with which [99mTc]Tc-DPD uptake can be considered an
indicator of active deposition of amyloid fibrils—the more active
the deposition, the more rapid the development of the disease—
whereas the impact of the rate of amyloid fibril deposition is not
expected to play a major role if a large amyloid burden is already
present. Although further and larger studies are warranted to vali-
date this concept, the data of our study constitute a fundamental
basis for further research. Third, we used an already-validated
method for quantitation relying on a proprietary hardware–soft-
ware system; therefore, our results may not fit the needs of clinical
centers using different quantification software, and separate valida-
tions are needed. Nevertheless, the fact that a clear predictive role
was demonstrated for MACEs in patients with preserved LVEF
supports the applicability of the quantitative approach in clinical
practice for risk stratification. In this regard, it may be suggested
that patients with an SUVmax of at least 7 on baseline SPECT/CT be
considered for tafamidis therapy. Fourth, the choice of LVEF as a
marker of a more advanced stage of ATTR-CM does not reflect the
current recommendations, which suggest the use of NT-proBNP and
glomerular filtration rate (eGFR) (17). Also, other echo-derived para-
meters such as global longitudinal strain have been suggested as
indicative of a more advanced stage of the disease (11). Although
this choice reflects the retrospective nature of the present study (data
on NT-proBNP, eGFR, and global longitudinal strain were not all
available in all patients), there still is a rationale to consider LVEF
as a marker of advanced disease. A paper by Knight et al. (11)
showed an inverse correlation between LVEF and ECV, with
impaired left ventricular function in patients with higher ECV.

Hence, it is conceivable that patients with impaired LVEF in our
cohort were also those in a more advanced stage. Further prospective
studies are warranted to support our data.
Finally, we observed that patients with impaired LVEF had a

higher LVEDD, suggesting some degree of dilation, which can be
seen at the end stage of the disease but is not typical. In our
cohort, we could not rule out that a subset of those patients with
an LVEF of less than 50% had a concomitant pathologic condition
causing left ventricular dilation. The presence of a possible com-
peting risk due an undiagnosed condition may be responsible for
the lack of prognostic value of [99mTc]Tc-DPD uptake in these
patients. These observations may be a starting point for further
studies featuring patients with ATTR-CM and impaired LVEF.

CONCLUSION

In patients with suspected or confirmed ATTR-CM and pre-
served LVEF, representing an early disease stage, a myocardial
SUV of at least 7 is a predictive marker for MACEs. Quantitative
[99mTc]Tc-DPD SPECT should be considered for improved early-
stage risk stratification of patients with ATTR-CM.
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KEY POINTS

QUESTION: Is quantitative [99mTc]Tc-DPD SPECT/CT suitable to
identify patients at increased risk of cardiac events among those
in an earlier stage of ATTR-CM?

PERTINENT FINDINGS: In a cohort study including 144 patients
(99 with ATTR-CM), an [99mTc]Tc-DPD SUVmax of 7 or higher
identified patients with preserved left ventricular function at
increased risk of cardiac events. Conversely, patients with
impaired function could not be risk-stratified by SPECT/CT,
thus highlighting the fact that the latter are at a later stage of
disease, wherein the impact of a more active deposition of
amyloid fibrils is not expected to play a major role in regard to the
outcome.

IMPLICATIONS FOR PATIENT CARE: Identifying patients with
still-preserved left ventricular function at a higher risk of disease
progression may drive the decision to choose a more aggressive
therapy, such as transthyretin stabilizers.
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Improved Tau PET SUVR Quantification in 4-Repeat Tau
Phenotypes with [18F]PI-2620

G#erard N. Bischof1,2, Matthias Brendel3–5, Henryk Barthel6, Hendrik Theis1,7, Michael Barbe7, Peter Bartenstein4,5,
Joseph Claasen6, Adrian Danek8, G€unter H€oglinger3,4,8, Johannes Levin3,4,8, Ken Marek9,10, Bernd Neumaier11,12,
Carla Palleis3,4,8, Marianne Patt6, Michael Rullmann13, Dorothee Saur6, Matthias L. Schroeter13, John Seibyl9,10,
Mengmeng Song5, Andrew Stephens14, Osama Sabri6, Alexander Drzezga1,2,15, and Thilo van Eimeren1,7

for the German Imaging Initiative for Tauopathies

1Department of Nuclear Medicine, University Hospital Cologne, Cologne, Germany; 2Molecular Organization of the Brain, Institute for
Neuroscience and Medicine, J€ulich, Germany; 3German Center for Neurodegenerative Diseases, Munich, Germany; 4Munich Cluster
for Systems Neurology, Munich, Germany; 5Department of Nuclear Medicine, University Hospital of Munich, LMU Munich, Munich,
Germany; 6Department of Nuclear Medicine, University Hospital of Leipzig, Leipzig, Germany; 7Department of Neurology, Faculty of
Medicine and University Hospital Cologne, University of Cologne, Cologne, Germany; 8Department of Neurology, University Hospital
of Munich, LMU Munich, Munich, Germany; 9InviCRO, LLC, Boston, Massachusetts; 10Molecular Neuroimaging, a division of
inviCRO, New Haven, Connecticut; 11Institute of Radiochemistry and Experimental Molecular Imaging, University of Cologne,
Cologne, Germany; 12Institute of Neuroscience and Medicine, Nuclear Chemistry, Research Center J€ulich, J€ulich, Germany; 13Clinic
for Cognitive Neurology, University Hospital of Leipzig, and Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany;
14Life Molecular Imaging GmbH, Berlin, Germany; and 15German Center for Neurodegenerative Diseases, Bonn/Cologne, Germany

We used a new data-driven methodology to identify a set of reference
regions that enhanced the quantification of the SUV ratio of the second-
generation tau tracer 2-(2-([18F]fluoro)pyridin-4-yl)-9H-pyrrolo[2,3-b:4,5-
c9]dipyridine ([18F]PI-2620) in a group of patients clinically diagnosed with
4-repeat tauopathy, specifically progressive supranuclear palsy or corti-
cal basal syndrome. The study found that SUV ratios calculated using
the identified reference regions (i.e., fusiform gyrus and crus-cerebellum)
were significantly associated with symptom severity and disease dura-
tion. This establishes, for the first time to our knowledge, the suitability of
[18F]PI-2620 for tracking disease progression in this 4-repeat disease
population. This is an important step toward increased clinical utility,
such as patient stratification and monitoring in disease-modifying treat-
ment trials. Additionally, the applied methodology successfully optimized
reference regions for automated detection of brain imaging tracers. This
approachmay also hold value for other brain imaging tracers.

Key Words: molecular imaging; neurology; PET; 4R; clinical severity;
tau PET
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PET imaging with 2-(2-([18F]fluoro)pyridin-4-yl)-9H-pyrrolo[2,3-
b:4,5-c9]dipyridine ([18F]PI-2620) has demonstrated the ability
to detect tau pathology in patients diagnosed with progressive

supranuclear palsy (PSP) (1) and corticobasal syndrome (2,3).
This holds potential for refining diagnostic criteria for 4-repeat
(4R) tau isoforms and addressing diagnostic challenges associated
with overlapping symptoms in neurodegenerative diseases such
as frontotemporal dementia and Parkinson disease (4). Although
[18F]PI-2620 meets certain criteria for an ideal biomarker, such as
positivity in the symptomatic phase and specificity for pathology
variants, its binding affinity and relationship with 4R tau pathology
have shown some discrepancies (4,5).
Previous attempts to establish a correlation between [18F]PI-

2620 binding potentials and disease progression or severity have
been inconclusive. A potential source of variance in SUV ratio
(SUVR) sensitivity is the choice of reference region. The use of
the cerebellar cortex as a reference region, common in Alzheimer
disease studies, is less ideal in 4R phenotypes because of known
on-target binding in the dentate nucleus (6,7). To address this
issue, we used a data-driven approach akin to established count
normalization procedures. This involved identifying regions in
PSP patients devoid of pathology for effective count normalization
(8). Criteria for region suitability included absence of on-target
binding, plausibility (e.g., bilateral), lack of on-target binding in
early disease histopathologic studies, and correlation of SUVRs
with disease severity or duration. This approach aims to enhance
the sensitivity of SUVR measurements by selecting reference
regions that better represent areas free of pathology in PSP patients.
By refining the reference region choice, we anticipate improved
accuracy in assessing the relationship between [18F]PI-2620 bind-
ing potentials and disease measures. This strategy contributes to the
ongoing efforts to establish reliable biomarkers for neurodegenera-
tive diseases, particularly those involving 4R tau isoforms.

MATERIALS AND METHODS

In this study, 43 patients with suspected 4R tauopathies (PSP or
corticobasal syndrome) and 14 healthy controls were enrolled from 4
nuclear medicine clinics in Germany and the United States. Diagnosis
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for PSP and corticobasal syndrome followed established criteria
(9,10). All participants underwent a T1-weighted 3-dimensional MRI
sequence (13 1 3 1mm; 256 slices) and dynamic PET imaging
(0–90min) of [18F]PI-2620 PSP severity (PSP rating scale), and

disease duration data were available for most patients. Ethical
approval was obtained from institutional committees, and participants
provided written informed consent before the PET scans.

Participants in the healthy control cohort were amyloid-negative
(based on cerebrospinal fluid or PET information) and were cogni-
tively normal (as assessed by the Mini–Mental State Examination).
Further details on the cohort have been published previously (3,4).
Dynamic PET images (0–60min) of [18F]PI-2620 were realigned, the
30- to 60-min frames were averaged, and the resulting SUV images
were coregistered to the individual MR images. PET images were nor-
malized and partial-volume–corrected using the geometric transfer
method (11). Partial-volume–corrected PET images were submitted to
the statistical nonparametric mapping toolbox (SnPM (12)) implemen-
ted in SPM to identify regions in the patient population clearly void of
pathology and therefore most effective for count normalization. SnPM
was chosen because of the relatively lower degrees of freedom in the
healthy control cohort and to capitalize on the individual patient data
and the strong data-driven nature of our approach. Nonparametric per-
mutation was set to 5,000 iterations, with a variance smoothing of
6 mm3. Age served as a covariable, and a whole-brain inclusion mask
was applied. The false-discovery rate was set at a P value of 0.01
(Fig. 1), and resulting clusters were regionally labeled on the basis of
the automated anatomic atlas. In the patient cohort, automated ana-
tomic atlas regions were used as reference regions, and SUVRs were
extracted from target regions shown to accumulate tau pathology in
4R phenotypes (1,3). To evaluate the sensitivity of the data-driven ref-
erence regions, we performed partial correlation analyses of SUVRs in
target regions, with the PSP rating scale and disease duration corrected
for age (R(age)).

RESULTS

Demographic characteristics of the 43 patients and 14 healthy
controls are summarized in Table 1. The statistical nonparametric
mapping approach revealed differences, with elevated nonspecific
binding bilaterally in the fusiform gyrus and crus-cerebellum,
when comparing healthy controls versus 4R patients (Fig. 1).
These regions were used as reference regions (separately and in
combination), and SUVRs were computed. The partial correlation
analysis (Figs. 2 and 3) using SUVRs based on the fusiform gyrus
reference region revealed a significant association between disease
severity and accumulating tau pathology in the globus pallidus
externus (R(age) 5 0.34, P 5 0.02) and internus (R(age) 5 0.36,
P 5 0.02). Disease duration was significantly associated with tau
pathology in the frontal cortex (R(age) 5 0.39, P 5 0.01). For the

FIGURE 1. Methodologic approach of SnPM comparing healthy controls
(HC) vs. patients with suspected 4R tauopathy. This statistical approach
allowed us to identify reference regions void of on-target binding in patient
population. Interestingly, we identified fusiform gyrus and crus-cerebellum
to show nonspecific binding with using false-discovery rate of P5 0.01.

TABLE 1
Patient and Control Demographics

4R phenotype

Demographic Control 4R PSP Corticobasal syndrome

n 14 43 31 12

Age (y) 64.38 (10.36) 70.6 (7.9) 70.8 (7.7) 69.6 (8.4)

Mini–Mental State Examination 29.07 (1.14) NA NA NA

Montreal cognitive assessment NA 22.3 (5.0) 22.9 (4.4) 20.4 (6.1)

PSP rating scale NA 26.03 (10.0) 27.1 (10.5) 22.7 (7.6)

Disease duration (mo) NA 36.48 (29.2) 37.1 (32.1) 34.5 (17.9)

NA5 not applicable.
Data are mean followed by SD in parentheses.
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crus-cerebellum, SUVR estimates in the globus pallidus internus
(R(age) 5 0.38, P 5 0.01) and averaged across all target regions
(R(age) 5 0.35, P 5 0.02) showed significant associations with
disease severity, whereas no significant correlations with disease
duration were observed. The combination of both reference regions
(Fig. 3) revealed several significant correlation coefficients with
both disease severity (R(age) for all target ROIs 5 0.44, P 5 0.01;
R(age) for frontal cortex 5 0.40, P 5 0.01; R(age) for globus pallidus
externus 5 0.35, P 5 0.03; R(age) for globus pallidus internus 5
0.37, P 5 0.02; R(age) for globus pallidus 5 0.36, P 5 0.03) and dis-
ease duration (R(age) for all target ROIs 5 0.37, P 5 0.02; R(age) for
frontal cortex5 0.40, P5 0.01).

DISCUSSION

Here we show that using a data-driven
statistical nonparametric approach to iso-
late regions that could serve as a potential
reference region revealed several findings:
regions with no on-target binding in the
cohort of 4R phenotypes, plausibility due
to the bilateral voxels located in both the
fusiform gyrus and the crus-cerebellum,
and no on-target binding based on histo-
pathologic studies. In addition, SUVRs in
target regions using either reference region
showed significant relationships with clini-
cal measures. The globus pallidus internus/
externus was previously identified as the
region best suited to discriminate different
tauopathies using [18F]PI-2620 (1–3),
whereas our study expanded on these find-
ings by showing sensitivity of the pallidum
to disease severity measures. Additionally,
the correlation with frontal tau pathology
and disease duration adds plausibility to

our reference regions, as cortical involvement of 4R tauopathy is
known to be an indication of advanced disease stage (6). We there-
fore propose the fusiform gyrus and the crus-cerebellum as 2 poten-
tial candidates for further exploration as potential reference regions
for [18F]PI-2620 in a larger independent sample of 4R patients and
in individuals for whom arterial blood sampling is available to
further evaluate the suitability of our reference regions in 4R
tauopathies.
We provide evidence that the previously established normaliza-

tion count method (8) within the statistical nonparametric mapping
context may be a sensitive automated approach to probe potential
candidates for reference regions, particularly if the sample size of

the target population is limited and the dis-
tribution of the tracer retention is relatively
heterogeneous. Our results are important in
the context of clinical trials of potential
disease-modifying therapies in 4R tauopa-
thies (13), as treatment effects could be
quantified both on the pathophysiologic scale
using [18F]PI-2620 and according to disease
severity. Our use of partial-volume–corrected
data in our analysis may be a limitation
because of the accessibility of high-resolution
magnetization-prepared, rapid gradient-echo
imaging in the clinical context.

CONCLUSION

Whereas recent studies have shown that
the regional uptake pattern of [18F]PI-2620
can assist in the differential diagnosis of
primary versus secondary tauopathies, here
we extend the utility of [18F]PI-2620. Speci-
fically, we show that different reference
regions (i.e., fusiform gyrus, crus-cerebellum,
and the combination) may improve SUVR
quantification, as our newly computed
SUVRs in target regions of 4R tauopathies
relate to both disease severity and disease
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FIGURE 2. Significant partial correlations of newly computed SUVRs, using fusiform or crus-
cerebellum as reference region, with disease severity (PSP rating scale [PSPRS]; upper panels) or
disease duration (in months; lower panels). Automated anatomic atlas reference regions are over-
layed on standard MRI template.
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duration. We recognize that in the absence of specific criteria for
appropriate reference regions, the criteria we have chosen may not be
exhaustive for determining an appropriate reference region, but they
may provide some initial guidance.

KEY POINTS

QUESTION: Can we improve SUVR sensitivity in 4R phenotypes
using data-driven reference regions?

PERTINENT FINDINGS: We found suitable reference regions
(i.e., crus-cerebellum and fusiform gyrus) in 4R phenotypes that
led to SUVR estimates in target regions of 4R tauopathy that
tracked with disease severity and duration.

IMPLICATIONS FOR PATIENT CARE: Our results improve the
utility of 18F-PI-2620 to quantify tau burden, which will improve
the clinical application of 18F-PI-2620 in the differential diagnosis
of tauopathies.
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PET Quantification of [18F]VAT in Human Brain and Its
Test–Retest Reproducibility and Age Dependence
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Molecular imaging of brain vesicular acetylcholine transporter pro-
vides a biomarker to explore cholinergic systems in humans. We
aimed to characterize the distribution of, and optimize methods to
quantify, the vesicular acetylcholine transporter–specific tracer (2)-(1-
(8-(2-[18F]fluoroethoxy)-3-hydroxy-1,2,3,4-tetrahydronaphthalen-2-yl)-
piperidin-4-yl)(4-fluorophenyl)methanone ([18F]VAT) in the brain using
PET. Methods: Fifty-two healthy participants aged 21–97y had brain
PET with [18F]VAT. [3H]VAT autoradiography identified brain areas
devoid of specific binding in cortical white matter. PET image–based
white matter reference region size, model start time, and duration
were optimized for calculations of Logan nondisplaceable binding
potential (BPND). Ten participants had 2 scans to determine test–retest
variability. Finally, we analyzed age-dependent differences in partici-
pants. Results: [18F]VAT was widely distributed in the brain, with high
striatal, thalamic, amygdala, hippocampal, cerebellar vermis, and
regionally specific uptake in the cerebral cortex. [3H]VAT autoradiography–
specific binding and PET [18F]VAT uptake were low in white matter.
[18F]VAT SUVs in the white matter reference region correlated with
age, requiring stringent erosion parameters. Logan BPND estimates
stabilized using at least 40min of data starting 25min after injection.
Test–retest variability had excellent reproducibility and reliability
in repeat BPND calculations for 10 participants (putamen, 6.8%;
r. 0.93). We observed age-dependent decreases in the caudate and
putamen (multiple comparisons corrected) and in numerous cortical
regions. Finally, we provide power tables to indicate potential mean
differences that can be detected between 2 groups of participants.
Conclusion: These results validate a reference region for BPND calcu-
lations and demonstrate the viability, reproducibility, and utility of
using the [18F]VAT tracer in humans to quantify cholinergic pathways.

KeyWords: cholinergic; brain; PET; human; acetylcholine
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Cholinergic projections arise from 3 main centers (1): the basal
forebrain projects throughout the neocortex; pedunculopontine-
laterodorsal tegmental nuclei project heavily to the thalamus and
other brain stem centers; and local cholinergic interneurons project
within the striatum. These pathways play a role in neurologic disor-
ders, including Alzheimer disease (2,3) and Parkinson disease

(PD) (4). The degree of degeneration correlates with cognitive
impairment, yet the time course and regional specificity of choliner-
gic dysfunction remain poorly understood.
PET radiotracers targeting the vesicular acetylcholine transporter

(VAChT) permit investigation of these pathways in vivo in
humans. VAChT resides predominantly in presynaptic terminals of
cholinergic neurons and some cell bodies. Thus, molecular imaging
of VAChT reflects primarily terminal fields. Recently, the VAChT
radiotracer [18F]fluoroethoxybenzovesamicol ([18F]FEOBV) identi-
fied abnormalities in Alzheimer disease and possible correlations
with cognitive impairment in PD (2,5–8). We developed a new
VAChT radiotracer, (2)-(1-(8-(2-[18F]fluoroethoxy)-3-hydroxy-
1,2,3,4-tetrahydronaphthalen-2-yl)-piperidin-4-yl)(4-fluorophenyl)-
methanone ([18F]VAT), with high sensitivity and selectivity for
cholinergic neurons in vitro in human brain tissue and in vivo in
nonhuman primates (9–12). In the current work, we validated an
image-based reference region to quantify specific binding in the
brain, optimized calculation of a Logan nondisplaceable binding
potential (BPND), showed the distribution of [18F]VAT in normal
healthy human brains, calculated regional variability of BPND, and
investigated the age dependence of BPND. Finally, we calculated
tables of statistical power to detect mean differences in BPND
between 2 groups of participants to facilitate study planning.

MATERIALS AND METHODS

Participants and Design
The Human Research Protection Office of Washington University in

St. Louis approved this study, and all participants provided written
informed consent. Participants were partners of patients in the Move-
ment Disorders Center or responded to public advertisement and were
between the ages of 21 and 97 y. All had 12 or more years of education
or a high-school–equivalent degree, normal findings on neurologic
examination, no major neurologic or severe psychiatric illness, no his-
tory of head injury with loss of consciousness for more than 5min or
neurologic sequelae, no first-degree family history of PD, intact cogni-
tion, and no contraindication to MRI. They were taking no medications
affecting the cholinergic system, and they were able to lie still for 2 h.

We performed whole-brain structural MRI and PET imaging with
[18F]VAT on 52 participants. Ten had 2 PET studies 1mo apart to
determine reproducibility.

Structural MRI
Each participant underwent a structural MRI scan with a Trio or

Prisma 3-T scanner (Siemens) to perform a T1-weighted magnetization-
prepared rapid acquisition with gradient-echo and T2-weighted fast spin-
echo scans. Scans were segmented with the FreeSurfer image analysis
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suite (version 5.3, https://surfer.nmr.mgh.harvard.edu/) (13). A cortical
white matter reference region (WMREF) was generated by merging all
cortical white matter regions and applying a gaussian blur masking the
image with a threshold of 0.95 to minimize tracer spillover from adjacent
gray matter.

FreeSurfer identified regions including cortical gray matter, caudate,
putamen, amygdala, thalamus, and hippocampus. As [18F]VAT has
elevated uptake in the cerebellum, we segmented the cerebellum using
a spatially unbiased infratentorial template (SUIT), an atlas template
of the cerebellum (14–16). To optimize SUIT segmentation for older
participants, we used the FreeSurfer cerebellar white matter mask to
remove white matter voxels, the FreeSurfer cortical ribbon to prevent
inclusion of nearby gray matter, and a T2-weighted mask to reduce
cerebrospinal fluid inclusion (17). SUIT-generated cerebellar volumes
of interest (VOIs) were merged into a subset of regions to reduce mul-
tiple comparisons: anterior cerebellum (lobules I–V); posterior cerebel-
lum (lobule VI); posterior cerebellum (crus 1 and crus 2); posterior
cerebellum (lobules VIIb–IX); vestibulocerebellum (lobule X); and cere-
bellar nuclei. VOIs were further subdivided into left hemisphere, right
hemisphere, and vermis, with the exception of the anterior vermis, which
is not segmented by SUIT. Finally, FreeSurfer- and SUIT-based regions
were merged into a single segmentation image for PET analyses.

PET Imaging
VAT was synthesized as previously described (9,12). PET was done

with a Siemens ECAT EXACT HR1 scanner. Each participant had a
20-gauge plastic catheter inserted into an antecubital vein. An attenuation
image was collected using rotating 68Ga/68Ge sources. [18F]VAT (255–
544 MBq) was injected intravenously over 20 s followed by a 10-mL
saline flush. A 120-min dynamic PET scan was collected starting with
tracer injection in 3-dimensional mode (septa retracted). Sixty-two scans
were collected from 52 participants, with 10 having 2 scans performed
1mo apart. For 51 scans (46 participants, 5 with repeat scans), the acqui-
sition consisted of 71 frames with durations of 363 5 s, 123 10 s, and
233 300 s. Eleven scans (6 participants, 5 with repeat scans) consisted
of 30 frames with durations of 33 60 s, 43 120 s, 33 180 s, and
203 300 s. Scans were reconstructed with 3-dimensional filtered back-
projection with a ramp filter to yield a reconstructed resolution of about
5mm in full width at half maximum (FWHM). For motion correction,
individual frames were aligned with vector-gradient registration to a com-
posite average of all frames (18). The composite PET image then was
registered to the participant’s T1-weighted MRI scan, and the 2 trans-
forms were combined (individual frames to composite PET and compos-
ite PET to T1). The combined transform was applied to each frame to
align the PET scans to the T1 images. Motion-corrected images and
whole-brain time–activity curves were visually inspected in participant-
specific PET space and T1 space to verify the accuracy of alignment.
Region-Based Analyses. Decay-corrected time–activity curves for

VOIs were extracted from PET images. Regional partial-volume
effects were corrected using the region-spread function approach (19).
Briefly, the segmented image containing all FreeSurfer- and SUIT-
defined VOIs was convolved with a 4.2-mm gaussian kernel to gener-
ate relative weights of the contributions from nearby regions. These
weights then were applied to each time–activity curve to generate their
region-spread function–corrected values. BPND values then were cal-
culated with in-house MATLAB software (MATLAB release 2020b;
The MathWorks, Inc.) using the eroded cortical white matter mask as
the reference region and Logan graphical analysis (20).

Composite SUV images were generated by aligning each partici-
pant’s dynamic PET image into that participant’s T1 space. SUV
parametrized images were generated by dividing all voxels by the
mean intensity of the WMREF from 30 to 120min after injection.
Images were single-step–aligned to the 711-2B atlas using a transfor-
mation matrix generated from an initial vector-gradient registration

followed by nonlinear registration using the Functional Magnetic Res-
onance Imaging of the Brain Software Library’s nonlinear registration
tool (21).
Reference Region Validation. We performed reference region

validation with 2 approaches: in vitro autoradiography and analysis of
PET-based regions of interest.

For in vitro [3H]VAT autoradiography, we tested specific uptake of
[18F]VAT in cortical white matter using postmortem brain tissue from
3 donors: 1 neurologically healthy female control (73 y old) and 2 PD
patients (81-y-old woman and 69-y-old man). PD tissue was included
to determine whether specific binding differed in advanced PD. Speci-
fic binding throughout cortical white matter was compared in deep
anterior white matter, centrum semiovale, and deep occipital lobe tis-
sue. [18F]VAT uptake in caudate (high binding), vermis (intermediate
binding), and occipital lobe gray matter (low binding) was compared
with that in cortical white matter.

In vitro autoradiography was done with [3H]VAT in frozen sections
from the human brain (22). Twenty-micron brain sections were preincu-
bated with Hanks balanced salt solution containing 10mM 4-(2-hydro-
xyethyl)-1-piperazineethanesulfonic acid, 0.2% bovine serum albumin,
and 0.1mM ethylenediaminetetraacetic acid at pH 7.4 for 5min at room
temperature. Sections were incubated with 5nM [3H]VAT in buffer for
1h with gentle shaking and were washed 3 times with buffer for 5min,
dipped in ice-cold H2O for 1min, and dried overnight. Dried slides were
incubated with BioMax autoradiography film (Carestream) in a Hypercas-
sette autoradiography cassette (Cytiva) for 20 d with ART-123 tritium
standards (American Radiolabeled Chemicals). The film then was pro-
cessed in film developer (Kodak). To determine nonspecific binding,

FIGURE 1. [18F]VAT distribution in brain. (A–C) Sample images of com-
posite average of SUV-parametrized images from 52 participants. Scales
are varied to highlight cortical and subcortical distributions. Scale bars 5

1cm. (D) Average decay-corrected time–activity curves from select
regions across 22 participants. Error bars indicate mean6 SEM.
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10mmol of a VAChT antagonist, D-(1)-vesamicol hydrochloride (Sigma-
Aldrich), were added. All images were processed and analyzed using Fiji
ImageJ. In brief, regions of interest were randomly selected in the gray
and white matter of brain tissues, and the intensity for each VOI was mea-
sured. Specific binding intensity was assessed by subtracting the nonspeci-
fic binding intensity from total binding. All representative images were
processed using the continuous lut called Physics in Fiji ImageJ.

For analysis of PET-based regions of interest, white matter reference
VOIs were optimized by minimizing intraregional variability while
maintaining sufficient voxels for adequate counts. Gaussian blurs were
repeated at FWHMs of 4.2, 5, 6, 7, 8, 9, and 10mm with thresholds of
0.9, 0.95, and 0.975 for reference region comparison analyses and at a
FWHM of 9mm with a threshold of 0.95 for all other analyses. This
blur strategy corresponds to final voxel erosion of 2.6mm (FWHM,
4.2mm; 0.90 threshold) to 6.2mm (FWHM, 10mm; 0.975 threshold),
corresponding to 5,000 to 140,000 mean retained voxels. At 9mm and
a 0.95 gaussian blur threshold, the approximate erosion was 4.9mm in
all directions and the mean WMREF was 24,000 voxels.

Statistics
Plots were generated with Prism 10 (GraphPad Software) for Win-

dows (Microsoft). Pearson correlations between the WMREF and age
were done with IBM SPSS version 26.0 (IBM Corp.). Test–retest vari-
ability was calculated by taking the difference between scan 1 and scan
2 BPND, dividing by the mean regional BPND of the two, and then aver-
aging across all participants. Analysis of age-dependent changes was
done with SPSS, covarying of participant sex, and Benjamini–Hoch-
berg multiple-comparisons correction with a false-discovery rate of 0.1.
Power analyses were conducted with G*Power 3.1 (23,24). The power
analyses table used an a of 0.05, with power values (1 2 b) of 0.9.

RESULTS

We completed 62 [18F]VAT PET scans from 52 participants (age,
60.4618.6y [range, 21–97y]; 17 men, 36 women). We analyzed

these data to determine the brain distribution
of radioactivity. SUV-parametrized [18F]VAT
images showed selective uptake in multiple
regions (Fig. 1A). The putamen and cau-
date exhibited the highest uptake in the brain
(SUV at 30–120min, 5.8461.08g/mL and
7.0561.13g/mL, respectively) (Fig. 1A).
Intermediate levels were seen in subcortical
structures including the thalamus (SUV at
30–120min, 2.3560.92g/mL), amygdala
(SUV at 30–120min, 2.666 0.48g/mL),
and hippocampus (SUV at 30–120min,
2.276 0.40g/mL) (Figs. 1A and 1B).
Although not segmented, selective uptake
also was identified as localized peaks in the
anterior and posterior vermis (Figs. 1B
and 1C), with less uptake in the dorsal

pons (Fig. 1C) and flocculus. Cortical gray matter had lower overall
binding (all cortical gray matter, SUV at 30–120min, 2.066
0.42g/mL), but some regions had higher VAT uptake, including the
posterior cingulate (SUV at 30–120min, 2.416 0.48g/mL) (Fig. 1B),
pericalcarine fissure (SUV at 30–120min, 2.4060.54g/mL), and to a
lesser extent temporal lobes (medial temporal lobe, SUV at 30–
120min, 1.956 0.41g/mL). White matter consistently had much
lower uptake (SUV at 30–120min, 1.266 0.23 g/mL).

Autoradiography
Autoradiography showed higher specific binding in the caudate,

vermis, and occipital lobe than in any white matter regions, with the
sole exception of the occipital lobe of 1 PD participant (Fig. 2; Table
1; Supplemental Fig. 1 [supplemental materials are available at http://
jnm.snmjournals.org]). Although this participant showed modestly
higher, but still quite low, white matter binding than white matter
regions in the other 2 participants (17.70–38.38 vs. 0.03–16.37 fmol/
mg tissue), these results corroborate cortical white matter as a refer-
ence region with no binding or low binding.

Optimal Erosion Characteristics for WMREF

We tested the impact of the degree of erosion used to generate
WMref VOIs to minimize gray matter spillover while retaining
enough voxels for reliable counting statistics. To perform this test,
we used 21 levels of erosion (2.6–6.2mm) in all directions: 7
spheres with 3 thresholds. As expected, greater erosion yielded
lower time–activity curves (Fig. 3A), fewer voxels, and lower
intraregional variability (Fig. 3B), but these differences in mean
time–activity curve and intraregional variability largely disap-
peared at or above a FWHM of 7mm. To test for systematic bias
that might be missed, we then correlated the SUVmean of our
WMref VOI with participant ages. This demonstrated a strong cor-
relation between the SUV of the WMref VOI and participant age

FIGURE 2. Representative control tissue [3H]VAT autoradiography from cortical white matter (A)
and caudate (B). Images are presented adjacent to slices with 5nM [3H]VAT 1 10mM vesamicol to
demonstrate selective [3H]VAT binding. 1 nCi5 37Bq.

TABLE 1
Regional [3H]VAT Binding (fmol/mg Tissue)

Subject Caudate Occipital lobe Vermis
Anterior deep
white matter

Centrum
semiovale

Occipital deep
white matter

Control 551.57 112.18 132.31 4.54 0.03 16.37

PD 213.70 2.19 111.05 17.70 30.07 38.38

PD 354.26 396.13 131.70 9.32 0.67 9.83
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that declined with increasingly stringent erosion to an approximate
R of 0.33 for 9- and10-mm erosions with 0.95 and 0.975 thresh-
olds (Fig. 3D). Thus, for the remainder of our analyses, we used a
9-mm erosion by a 0.95 threshold for our WMref VOI.

Effect of Model Time and Duration on Regional
Binding Potentials
The effects of varying model start times and durations on BPND

were calculated for high-binding subcortical regions (putamen) and
cortical gray matter (posterior cingulate) (Figs. 4A–4C). The coeffi-
cient of variation across participants also was calculated for each
model start and duration (Supplemental Figs. 2A–2B). These analyses
demonstrated a shift in BPND requiring analyses over the same inter-
val in every participant with a duration of at least 40min to stabilize
the coefficient of variation. Calculated BPND values converged in
gray matter by 60–90min after injection. Thus, we chose a 90-min
model starting at 30min after injection to incorporate as much data as
possible. Shorter scan durations may produce similarly stable results,
provided there is a minimum total scan duration of at least 65–70min.

Test–Retest Reproducibility
We characterized the reproducibility of BPND calculations in 10

participants who had 2 [18F]VAT PET scans 1mo apart. BPND
was calculated for segmented FreeSurfer and SUIT regions. High
correlations occurred in high-binding areas including the putamen
(percentage test–retest variability, 6.8%; r . 0.93; Fig. 5), with
significantly more variability in regions with a BPND under 1, as
expected with increased noise.

Age-Related Differences in Uptake
Widespread age-related differences were identified throughout

the brain, in particular within the putamen (Fig. 6). Correlating
region-spread function–corrected BPND for each region, covarying

sex, and using Benjamini–Hochberg false-
discovery rate multiple comparisons cor-
rection, we found significant results,
including a lower BPND with increasing
age in subcortical structures (caudate r ,

20.59, putamen r , 20.46, and nucleus
accumbens r , 20.34). Notably, many
cortical regions exhibited opposite effects,
with strong positive correlations throughout
both gray matter and white matter (rostral
middle frontal white matter r . 0.68 and
inferior temporal gray matter r . 0.60).

Power Analyses
Power analyses were done to determine

the feasibility of PET [18F]VAT to detect
group differences in future studies. SD
varied from 15% to 35% of the mean
BPND for almost all regions. In Table 2, a
1.82 difference in group-mean caudate
BPND (43% of control mean, 1.7 SDs)
from our control population would require
20 participants, and 200 participants
would be needed to detect a difference of
0.54 (12.8% of control mean, 0.5 SDs)
with 0.9 power. This shows the potential
for [18F]VAT in human imaging.

DISCUSSION

We demonstrated that [18F]VAT is an effective PET radiotracer
to study differences in the cholinergic system. The highest levels of
uptake were in the striatum, thalamus, and other subcortical struc-
tures, but gray matter regions also had selective uptake. Our work
provides strong validation for using eroded white matter as a refer-
ence region for calculation of BPND and demonstrates the impor-
tance of what image data should be included to obtain stable
estimates. We further demonstrated correlations between [18F]VAT
and age in healthy participants. Finally, to facilitate planning future
studies, we provide a table of power calculations to detect differ-
ence between 2 groups for
given effect sizes.
Our previous work with

[18F]VAT in nonhuman
primates showed little
uptake in the cerebellar
cortex, indicating no evi-
dence of specific binding
that would retain radio-
tracer, thereby permitting
its use as a reference
region (9). In contrast, the
cerebellar vermis has a rel-
atively high uptake in
humans. Thus, we focused
on validating an alterna-
tive reference region for
humans. Despite known
cortical cholinergic projec-
tions that pass through
white matter regions, our

FIGURE 3. Seven erosion widths and 3 thresholds were used to generate potential WMREF values.
Mean region-spread function partial volume–corrected SUVs (A) and intraregional SEM (B) are shown
to demonstrate region characteristics. (C) Reference region correlation with age.

FIGURE 4. Effects of varying model start time and duration on Logan BPND. Logan binding potentials
were averaged across all participants calculated for cortical gray matter (A) and putamen (B). Start
times of 45 and 65min are offset to demonstrate results ending at same time point. Error bars indicate
mean 6 SEM. Start times are color-coded as 25min (gray), 45min (blue), and 65min (red). (C) Repre-
sentative Logan plot, with regression line for 30- to 120-min model calculation shown in red. CT(t) 5
activity in target tissue at time t; CREF 5 activity in reference region at time t; k29 = population average
reference region efflux constant.

FIGURE 5. Representative Logan
BPND demonstrating test–retest repro-
ducibility of [18F]VAT. Data are putamen
Logan BPND for each of 10 participants
scanned 1mo apart.
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combined histopathologic
and PET validation indicates
that cortical white matter has
minimal specific binding
with [18F]VAT. Notably, dif-
ferences between gray and
white matter blood flow can
bias binding potential esti-
mates because of differences
in tracer entry and egress, but
this effect is quite minimal in
data collected after 15–
20min after radiotracer injec-

tion. As such, our subsequent analyses use late time-points at
which the impact of differences in delivery is minimized. Future
studies using arterial sampling for binding potential calculations
will further characterize any bias and help validate the use of the
white matter as a reference region and act as a gold standard for
these analyses. Nevertheless, in the present work the very low spe-
cific uptake in cortical white matter makes it an excellent reference
region for [18F]VAT. Using this reference region, we found age-
dependent decreases in various subcortical and cortical structures
that must be considered in future [18F]VAT studies. Finally, we
developed a power analysis table based on 52 healthy control par-
ticipants to guide the design of future human [18F]VAT PET
group-level studies.
To optimize [18F]VAT BPND calculations, we first addressed

potential spillover into the WMREF from adjacent subcortical and
gray matter regions with region-spread function partial-volume
correction along with testing of varying levels of erosion for the
combined white matter region. Although a FWHM of 7mm was
sufficient to minimize intraregional variability, a persistent age-
dependent correlation with the WMREF SUV required a more
aggressive erosion of 9mm (0.95 threshold). This suggests that
age-dependent atrophy at lower erosion levels causes residual
spillover that requires partial-volume correction and stringent ero-
sion parameters to quantify [18F]VAT in humans with varying
degrees of brain atrophy.
We then determined optimal variables for calculation of Logan-

derived BPND such as start time and scan duration. At least 40min
of scan data starting at least 25–30min after injection are needed
to provide stable BPND estimates. Although BPND estimates stabi-
lized by 65–70min after injection, some gray matter areas exhib-
ited a slight upward drift in BPND with increasing model duration,
likely attributable to differences in clearance rates between white
and gray matter. Thus, all study participants must be analyzed
over the same model period.

Other groups have used the VAChT-targeting tracer [18F]FEOBV
to measure cerebral cholinergic pathways in humans. Both tracers
demonstrate a similar distribution in the brain, with high striatal
uptake; elevated subcortical uptake in the amygdala, hippocampus,
and thalamus; elevated cerebellar vermis and vestibulocerebellar
uptake; and a similar topography of regional cortical uptake (25).
Recent [18F]FEOBV studies used a roughly comparable WMREF

(26). In comparison to [18F]FEOBV, both tracers perform well, with
[18F]VAT appearing to demonstrate more rapid dissociation kinetics,
potentially permitting shorter imaging sessions. [18F]VAT further
demonstrates excellent regional uptake and variability (Table 3),
demonstrating its utility for future studies.
We calculated power analyses to indicate how many participants

would be needed to detect a given effect size (or difference)
between the mean BPND of 2 different groups. These calculations
depend on the variance of the measures for each region of the brain
since the level of radiotracer uptake dramatically differs across
regions, thereby varying the noise in the measures. As shown in
Table 2, those gray matter regions with the highest uptake permit
detection of differences of as little as approximately 32% for study
groups of 20 participants, and approximately 9% for large groups
of 200 participants. These effect sizes compare favorably with the
test–retest variability, which was 15%–35% in most regions. As
such, [18F]VAT presents an opportunity for the study of small to
moderate differences in the cholinergic system and may be suffi-
cient for the detection of early abnormalities within disease states.

CONCLUSION

We demonstrated that [18F]VAT can be a reliable tracer for the
study of brain cholinergic systems in humans. White matter presents
a reasonable option for [18F]VAT analysis, but extra care must be
taken in older populations or those with greater atrophy, as age-
dependent effects on reference region uptake can persist despite cor-
rection for partial-volume effects. This approach provides stable
BPND estimates that permitted identification of age-dependent
changes. These results indicate that [18F]VAT is a reliable tracer for
the study of cholinergic pathways in the brain and can be implemen-
ted for future work investigating the role of cholinergic dysfunction
in neurodegenerative conditions.
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KEY POINTS

QUESTION: How can [18F]VAT analysis be optimized to study
cholinergic signaling in the brain?

PERTINENT FINDINGS: The cortical white matter provides a
quality reference region for kinetic analysis of [18F]VAT with a
minimum scan duration of 65min. Because age-dependent
atrophy can impact this reference region, careful attention to
quality control methods is critical. Cholinergic signaling, as
measured by [18F]VAT, declines with age.

IMPLICATIONS FOR PATIENT CARE: [18F]VAT can be a
reliable tool in studying cholinergic dysfunction in neurologic
and neuropsychiatric disease.
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TABLE 3
[18F]VAT Regional Distribution

Region [18F]VAT BPND 6 SD

Superior frontal cortex 0.736 0.20

Medial orbitofrontal cortex 0.916 0.19

Lateral orbitofrontal cortex 0.956 0.18

Motor cortex 0.856 0.18

Superior temporal gyrus 0.746 0.16

Middle temporal gyrus 0.676 0.15

Inferior temporal gyrus 0.766 0.17

Superior parietal cortex 0.656 0.21

Inferior parietal cortex 0.716 0.18

Cuneus 0.826 0.20

Entorhinal cortex 0.526 0.16

Parahippocampal gyrus 0.536 0.17

Postcentral gyrus 0.736 0.18

Lateral occipital cortex 0.556 0.18

Posterior vermis 0.946 0.26
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Response and Prognosis in Locally Advanced
Cervical Cancer?
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This study investigated whether radiomic features extracted from pre-
treatment [18F]FDG PET could improve the prediction of both histo-
pathologic tumor response and survival in patients with locally
advanced cervical cancer (LACC) treated with neoadjuvant chemora-
diotherapy followed by surgery compared with conventional PET
parameters and histopathologic features. Methods: The medical
records of all consecutive patients with LACC referred between July
2010 and July 2016 were reviewed. [18F]FDG PET/CT was performed
before neoadjuvant chemoradiotherapy. Radiomic features were
extracted from the primary tumor volumes delineated semiautomati-
cally on the PET images and reduced by factor analysis. A receiver-
operating-characteristic analysis was performed, and conventional
and radiomic features were dichotomized with Liu’s method accord-
ing to pathologic response (pR) and cancer-specific death. According
to the study protocol, only areas under the curve of more than 0.70
were selected for further analysis, including logistic regression analy-
sis for response prediction and Cox regression analysis for survival
prediction. Results: A total of 195 patients fulfilled the inclusion crite-
ria. At pathologic evaluation after surgery, 131 patients (67.2%) had
no or microscopic (#3mm) residual tumor (pR0 or pR1, respectively);
64 patients (32.8%) had macroscopic residual tumor (.3mm, pR2).
With a median follow-up of 76.0mo (95% CI, 70.7–78.7mo), 31.3% of
patients had recurrence or progression and 20.0% died of the dis-
ease. Among conventional PET parameters, SUVmean significantly dif-
fered between pathologic responders and nonresponders. Among

radiomic features, 1 shape and 3 textural features significantly differed
between pathologic responders and nonresponders. Three radiomic
features significantly differed between presence and absence of
recurrence or progression and between presence and absence of
cancer-specific death. Areas under the curvewere less than 0.70 for all
parameters; thus, univariate andmultivariate regression analyses were
not performed. Conclusion: In a large series of patients with LACC
treatedwith neoadjuvant chemoradiotherapy followed by surgery, PET
radiomic features could not predict histopathologic tumor response
and survival. It is crucial to further explore the biologic mechanism
underlying imaging-derived parameters and plan a large, prospective,
multicenter study with standardized protocols for all phases of the pro-
cess of radiomic analysis to validate radiomics before its use in clinical
routine.

Key Words: locally advanced cervical cancer; radiomics; [18F]FDG
PET/CT; response to therapy; prognosis

J Nucl Med 2024; 65:962–970
DOI: 10.2967/jnumed.123.267044

Cervical cancer is one of the most common malignancies in
women worldwide (1). According to international guidelines (2,3),
the preferred treatment for patients with locally advanced cervical
cancer (LACC) is definitive cisplatin-based chemoradiotherapy
followed by brachytherapy. However, the disease recurs in one
third of LACC patients, usually within 2 y after chemoradiotherapy,
and the 5-y overall survival is around 70% (4,5). Neoadjuvant
chemoradiotherapy followed by radical surgery is an alternative
strategy, aiming to remove residual tumor that is resistant to
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chemoradiotherapy. It has been shown that persistence of patho-
logic residual tumor predicts poor survival in patients treated with
this approach (6,7).
Recently, there has been growing interest in the extraction and

analysis of a variety of quantitative features from medical images,
including [18F]FDG PET/CT, denoted as radiomics (8–10). In
essence, radiomics comprises the shape, intensity, and textural fea-
tures of the tumor. Shape features describe geometric characteristics
of tumors and provide morphologic characterization of [18F]FDG
uptake within a specified volume of interest (VOI). Intensity fea-
tures describe the intensity signal variations in the tumor volume,
without reference to their spatial distribution. Textural features are
extracted from statistical matrices on the basis of local intensity spa-
tial distribution relationships and reflect tumor [18F]FDG distribu-
tion and, so, its heterogeneity (11). These features could better
predict the histopathologic markers, therapy response, and progno-
sis than could conventional imaging parameters such as SUVmax,
SUVmean, SUVpeak, metabolically active tumor volume, and total
lesion glycolysis (12). Previous studies performed on LACC
patients treated with exclusive chemoradiotherapy have investigated
the use of radiomics derived from pretreatment PET/CT for predict-
ing response to therapy (13–15) as well as survival (15–25). Even
though the results reported are difficult to compare because of the
large variability in methodology and lack of standardization, most
of the studies showed that texture features were significantly predic-
tive of response (13–15) and that the combination of radiomic and
clinical features was significantly predictive of recurrence and sur-
vival (16,17,19,21–23). The aim of our study was to investigate
whether radiomic features extracted from pretreatment [18F]FDG
PET could predict histopathologic tumor response and survival in
LACC patients treated with neoadjuvant chemoradiotherapy fol-
lowed by surgery in comparison with conventional PET parameters
and histopathologic features.

MATERIALS AND METHODS

Patients and Study Protocol
This retrospective study was approved by the Ethical Committee of

Fondazione Policlinico Universitario A. Gemelli–IRCCS (study code
3860), and all subjects gave written informed consent. The medical
records of all consecutive LACC patients who were referred to the
Gynecologic Oncology Unit between July 2010 and July 2016 were
reviewed. Women were included if they were at least 18 y old, under-
went pretreatment [18F]FDG PET/CT, and received neoadjuvant che-
moradiotherapy followed by radical surgery. Additionally, a primary
tumor of at least 2.6 cm in diameter on MRI (available in all patients)
was necessary to allow heterogeneity quantification on PET, which
requires spheric volumes to be larger than 10 cm3 (26). Patients were
excluded if they had distant metastatic disease, prior locoregional sur-
gery, prior chemotherapy, locoregional radiation therapy within 5 y, or
a plasma glucose level of more than 200 mg/dL before the [18F]FDG
PET/CT acquisition.

[18F]FDG PET/CT Image Acquisition
Pretreatment [18F]FDG PET/CT was performed as previously

described (27). Briefly, images were acquired at a median of 65 min
(range, 52–78 min) after intravenous administration of 2.5–4 MBq of
[18F]FDG per kilogram on a Gemini GXL (Philips Healthcare) or Bio-
graph mCT (Siemens Healthineers) PET/CT scanner. A low-dose CT
scan (110–120 kV, 20–40 mAs) and PET scan (2.5–3.0 min per bed
position) were acquired from skull to pelvis according to the European
Association of Nuclear Medicine guidelines (28) and reconstructed in

line with the 18F standard 1 provided by the European Association of
Nuclear Medicine Research Ltd.

Image Analysis
All PET/CT images were reviewed by consensus between 2 nuclear

medicine physicians (with 3 and 8 y of experience), who were masked
to clinical, histopathologic, and follow-up information.

VOIs of the primary tumor were drawn semiautomatically with the
ACCURATE software (29,30) on all PET images using a background-
corrected 50% isocontour of the body-weighted SUVpeak, defined as the
highest SUVmean of a 1-mL sphere within the VOI (31). Areas of high
[18F]FDG uptake close to the primary tumor (e.g., bladder, kidneys,
ureters) were excluded manually when necessary. The conventional
PET parameters SUVmax, SUVmean, SUVpeak, metabolically active
tumor volume, and total lesion glycolysis were extracted from the origi-
nal VOIs. In addition, 477 radiomic features were extracted using
RaCaT 1.27 software (32). Detailed information about the radiomic
features can be found in the supplemental materials (available at http://
jnm.snmjournals.org) (11,30,32).

Neoadjuvant Chemoradiotherapy
Neoadjuvant radiotherapy included whole-pelvis irradiation (10.8

cGy/fraction, 22 fractions) with a total dose of 39.6 Gy, and an addi-
tional dose of 10.8 Gy to the primary tumor and parametrium through
the concomitant boost technique (0.9 cGy/fraction, 12 fractions every
other day). Concomitant chemotherapy included cisplatin (20 mg/m2,
2-h intravenous infusion) during the first 4 d and last 4 d of treatment,
and capecitabine (1,300 mg/m2/daily, orally administered) during the
first 2 wk and last 2 wk of treatment (33).

FIGURE 1. Flowchart of study population.

RADIOMICS IN CERVICAL CANCER % Collarino et al. 963



Surgery and Histopathology
Patients underwent radical hysterectomy plus pelvic with or without

aortic lymphadenectomy. Histopathologic evaluation was performed by
a skilled gynecologic oncologist–pathologist. Histopathology subtype

(squamous cell carcinoma, adenocarcinoma, others), tumor grade, and
pelvic or paraaortic lymph nodes were assessed. Pathologic response
(pR) was defined as complete (absence of any residual tumor after treat-
ment at any site level, pR0) or partial, including microscopic (persistent

TABLE 1
Clinical, Pathologic, and Treatment Characteristics and Oncologic Outcomes of Whole Study Population (n 5 195)

Characteristic Data

Age at diagnosis (y)

Mean 6 SD 516 12

Median 51 (range, 20–77)

Body mass index (kg/m2)* 24.0 (range, 15.6–44.5)

Clinical 2009 FIGO stage (n)

IB2 9 (4.6%)

IIA2 16 (8.2%)

IIB 136 (69.7%)

IIIA 8 (4.1%)

IIIB 26 (13.3%)

Median maximum tumor diameter on MRI (cm) 5 (range, 2.6–11.5)

Histotype (n)

Squamous cell carcinoma 169 (86.7%)

Adenocarcinoma 23 (11.8%)

Others 3 (1.5%)

Tumor grade (n)

G1 7/174 (4.0%)

G2 109/174 (62.6%)

G3 58/174 (33.3%)

pR (n)

Complete response 86 (44.1%)

pR1 (#3mm) 45 (23.1%)

pR2 (.3mm) 64 (32.8%)

Median tumor dimension (mm) 1 (range, 0–80)

Positive pelvic or aortic lymph nodes at histology (n) 24 (12.3%)

Recurrence/progression (n) 61 (31.3%)

Site of recurrence/progression (n)

Local (vaginal/cervical) 3/59 (5.1%)

Regional (pelvic/paraaortic) 16/59 (27.1%)

Distant (upper abdominal/extraabdominal) 25/59 (42.4%)

Local and regional 3/59 (5.1%)

Local and distant 2/59 (3.4%)

Regional and distant 8/59 (13.6%)

Local, regional and distant 2/59 (3.4%)

Cancer-specific death 39 (20.0%)

Median follow-up (mo)† 76.0 (95% CI, 70.7–78.7)

% probability of DFS at 6 y‡ 65.5 (95% CI, 57.9–72.1)

% probability of OS at 6 y‡ 77.1 (95% CI, 69.9–82.9)

*Information available for 194/195 patients.
†Calculated with inverse Kaplan–Meier technique.
‡Calculated with Kaplan–Meier method.
FIGO 5 International Federation of Gynecology and Obstetrics; DFS 5 disease-free survival; OS 5 overall survival.
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tumor foci # 3 mm, pR1) and macroscopic (persistent tumor foci . 3
mm, pR2) residual tumor. pR0 and pR1 were grouped on the basis of
literature results showing similar outcomes in terms of prognosis
(7,33,34).

Follow-up
Patients underwent follow-up visits every 3 mo for 2 y, then every 6

mo from 2 to 5 y, and annually thereafter according to international
guidelines (3). Recurrence or progression was diagnosed through
biopsy or follow-up imaging. Vaginal or cervical recurrence or progres-
sion was classified as local; pelvic or paraaortic, as regional; and upper
abdominal or extraabdominal, as distant (3).

Data Collection and Statistical Analysis
Data were extracted from the patients’ medical records and collected

using the REDCap tool hosted at https://redcap-irccs.policlinicogemelli.
it (35). Study characteristics were presented as number and percentage
or as median and range, as appropriate. Mean 6 SD was also provided
when there was a normal distribution (Shapiro–Wilk test). When neces-
sary for readability, the original radiomic features were linearly trans-
formed by multiplying by powers of 10. An automatic factor analysis
was performed with the FMradio package for R as described by Peeters
et al. (36,37), to identify the latent factors that better represented the
extracted features. Detailed information about the dimensionality reduc-
tion and feature selection can be found in the supplemental materials
(available at http://jnm.snmjournals.org) (36–38). The association of
clinical characteristics, histopathologic parameters, and radiomic fea-
tures with pathologic tumor response, disease-free survival, and overall
survival was made with the Mann–Whitney U or Student t test for con-
tinuous independent variables and the Pearson x2 or Fisher exact test
for nominal variables. Disease-free survival and overall survival were
defined as the time between the date of diagnosis (biopsy) and the date
of the first clinical or imaging detection of recurrence/progression and

cancer-specific death, respectively. Patients who did not experience
these events were censored to the date of last follow-up or death from
any cause. Median follow-up was calculated according to the inverted
Kaplan–Meier technique (39). Conventional and radiomic features were
dichotomized according to receiver-operating-characteristic analysis for
pR and cancer-specific death prediction. Best cutoffs were chosen with
Liu’s method (40). Areas under the curve (AUCs) and 95% CIs were
provided. An AUC of greater than 0.70 was planned for further analy-
ses (41), including logistic and Cox regression analysis for assessing
the role of dichotomized conventional and radiomic features in pR and
survival prediction, respectively (42). As no AUC value reached the
cutoff of 0.7, the expected analysis was no longer done. The full analy-
sis was performed both on the whole population and separately accord-
ing to the PET/CT scanner used. Statistical analyses were performed
using Stata Statistical Software (release 17; StataCorp LLC). Two-
sided tests were used with a significance level set at a P value of less
than 0.05, and no imputation was carried out for missing data.

RESULTS

Patients and Follow-up
The records of 216 women with LACC were reviewed. Among

these, 195 fulfilled the inclusion criteria (Fig. 1). Most patients had
FIGO 2009 IIB stage and histologic grade 2 disease (Table 1).
Squamous cell carcinoma was the most frequent histologic subtype.
After surgery, 67.2% of patients had pR, including pR0 (44.1%)
and pR1 (23.1%); 32.8% had pathologic nonresponse (pR2). Most
patients (87.7%) had negative findings for pelvic and aortic lymph
nodes. With a median follow-up of 76.0mo, 31.3% of patients
experienced recurrence or progression, and 20.0% died of the dis-
ease. Two patients died from other causes: 1 from osteosarcoma
and 1 from myocardial infarction, 81 and 31mo after the cervical
cancer diagnosis, respectively.

[18F]FDG PET/CT
Most [18F]FDG PET/CT images (161/195 patients, 82.6%) were

acquired on the Gemini GXL. Only 32 patients (16.4%) had high-
uptake areas near the primary tumor and required manual correction
of the VOI after semiautomatic delineation.
Data Dimensionality Reduction and Radiomic Feature Selection.

Figure 2 shows the correlations for all radiomic features. Fifty-five
features were retained after performing redundancy filtering. The
Kaiser–Meyer–Olkin value of the final model was 0.9, well above
the minimum threshold. Factor analysis performed on the 55 fea-
tures determined 11 latent factors that explained 76% of the vari-
ance. These factors corresponded best to the following 11 radiomic
features: volume, center of mass shift (CMS), spheric dispro-
portion, flatness, skewness, contrast (2-dimensional [2D] merged
neighborhood gray-tone difference matrix [NGTDM] feature
[contrastNGTDM]), normalized inverse difference moment (NIDM)
(2D averaged gray-level cooccurrence matrix [GLCM] feature
[NIDMGLCM]), first measure of information correlation (FMIC)
(3-dimensional [3D] averaged GLCM feature [FMICGLCM]), nor-
malized zone distance nonuniformity (NZDNU) (3D gray-level dis-
tance zone matrix (GLDZM) feature [NZDNUGLDZM]), coarseness
(3D NGTDM feature [coarsenessNGTDM]), and low-dependence low–
gray-level emphasis (LDLGLE) (3D merged neighborhood gray-
level dependence matrix [NGLDM] feature [LDLGLENGLDM]).
Although CMS did not show the highest loading with one of the

components, it showed the least correspondence to the other com-
ponents and was therefore selected instead of the best-loading fea-
ture for the specific component, that is, large-zone high–gray-level

FIGURE 2. Heat map showing correlations between all radiomic features
(n 5 477). Red 5 high positive correlation; blue 5 high negative correla-
tion; white5 no correlation.
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emphasis (2D merged gray-level size zone matrix feature). A sub-
analysis was conducted on the Gemini GXL PET/CT cohort only
(Supplemental Table 1 provides clinical data), as the sample size of
the Biograph mCT cohort was too limited to perform statistical
analysis separately. Ten features were selected, 5 of which had
already been selected in the whole analysis (NZDNUGLDZM, skew-
ness, contrastNGTDM, coarsenessNGTDM, and FMICGLCM) and 5 of
which were different (area density axis-aligned bounding box,
volume density axis-aligned bounding box, minimum intensity,
large-distance low–gray-level emphasis [3D GLDZM feature], and
gray-level nonuniformity [2D averaged GLDZM feature]).
Radiomic Feature Results. Among conventional features,

SUVmean was statistically significantly higher in patients achieving
pR0–pR1 than in those with pR2 (P 5 0.039), whereas there were
no statistically significant differences in SUVmax, SUVpeak, metaboli-
cally active tumor volume, and total lesion glycolysis values between
the 2 groups of each comparison (Table 2; Supplemental Table 2). In
the inferential analysis of the whole cohort, among radiomic features,
contrastNGTDM was significantly higher in responders than in nonre-
sponders, in patients without recurrence or progression than in those
with recurrence or progression, and in surviving patients than in those
who had died from the disease. The opposite behavior was found for
CMS, NIDMGLCM, and NZDNUGLDZM (Table 2; Supplemental
Table 2). Supplemental Table 3 shows the results of statistical analy-
sis of conventional and radiomic features in the Gemini GXL
PET/CT cohort, with similar findings for SUVmean and the same
radiomic features that were selected in both cohorts. The best cutoffs
for conventional PET and radiomic features according to pR and
cancer-specific death, and the relative AUCs of receiver-operating-
characteristic analysis, are reported in Supplemental Tables 4 and 5
(40). All the AUCs were below 0.70; therefore, according to the
study protocol, no further analysis was performed (Fig. 3).

DISCUSSION

This study explored the role of radiomic features extracted from
pretreatment PET images to predict histo-pR and survival in LACC
patients treated with neoadjuvant chemoradiotherapy followed by
radical surgery. Among conventional PET parameters, SUVmean

was the only discriminator between responder and nonresponder

patients. Surprisingly, higher values were
found in responders. Conversely, Yang et al.
showed that none of the conventional PET
parameters were associated with a signifi-
cant difference between the 2 groups, even
though in this study response assessment
was imaging-based rather than
histopathology-based (14). When applying
PET-derived parameters in clinical practice,
we must consider that [18F]FDG uptake into
tumor cells depends on many factors such
as upregulation of glucose transporters and
hexokinase enzymes, neoangiogenesis, and
other factors, which in turn are related to
tumor aggressiveness and proliferative
activity (27,43). At the same time, many
factors are responsible for intratumoral het-
erogeneity, such as necrosis, cellular prolif-
eration, energy metabolism, oxygenation,
and neoangiogenesis, which have been asso-
ciated with tumor aggressiveness and influ-

ence biologic behavior and treatment response variability (44,45).
Therefore, it is of clinical relevance to explore the biologic signifi-
cance of functional imaging parameters and to evaluate intratumoral
heterogeneity before treatment, thus allowing tailored management
and improvement of outcome.
Among radiomic features, 1 shape and 3 textural features signifi-

cantly differed between responders and nonresponders. The shape fea-
ture selected in our study was CMS, describing the spatial distribution
of low- and high-intensity regions within the VOI; higher values are
expected in nonresponders. The 3 textural features selected were
NIDMGLCM, NZDNUGLDZM, and contrastNGTDM. NIDMGLCM is a
textural feature derived from GLCM matrix measuring the local
homogeneity in the gray-level pattern; therefore, higher values are
expected in responders. NZDNUGLDZM is a textural feature derived
from the GLDZ matrix, measuring the distribution of groups of voxels
with the same gray level and the same distance from the VOI edge.
ContrastNGTDM is a texture feature derived from NGTD matrix
describing the spatial frequency of intensity changes (11). Therefore,
higher values are expected for these 2 latter features in nonresponders.
On the basis of these explanations, the results for CMS and
NZDNUGLDZM were no surprise, as higher values were found in non-
responders, indicating that the patterns of intratumoral [18F]FDG
uptake at baseline would be more heterogeneous at a regional level.
Conversely, NIDMGLCM and contrastNGTDM results were not in line
with expectations. In our series, 3 radiomic features significantly dif-
fered between presence and absence of recurrence or progression and
between presence and absence of cancer-specific death groups. Also
in this case, discrepancies were found. As expected, we observed
higher CMS values in patients with a worse prognosis, whereas
NIDMGLCM and contrastNGTDM values were not as expected.
We chose to dichotomize the conventional and radiomic features

according to receiver-operating-characteristic analysis to retrieve
cutoffs, which are a tool immediately usable by physicians for
incorporating the results into clinical decision-making algorithms.
Indeed, this is one of the major challenges of radiomics. The
AUCs, a measure of predictive performance, were less than 0.70
for all parameters. According to the study protocol, univariate and
multivariate logistic regression analyses were not performed, indi-
cating that no conventional or radiomic features were predictive of
pR and survival.

FIGURE 3. Receiver-operating-characteristics curves according to pR (A) and cancer-specific
death (B).
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Several articles regarding PET radiomics in LACC patients have
been published (Table 3). Just 1 study had a prospective design
(15). Only 3 studies investigated PET radiomic features to predict
response (13–15), whereas most assessed PET radiomic features to
predict outcome (15–25). In most studies, texture features were sig-
nificantly predictive of outcome, mainly progression-free survival
and overall survival. According to Lucia et al., added value might
be derived from the combination of PET and MRI radiomic fea-
tures, as these 2 techniques are currently performed in standard clin-
ical care (20,21). Only the study by Ferreira et al. was in line with
our results, showing that no individual radiomic or clinical features
were significantly associated with cancer recurrence (23). Impor-
tantly, the previous studies show huge variability regarding study
protocol, image acquisition parameters, extraction and reduction of
radiomic features, type of validation methods, and clinical outcome,
affecting the reproducibility and robustness of radiomics (8,46,47)
and emphasizing the need for further standardization of radiomic
research to facilitate direct comparisons. Parallel to these considera-
tions, we believe that our results, albeit negative, might impact cur-
rent and future investigations, with the ultimate goal of exploring
the biologic mechanisms underlying radiomic results (48).
This study had several strengths, the first being the novelty of

using PET radiomic features to predict the pR in LACC patients
undergoing chemoradiotherapy followed by radical surgery. A sec-
ond strength was that the study included the—to our knowledge—
largest cohort of LACC patients with the longest follow-up (13–
25). Another strength was that a fixed-threshold approach was used
to segment the primary tumor, which led to consistent results in the
radiomic characteristics extracted from PET images (49). All fea-
tures were extracted using software (32) that complies with the
guidelines of the Imaging Biomarker Standardization Initiative
(11). In radiomic studies, the problem of multiple testing or multi-
collinearity yields the problem of results that are falsely statistically
significant (38,49). We addressed this problem by performing
dimensionality reduction, leaving only 11 imaging features that
explained most of the variance of our dataset.
This study also had some limitations. The first was its retrospective

nature, like most radiomic studies (13,14,16–25). Second, we chose
not to split our cohort into training and testing (internal validation) sets
because of the limited number of events and the poor-to-moderate
accuracy of the AUCs retrieved (50). We intend to further validate our
findings in an external cohort of patients in a prospective multicenter
study. Third, PET/CT images were acquired using 2 different PET/CT
scanners. Nevertheless, all images were reconstructed in accordance
with the European Association of Nuclear Medicine Research Ltd.
standard (28), which has been shown to harmonize a wide range of
radiomic features (51). Alternatively, when European Association of
Nuclear Medicine Research Ltd.–compliant reconstructions are not
available, radiomic features can be harmonized using ComBat (52).

CONCLUSION

One of the major challenges of radiomics is its incorporation into
clinical decision-making algorithms for routine application. Our
results in LACC patients treated by chemoradiotherapy followed by
surgery indicate that this goal has not yet been reached, as
[18F]FDG PET radiomic features could not predict histopathologic
tumor response and survival up front. In this setting, it is crucial to
further explore the biologic significance of image-derived para-
meters and plan a large, prospective, multicenter study with stan-
dardized protocols for all phases of radiomic analysis (from image

acquisition to tumor segmentation, image processing, feature
extraction and reduction, and model evaluation) to assess the impact
of radiomics on personalized medicine and definitively validate its
use in clinical routine.
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KEY POINTS

QUESTION: Does upfront PET radiomics predict treatment
response and survival in LACC?

PERTINENT FINDINGS: Our retrospective study demonstrated
that no radiomic features extracted from upfront PET/CT could
predict pathologic tumor response or survival in 195 patients with
LACC.

IMPLICATIONS FOR PATIENT CARE: Our negative results
suggest that radiomic implementation in clinical routine is still a
challenge and needs to be addressed by exploring the biologic
significance of image-derived parameters and by performing a
prospective, multicenter study with standardized protocols for all
phases of radiomic analysis.
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Mapping 18F-FDG Kinetics Together with Patient-Specific
Bootstrap Assessment of Uncertainties: An Illustration with
Data from a PET/CT Scanner with a Long Axial Field
of View
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The purpose of this study was to examine a nonparametric approach to
mapping kinetic parameters and their uncertainties with data from the
emerging generation of dynamic whole-body PET/CT scanners. Meth-
ods: Dynamic PET 18F-FDG data from a set of 24 cancer patients stud-
ied on a long-axial-field-of-view PET/CT scanner were considered.
Kinetics were mapped using a nonparametric residue mapping (NPRM)
technique. Uncertainties were evaluated using an image-based boot-
strapping methodology. Kinetics and bootstrap-derived uncertainties
are reported for voxels, maximum-intensity projections, and volumes of
interest (VOIs) corresponding to several key organs and lesions. Com-
parisons between NPRM and standard 2-compartment (2C) modeling
of VOI kinetics are carefully examined. Results: NPRM-generated
kinetic maps were of good quality and well aligned with vascular and
metabolic 18F-FDG patterns, reasonable for the range of VOIs consid-
ered. On a single 3.2-GHz processor, the specification of the bootstrap-
ping model took 140min; individual bootstrap replicates required
80min each. VOI time-course data were much more accurately repre-
sented, particularly in the early time course, by NPRM than by 2C
modeling constructs, and improvements in fit were statistically highly
significant. Although 18F-FDG flux values evaluated by NPRM and 2C
modeling were generally similar, significant deviations between vascu-
lar blood and distribution volume estimates were found. The bootstrap
enables the assessment of quite complex summaries of mapped kinet-
ics. This is illustrated with maximum-intensity maps of kinetics and their
uncertainties. Conclusion: NPRM kinetics combined with image-
domain bootstrapping is practical with large whole-body dynamic
18F-FDG datasets. The information provided by bootstrapping could
support more sophisticated uses of PET biomarkers used in clinical
decision-making for the individual patient.

Key Words: dynamic PET studies; kinetic mapping; image-domain
bootstrap; uncertainty assessment; compartment model

J Nucl Med 2024; 65:971–979
DOI: 10.2967/jnumed.123.266686

High-resolution dynamic whole-body PET scanning enhances
the ability to map metabolic characteristics of tissue, particularly in
the context of cancer. The current focus has been on dynamic PET
studies with 18F-FDG using the well-established Huang–Sokoloff
2-compartment (2C) modeling framework (1–3). Although 2C
modeling has had widespread application in PET imaging, far
beyond the brain setting in which it was developed, the biochemi-
cal understanding of the transporters involved in the metabolism
of 18F-FDG and their distribution across normal and cancerous tis-
sues has evolved in the years since the Huang–Sokoloff construct
was proposed (4–7). The temporal and spatial resolutions of
emerging scanners have transformed the ability to objectively
assess the accuracy of the 2C framework to represent 18F-FDG
time-course data across the diverse tissues encountered in the
human body. In this context, the assessment of 18F-FDG kinetics
based on more flexible nonparametric analysis approaches (8,9)
may be necessary. The most recent implementation of the non-
parametric voxel-level analysis scheme (9) is particularly effi-
cient, largely because of an extensive reliance on quadratic
programming techniques, and its nonparametric aspect provides
an ability to apply an image-domain bootstrapping process for
evaluation of statistical uncertainties in derived kinetic maps and
associated biomarkers (10,11). Uncertainties in diagnostic infor-
mation recovered from PET scans could augment decision-
making for individual patients that is based on complex nonlinear
radiomic metrics derived from a kinetic map.
The volume of data produced by a dynamic 18F-FDG PET study

on a state-of-the-art scanner with a long axial field of view (FOV) is
a practical computational challenge for voxel-level analysis of
kinetics. The bootstrap uncertainty assessment requires that com-
prehensive voxel-level analyses be applied to multiple simulated
datasets, each created to match the full character and extent of the
original data. This significantly adds to the computational challenge
involved.
The work here uses a series of dynamic 18F-FDG data acquired

on a long-axial-FOV scanner (2) to investigate the approach.
Apart from the demonstration of the practical feasibility of
kinetic mapping with uncertainty evaluation, the analysis allows
regional comparisons between nonparametric and 2C modeling
results in terms of both derived kinetics and accuracy of data
representation.
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MATERIALS AND METHODS

An extended materials and methods description is provided in the
supplemental materials (supplemental materials are available at http://
jnm.snmjournals.org) (12).

Patient Scans and Volumes of Interest (VOIs)
The data considered arise from a set of 24 patients with different

types of cancer who participated in an institutionally approved 18F-
FDG PET/CT study at Bern University Hospital (KEK 2019-02,193).
Details of the study were reported previously (2). In summary, PET
scanning was conducted on a Biograph Vision Quadra scanner (Sie-
mens) with a 106-cm axial FOV and a nominal in-plane resolution of
3.3mm in full width at half maximum (13). Data were acquired in list
mode starting 15 s before an intravenous bolus injection of 18F-FDG
(with activity of "3 MBq/kg of patient weight) to the left or right arm,
followed by flushing with 50mL of saline solution. The plasma glucose
level was measured for each patient. Emission data were acquired for
65min and binned into 62 contiguous time frames with durations of
23 10 s, 303 2 s, 43 10 s, 83 30 s, 43 60 s, 53 120 s, and 93 300 s.
Images were reconstructed with a voxel size of 1.653 1.653 1.65mm3.
Low-dose CT scans (voltage, 120kV; tube current, 25mA; CARE
Dose4D and CARE kV [Siemens]) were acquired as part of the examina-
tions. The CT images were reconstructed with a voxel size of
1.523 1.523 1.65mm3.

Automated segmentation algorithms based on CT and PET were
used to define VOIs corresponding to several tissue structures, includ-
ing gray and white matter in the brain, liver, lungs, kidneys, spleen, and
bones (2). A further set of 49 VOIs corresponding to tumor tissue was
identified by an experienced nuclear medicine physician. Finally, a VOI
placed in the descending aorta was used to define the whole-blood arte-
rial input function (AIF) used for kinetic analyses (2). Further scanning
and study protocol details are available in the supplemental materials.

Parametric Imaging Techniques
Tissue Residue and Kinetic Parameters. When the Meier–Zierler

(14) formalism is followed, the analysis assumes the PET-measured
time course for a tissue region is represented as a convolution between
the local AIF, Cp, and the regional tissue residue function. Kinetic para-
meters are defined in terms of this residue (Fig. 1). Large-vessel vascu-
lar blood and distribution volumes (Vb and Vd, respectively) are
evaluated as areas under the tissue residue. The apparent rate of reten-
tion or flux (Ki) of the tracer, measurable by PET over the scan duration,
is the height of the residue at the end of the acquisition period. Also, the
mean transit time of the tracer in the tissue and extraction fraction are
defined as ratios of amplitude and integral measurements. A variety of
approaches might be used to approximate the residue: a nonparametric
method is used here. Patlak analysis uses a constant residue (15). Com-
partmental model forms, for example, the 1-compartment Kety–
Schmidt (16) model for water and the 2C Huang–Sokoloff (17) model
for 18F-FDG in the brain, represent residues by positive linear combina-
tion of exponentials. In the 6-parameter 2C model, there is additive
adjustment for an arterial signal. By adding a sharp residue element to
the 2-exponential form, a Meier–Zierler residue is also available for
this model. This allows residue-defined metabolic parameters for the
extended compartmental model to be evaluated via the decomposition
shown in Figure 1 (18). Supplemental materials provide a review of
how Meier–Zierler residue parameters link with rate constants in the
2C model.
Nonparametric Residue Mapping (NPRM) of Kinetics. NPRM

approximates the voxel-level residue by the positive linear sum-of-
basis elements that have been selected by a cross-validation–guided
analysis of a comprehensive collection of time courses produced by
segmentation of all the available data in the study (10,18). Individual

basis elements are of the form mkðtÞ5
Ð t
0 RkðsÞCpðs2DkÞds for k of 1,

2,… , K. Here, Rk is the basis element residue and Dk is its associated
delay factor. Note that cross validation is used to select the number of
basis elements (K). Given the basis set, PET-measured voxel-level
time-course data over the available set of J time frames,
fzðtjÞ, j51, 2, . . . ,Jg, is expressed as

zðtjÞ5a1m1ðtj2dÞ1 . . .1aKmKðtj2dÞ1єðtjÞ: Eq. 1

Here, d and (a1, a2,… , aK) are the unknown voxel-level delay and basis-
amplitude parameters, respectively, and є (t) represents (random) model
error. A weighted least-squares criterion, with weights proportional to the
product of the frame duration and the decay correction factor used to convert
raw counts to decay-corrected tracer activity, is used for optimization of the
unknown parameters. For any delay, the optimal set of a coefficients is
found by quadratic programming. A crude grid search is used to optimize
delay (10).
Bootstrap Assessment of Uncertainty. Model residuals across N

voxels and J time frames, fziðtjÞ2ẑ iðtjÞ, i51, . . . ,N; j51,2, . . . ,Jg, are
used to construct an image-domain data generation process (DGP) for
bootstrapping. The DGP generates data according to

z$i ðtjÞ5ẑ iðtjÞ1є$i ðtjÞ, Eq. 2

where ẑðtjÞ5â1m1ðtj2d̂Þ1 . . .1âKmKðtj2d̂Þ and the simulated error pro-
cess, e*, mimic the stochastic character of analysis residuals. Analysis of
bootstrapped datasets arising from the DGP leads to a set of bootstrapped
kinetic parameter values at each voxel. The SD of these values estimates the
voxel-level SE of the kinetic parameter. Similarly, the SEs for more com-
plex quantities, such as the maximum-intensity projection (MIP) for a
kinetic map, are created as the SD of the bootstrapped MIPs of the kinetic
parameter (Fig. 2). Numeric studies (10,11) have shown that image-domain
DGP bootstrapping matches the accuracy of the much more computationally
intensive list-mode bootstrapping approach of Haynor andWoods (19).

The number of bootstrap simulations impacts the accuracy of the
SEs it produces (20); this is discussed in the supplemental materials.

Statistical Analysis
NPRM kinetic analysis with 25 bootstrapped simulations is evalu-

ated for each of the studies in the series. Results are examined in 4 sepa-
rate ways. Technical details with formulas are in the supplemental
materials.
Representation of VOI Time-Course Data. Mean VOI time-

course data are compared with the corresponding mean VOIs of the
fitted voxel-level time courses, ẑðtjÞ, in Equation 2. Mean VOI time-
course data are also analyzed using the nonparametric model and the
Huang–Sokoloff 2C model including a fractional Vb and delay of the

FIGURE 1. Meier–Zierler tissue residue (R) with decomposition into vas-
cular (Rb), in-distribution (Rd), and extracted (Re) components. Decomposi-
tion was used to define indicated metabolic parameters. MTT 5 mean
transit time; Ext5 extraction fraction.
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AIF. To facilitate fitting, a wide range of delays of65min is allowed in
the NPRM and 2C analysis of the VOI time-course data. The Broyden–
Fletcher–Goldfarb–Shanno algorithm as implemented in the optim
function in R (R Foundation for Statistical Computing) is used for opti-
mization of the 2C model; more details are shown in the supplemental
materials and Supplemental Figure 1.

Results of alternative analyses for a sample case are presented graph-
ically. Formal comparisons are focused on the weighted-residual-sums-
of-squares misfit achieved with alternative analyses. The mean relative
difference between alternative representations of VOI time-course data
and the associated SD is evaluated for each VOI type considered.
VOI Kinetics. Means and SDs of VOI-averaged NPRM kinetics are

reported for each VOI type. Kinetics based on nonparametric and 2C
analyses of VOI mean time-course data are similarly summarized.
Deviations between alternative VOI kinetic values are summarized, and
their statistical significance is evaluated using the pairedWilcoxon test.
DGP Model. The bootstrap DGP is expressed in more detail as

z$i ðtjÞ5ẑ iðtjÞ1ŝeĉ iŵ jє
$
i ðtjÞ, Eq. 3

where the random errors, є$i ðtÞ, are in units of SD and ŝe is an overall scale
of the model error. In Equation 3, the factors ĉ i and ŵ j are scale-free quanti-
ties representing the relative uncertainty across voxels (i) and time frames
(j). As the PET-measured activity scales with dose, the DGP error scale (ŝe)
should also scale with dose; this is examined graphically. The overall axial
pattern variation is described by the scale factor ĉ i. In a uniform cylindric
phantom, this has a familiar U-shaped pattern related to scanner sensitivity
(10). With a patient in the scanner, the distribution of activity and attenua-
tion is far from uniform. Physiologic patient motions, such as breathing,
may also impact axial variation. Skewness is a key feature of iteratively
reconstructed PET data. A histogram of scaled residuals shows how the
DGP captures this aspect. After adjustment for spatial scale factors, the
3-dimensional power spectrum of the normalized residual process provides
insight into the effective resolution of the scanning. Coordinatewise auto-
correlation functions associated with the spectrum give insight into the
actual resolution of the scanner. Again, physiologic movements may well

lead to the actual resolution’s deviating from
what might be predicted on the basis of static
phantom measurements.
SEs of VOI Kinetics. In theory, uncer-

tainty in parameters recovered by kinetic
model fitting should be proportional to the
scale of the residual model error, but it may
also be a function of the relevant sensitivity
matrix for the model. We examine the relation
between the bootstrap assessment of mean
VOI kinetic SEs and suitable explanatory fac-
tors including the weighted-residual-sums-of-
squares fit of the VOI and the mean VOI
kinetic values. For each kinetic parameter,
linear regression analysis on a logarithmic SE
scale is applied. Adjustment of this regression
analysis based on the VOI type and the kinet-
ics are explored. Regression predictions of
SEs are graphically compared with the true.
Correlation values are also summarized.

RESULTS

Illustration
Sample kinetic MIP maps with associ-

ated SEs obtained using the NPRM tech-
nique and bootstrapping are shown in
Figure 2. A video of all coronal MIP maps
is provided as Supplemental Video 1. Note
that the dataset is the same as that used in a

previous report (2). The results are of high quality and are well
aligned with the vascular and metabolic 18F-FDG patterns expected
for key organ structures such as the brain, liver, kidneys, spleen,
etc. (2). The uncertainties of Vb, Vd, distribution flow (Kd), and Ki

are generally higher for regions with larger magnitudes for the
kinetic variable. This is perhaps related to the fact that these para-
meters, which are linear functions of the fitted voxel-level residue,
ultimately scale with the magnitude of the time-course data. Mean
transit time and extraction fractions deviate somewhat from this
pattern. This is likely to be related to the fact that both the mean
transit time and extraction fraction are defined in terms of ratios of
the Vd, Kd, and Ki variables and, as a result, do not necessarily scale
with the scale of the voxel time course. The large blood vessels are
seen to impact the structure of the MIP uncertainty for several para-
meters. The algorithms developed allow kinetic mapping, including
the bootstrapping process, to be achieved in a timely fashion. On a
single 3.2-GHz processor, the compute time for the NPRM kinetic
analysis including the definition of the DGP is 140min; each boot-
strap replicate took 80min.

Statistical Analysis
Representation of VOI Time-Course Data. The full time course

as well as the time course over the first minute of data acquisition
are shown in Figure 3. Average VOI time-course data are fit directly
using the nonparametric and 2C models; averages of voxel-level
fits are also provided. This gives a reference to the results reported
previously (2). Although the 2C fitting of some VOIs is reasonable,
for example, gray and white matter, there are clearly some VOIs
where 2C modeling is substantially inferior (e.g., kidney, liver,
bone, and bladder). The data fit achieved by the VOI averaging of
the voxel-level nonparametric fit is quite good overall and espe-
cially over the first 1min of acquisition. However, it is important to
appreciate that almost half of the total number of frames occur in

FIGURE 2. MIP maps of NPRM kinetic parameters and associated SE. SEs are based on SD of
MIP results for each of 25 bootstrap replications. Top row shows CT images for selected cross sec-
tions through volume and PET MIP maps at indicated times. K 5 9 basis elements were determined
for data by NPRMmethodology. MTT5 mean transit time; Ext5 extraction fraction.
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the first 80 s. For this example, over the first minute, differences
between the VOI average of the voxelwise 2C fits and the fit of the
2C model to the mean of the VOI time-course data are quite pro-
nounced. In contrast, differences between the corresponding non-
parametric fits are much smaller.
Quantitative summaries of the nonparametric fitting of VOI time-

course data and comparisons with direct analysis of the mean VOI
time-course data using nonparametric and 2C analysis are presented in
Table 1. Although values from the weighted-residual-sums-of-squares
fit for VOIs are similar based on the VOI average of voxel-level non-
parametric fits or by direct fitting of the VOI time-course data, there is
a marked increase in weighted-residual-sums-of-squares fits when the
VOI time course is approximated using the best-fitting 2C model. VOI
time-course fitting by the nonparametric model is consistently
improved by averaging voxel-level nonparametric fits; the percent
improvement is a modest 50%. VOI time-course fitting by the 2C
model is substantially worse than the nonparametric fitting. The mean
percent improvement here is almost 390%.
VOI Kinetics. VOI kinetics are reported in Table 2. Statistically

significant deviations between the kinetics recovered by alternative
methods are largely linked to early time-course parameters (Fig. 1),

particularly for Vb. Deviations between voxel-averaged parameters
and values recovered from nonparametric and 2C analysis of the
VOI time course are much smaller for nonparametric analysis than
for 2C analysis. However, it is noteworthy that, for most VOIs, Ki

is quite similar in magnitude across all 3 analyses. This might be
because flux is a late-time-course parameter (Fig. 1), and alternative
methods fit the late time course quite similarly (Fig. 3).
DGP Model. Figure 4 and Supplemental Figure 2 show an

expected linear relation between the scale of the DGP and study
dose; the linear correlation of 0.68 is highly significant. The axially
averaged spatial scale of the DGP increases toward the top and bot-
tom of the patient in the FOV. As expected, the increased scale is
not just a function of the nominal sensitivity but is clearly impacted
by patient-specific factors including the varying uptake, attenuation,
and perhaps any impacts of small patient movements. The skewed
nature of random fluctuations in the DGP model, which vary on the
basis of the data coefficient of variation, are fully consistent with pat-
terns for iteratively reconstructed PET data (10,21). The full width at
half maximum of the autocorrelation functions in each direction is on
the order of 2–3mm. The coordinatewise autocorrelation functions
show greater spatial persistence in the x (perpendicular to scanning
bed) and z (axially) directions (Supplemental Fig. 3). This could align
with involuntary patient movements during scanning.
SEs of VOI Kinetics. SEs of VOI kinetics (voxel-level nonpara-

metric) are well approximated using a log-linear model that
accounts for the VOI type, the VOI mean kinetics, and the residual
weighted root mean square error of the voxel-level nonparametric
fit of the VOI time course (Fig. 5; Supplemental Fig. 4). The overall
correlation between the bootstrap-measured SE and the SE values
predicted by log-linear modeling is 0.96, which is also quite high
for individual kinetic parameters.

DISCUSSION

This work demonstrates the practicality of using image-domain
bootstrapping for the construction of patient-specific uncertainty
assessment in kinetics variables for voxel, VOI, and more complex
derived quantities such as MIPs from a whole-body dynamic 18F-
FDG PET study. This development creates an opportunity to

FIGURE 3. Results of alternative fitting of VOI data used in Figure 2.
Data are points, and line colors correspond to methods used. Full time
course is on left; first minute is on right. GM5 gray matter; NP5 nonpara-
metric; WM5 white matter.

TABLE 1
VOI Time-Course Fitting Across 24 Studies

Region Size (3103 voxels)* Voxel-NP VOI-NP VOI-2C Voxel-NP vs. VOI-NP Voxel-NP vs. VOI-2C

GM 122.56 23.3 0.0260.06 0.046 0.14 0.0960.26 356 50 1616 216

WM 18.86 7.0 0.0260.04 0.026 0.02 0.0660.20 256 32 1416 117

Lung 434.56 124.2 0.0660.27 0.086 0.69 0.1060.29 706 76 4486 690

Liver 233.06 66.1 0.0860.08 0.076 0.08 0.5560.30 466 39 8656 453

Spleen 42.86 48.5 0.1060.11 0.116 0.16 0.1360.09 696 40 646 87

Kidney 40.56 10.7 0.2760.26 0.356 0.56 1.8361.29 836 45 8806 576

Bladder 234.96 81.6 0.0460.10 0.076 0.77 3.2563.04 8876 783 18,2666 14,809

Bones 306.26 82.7 0.00260.003 0.0026 0.003 0.00760.01 356 23 3276 206

Tumor 2.56 7.4 0.2160.25 0.236 0.51 0.6763.77 286 31 2316 250

*1 voxel 5 1.6531.653 1.65mm3.
Mean 6 SD of weighted residual sums of squares (WRSS) deviations between VOI time course and VOI average of voxelwise (voxel-

NP), direct NP (VOI-NP), and 2C (VOI-2C) fits are shown. Last 2 columns show mean 6 SD of percent deviations between WRSS of voxel-
NP and VOI-NP fits and also between voxel-NP and VOI-2C values.

GM 5 gray matter; WM 5 white matter.
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incorporate uncertainty about a PET-derived kinetic biomarker that
might be used to guide a clinical decision for a patient. This could
be particularly helpful in cases where the biomarker value is close
to a boundary between alternative treatment options.
Bootstrap reliability depends both on the number of bootstrap

simulations (NB) used and on the accuracy of the representation of
the data used in the DGP (20). Computational resources dictate the
choice of NB. The results here are based on just an NB of 25, but for
the data in Figure 2, a 4-fold increase in NB leads to little qualitative
change in derived voxel-level SE (Supplemental Fig. 5). Table 1
clearly demonstrates the benefit of using a nonparametric methodol-
ogy in the DGP. Relative to the well-established 2C 18F-FDG
model, substantial and highly significant improvements in data rep-
resentation are achieved using the nonparametric approach. These
benefits are mostly associated with the ability of the nonparametric

technique to capture the highly resolved early time-course pattern
of data from the current generation of PET scanners. The generally
more modest deviations between nonparametric and 2C fits beyond
the early time period, say after 1min, suggest that the deficiencies
in the 2C model may primarily relate to the lack of sophistication in
the representation of the vascular components of blood–tissue
exchange (22). The high temporal resolution of the scans here, as
well as the use of a bolus injection, contributes to the ability to scru-
tinize the 2C model in ways that have likely not been possible in the
past. The VOIs here are large and heterogeneous—far from the
assumption of homogeneous well-mixed compartments that
underly the 2C model. However, it is notable that our previous
work (23) reported significant discrepancies between 2C and non-
parametric representation of dynamic 18F-FDG brain data in
healthy subjects using much smaller and highly homogeneous

TABLE 2
VOI Kinetics Recovered Using Different Methodologies

Method Region Vb (mL/g) Vd (mL/g) Kd (mL/min/g) Ki (mL/min/100g) MTT (min) Ext (%)

Voxel-NP GM 0.0560.01 0.886 0.26 0.166 0.03 3.016 0.81 5.806 1.64 18.386 5.18

WM 0.0360.01 0.646 0.27 0.106 0.03 1.096 0.33 6.616 2.04 12.306 4.12

Lung 0.1860.04 0.096 0.03 0.036 0.01 0.076 0.04 3.176 0.77 3.176 1.82

Liver 0.0960.04 0.866 0.08 0.546 0.11 0.236 0.08 1.776 0.41 0.576 0.38

Spleen 0.2160.09 0.426 0.09 0.416 0.14 0.236 0.16 1.396 0.54 1.146 2.09

Kidney 0.2560.07 1.206 0.34 0.496 0.11 0.426 0.25 2.626 0.60 1.226 0.97

Bladder 0.0060.01 0.546 0.32 0.046 0.03 1.466 1.13 6.736 2.85 19.116 11.36

Bones 0.0360.02 0.226 0.07 0.086 0.02 0.276 0.08 3.546 0.79 4.666 1.32

Tumor 0.0860.05 0.656 0.38 0.196 0.08 2.336 1.59 3.626 1.57 12.936 6.44

VOI-NP GM 0.0460.01* 0.586 0.16* 0.136 0.03* 3.256 0.89* 4.536 1.19* 20.136 5.42

WM 0.0260.01* 0.586 0.31† 0.096 0.03 1.106 0.38 5.996 2.25† 10.966 4.37

Lung 0.1760.04† 0.086 0.03‡ 0.036 0.02 0.086 0.04† 2.436 0.65* 2.666 1.48

Liver 0.0560.04* 0.836 0.07‡ 0.536 0.13 0.286 0.08* 1.646 0.39* 0.576 0.24

Spleen 0.1860.09† 0.396 0.11‡ 0.466 0.17‡ 0.296 0.19* 0.916 0.22* 0.866 1.38‡

Kidney 0.2360.08 1.196 0.37 0.516 0.15 0.306 0.26‡ 2.466 0.82 0.626 0.51*

Bladder 0.0060.01* 0.446 0.29† 0.036 0.03* 1.616 1.21† 13.856 11.15* 33.876 26.48*

Bones 0.0160.01* 0.176 0.08* 0.086 0.03 0.296 0.07* 2.246 0.50* 3.806 0.90†

Tumor 0.0760.04* 0.456 0.34* 0.186 0.09‡ 2.486 1.62* 2.626 1.59* 13.276 7.68

VOI-2C GM 0.0360.01* 0.566 0.23 0.096 0.02* 3.126 0.87† 5.916 1.71‡ 26.416 6.41*

WM 0.0260.01* 0.556 0.16 0.056 0.01* 1.136 0.32 11.006 3.23* 18.656 4.48*

Lung 0.1560.04* 0.096 0.03‡ 0.046 0.01† 0.076 0.04‡ 1.186 1.44* 1.706 0.83*

Liver 0.0260.01* 0.886 0.09* 0.536 0.13 0.236 0.08* 1.686 0.33 0.456 0.21*

Spleen 0.1160.05* 0.496 0.12* 0.616 0.18* 0.216 0.21* 0.736 0.32* 0.696 1.97*

Kidney 0.1560.05* 1.256 0.36‡ 0.426 0.11† 0.216 0.22‡ 2.816 1.18‡ 0.526 0.54

Bladder 0.0060.00 0.056 0.10* 0.016 0.02* 1.636 0.95 1.666 5.36* 86.896 29.33*

Bones 0.0060.00* 0.206 0.06† 0.086 0.03 0.266 0.07* 2.656 0.65* 3.536 0.94‡

Tumor 0.0560.05* 0.346 0.19 0.176 0.10 2.386 1.50‡ 1.806 1.26† 16.836 18.38

*P , 0.001.
†P , 0.01.
‡P , 0.05.
MTT 5 mean transit time; Ext 5 extraction fraction; voxel-NP 5 VOI-averaged voxel kinetics; GM 5 gray matter; WM 5 white matter;

VOI-NP 5 VOI time course kinetics obtained by NP; VOI-2C 5 VOI time-course kinetics obtained by 2C.
Values are mean 6 SD.

BOOTSTRAPPED KINETICS OF DYNAMIC PET DATA % Wu et al. 975



VOIs. Similar to what is reported in Table 2 for gray and white mat-
ter, the discrepancies primarily impact the accuracy of the initial
phase of the 18F-FDG tissue residue—Vb especially—but have
much less impact on several other variables including flux and Vd.
However, statistically significant differences between voxel non-
parametric and VOI 2C parameters do not imply that parameters are
unrelated. For example, Figure 6 and Supplemental Figure 6 show
pairwise plots and summary correlations for the 18F-FDG metabolic
rate (MR) flux scaled by the plasma glucose in Equation 4. The strong
linear dependence in Figure 6 emphasizes the importance of differenti-
ating statistical and practical significance. Calculated Ki based on non-
parametric or 2C analysis would likely yield similarly effective
diagnostic values. Indeed, it is well appreciated that even simpler
assessments of 18F-FDG flux by Patlak analysis and SUV are also
highly effective.
The nonparametric technique here uses a linear basis, but the

structure and number of elements involved are adapted to the full
4-dimensional dynamic data and guided by cross validation to

prevent overfitting (10). The accuracy and stability of a kinetic
mapping procedure are best evaluated numerically, which was
reported previously (24)—studies based on a 2-min constant infu-
sion injection of 18F-FDG and a temporal sampling protocol in
which the shortest time frames were 20 s in duration, providing
mean-square-error performance characteristics of NPRM and 2C
kinetic mapping of 18F-FDG PET data as a function of the study
dose and as a function of whether the underlying ground truth is
governed by a compartmental model or not. In this study, the accu-
racy of the flux is largely unaffected by whether a 2C or an NPRM
mapping technique is used. Across other kinetic variables, when the
ground truth is noncompartmental, the NPRM approach is much
better. Remarkably, when the ground truth is a 2C model, the
NPRM continues to outperform the 2C approach, especially for
variables such as Vb and Vd. Further study of the mean-square-error
performance would clearly be useful, particularly in settings where
the ground truth, study protocol, and scanning methods are similar
to those encountered with the current generation of whole-body
18F-FDG PET studies.
VOI values of 3 variables, FDG metabolic rate (MRFDG), distri-

bution volume (DV), and vascular blood flow (BF), are compared
with literature reports. Each variable is directly obtained by simple
scaling of our summary kinetic values: Ki, Vd, and Vb.

MRFDG5mglcKi; DV5Vd; BF5
Vb

t$=2
: Eq. 4

Here, mglc is the plasma glucose concentration and t* is the value
used to define the vascular component in the decomposition of the
Meier–Zierler residue in Figure 1. In a cancer setting, 18F-FDGMR
is by far the most clinically important of these variables. Note that
we do not try to use 18F-FDG as a means to evaluate the glucose
MR, as described in Phelps et al. (17). Barrio et al. (6) expressed
considerable doubt on the ability to do this in the context of cancer
applications. Consideration of the Vb variable is motivated by

FIGURE 4. Bootstrap DGP from Equation 2: DGP scale (ŝe) vs. injected
dose per unit tissue voxel (A), axially averaged scale (B), error distribution
(histogram) with comparison to standard gaussian (purple line) (C), and
box plot of directional (x, perpendicular to scan table; z, axial) autocorrela-
tion function (ACF) across all studies (D).

FIGURE 5. Prediction of VOI kinetic SEs (vertical axis) via log-linear
model prediction (ŜE, horizontal axis) formula indicated. Correlation for
logarithmic SE value is 0.96 and for raw scale is 0.88. WRSS 5 weighted
residual sums of squares; Ext5 extraction fraction.

FIGURE 6. Overall relation between 18F-FDG MR Ki computed using
nonparametric (NP) voxel (horizontal axis) and 2C (vertical axis) analysis.
Best-fit linear regression is shown as solid line.

976 THE JOURNAL OF NUCLEAR MEDICINE % Vol. 65 % No. 6 % June 2024



T
A
B
LE

3
C
om

p
ar
is
on

w
ith

Li
te
ra
tu
re

V
al
ue

s
fo
r
1
8
F-
FD

G
M
R
,V

d
,a

nd
V
b
in

D
iff
er
en

t
Ti
ss
ue

s
fr
om

E
q
ua

tio
n
4

P
ar
am

et
er

M
et
ho

d
G
M

W
M

Lu
ng

Li
ve

r
S
p
le
en

K
id
ne

y
B
on

es

1
8
F-
FD

G
M
R

(m
m
ol
/1
00

g/
m
in
)

V
ox

el
-N

P
18

.5
4
6

6.
81

6.
66

6
2.
44

0.
42

6
0.
31

1.
40

6
0.
53

1.
40

6
0.
94

2.
52

6
1.
51

1.
63

6
0.
63

V
O
I-
2C

*
18

.9
8
6

7.
18

6.
83

6
2.
26

0.
43

6
0.
32

1.
38

6
0.
47

1.
08

6
1.
24

1.
19

6
1.
43

1.
58

6
0.
55

20
.2
6
6

6.
14

7.
17

6
2.
09

0.
47

6
0.
35

1.
39

6
0.
89

1.
39

6
0.
83

1.
98

6
2.
20

1.
72

6
0.
63

22
.2
2
6

2.
71

7.
60

6
1.
58

0.
60

6
0.
42

5.
22

6
2.
67

9.
40

6
4.
57

9.
15

6
6.
44

1.
34

6
0.
46

17
.4
6
[1
1.
68

–
27

.6
1]

6.
03

[4
.0
2–

9.
53

]
0.
35

[0
.0
3–

1.
74

]
2.
02

[0
.7
4–

4.
35

]
2.
45

[1
.1
8–

15
.3
0]

3.
81

[0
.0
8–

7.
95

]
3.
69

[1
.0
8–

9.
09

]

V
d
(m

L/
g)

V
ox

el
-N

P
0.
88

6
0.
26

0.
64

6
0.
27

0.
09

6
0.
03

0.
86

6
0.
08

0.
42

6
0.
09

1.
20

6
0.
34

0.
22

6
0.
07

V
O
I-
2C

†
0.
56

6
0.
23

0.
55

6
0.
16

0.
09

6
0.
03

0.
88

6
0.
09

0.
49

6
0.
12

1.
25

6
0.
36

0.
20

6
0.
06

0.
62

6
0.
56

0.
67

6
0.
22

0.
26

6
0.
06

0.
98

6
0.
15

0.
63

6
0.
14

1.
44

6
0.
55

0.
23

6
0.
10

0.
81

[0
.1
4–

1.
41

]
0.
46

[0
.1
5–

0.
87

]
0.
15

[0
.0
2–

0.
28

]
0.
84

[0
.4
4–

1.
26

]
0.
58

[0
.1
0–

1.
12

]
0.
96

[0
.3
3–

1.
41

]
0.
31

[0
.0
4–

0.
51

]

V
b
(m

L/
m
in
/g
)

V
ox

el
-N

P
0.
43

6
0.
11

0.
24

6
0.
08

1.
41

6
0.
32

0.
73

6
0.
34

1.
70

6
0.
74

1.
99

6
0.
58

0.
22

6
0.
12

V
O
I-
2C

0.
26

6
0.
04

0.
13

6
0.
04

1.
16

6
0.
34

0.
14

6
0.
07

0.
85

6
0.
42

1.
22

6
0.
38

0.
03

6
0.
02

0.
59

6
0.
11

(3
2)

0.
20

6
0.
04

(3
2)

1.
40

6
0.
30

(3
3)

1.
11

6
0.
34

(3
4)

1.
92

6
0.
76

(3
5)

1.
74

6
0.
44

(3
5)

0.
18

6
0.
03

(3
6)

0.
41

6
0.
11

(3
7)

0.
22

6
0.
04

(3
7)

1.
21

6
0.
32

(3
8)

1.
78

6
0.
56

(3
9)

1.
68

6
0.
12

(4
0)

1.
57

6
0.
60

(4
1)

0.
18

6
0.
05

(4
2)

*R
ef
er
en

ce
s
2,
4,
27

,3
0,
31

.
†
R
ef
er
en

ce
s
2,
27

.
G
M

5
gr
ay

m
at
te
r;
W
M

5
w
hi
te

m
at
te
r;
V
ox

el
-N

P
5

V
O
I-
av

er
ag

ed
vo

xe
lk

in
et
ic
s;

V
O
I-
2C

5
V
O
It
im

e
co

ur
se

ki
ne

tic
s
ob

ta
in
ed

b
y
2C

an
al
ys

is
.

D
at
a
ar
e
m
ea

n
6

S
D
,o

r
m
ed

ia
n
fo
llo

w
ed

b
y
ra
ng

e
in

b
ra
ck

et
s.

BOOTSTRAPPED KINETICS OF DYNAMIC PET DATA % Wu et al. 977



interest in deriving potentially useful additional diagnostic informa-
tion related to tissue vascularity from 18F-FDG (1,25,26). There is
no intention of questioning PET 15O-H2O as the gold standard for
Vb determination. Our Vb formula is an application of the central
volume theorem (14) based on an assumed mean transit time in the
vasculature of t*/2 (here, 7.5 s) for the collection of tracer atoms
whose tissue transit time in the local voxel is less than 15s.
Table 3 compares the VOI averages of 3 variables to those in the

literature. For 18F-FDG MR and Vd, the values are seen to be in the
range reported using 2C and Patlak analyses (27). Vb values are
compared with those in reports based on PET 15O-H2O and
dynamic susceptibility contrast MR techniques. The results for the
NPRM approach are remarkably similar to those in the literature,
particularly given that the study group here is older and unhealthy
(28). Further examination of the Vb variable could be merited. Via-
bility of conducting PET 15O-H2O on this scanner was previously
demonstrated (29). Note that some of the deviation in Table 3 may
be related to scaling differences between the use of whole-blood
activity as an AIF (like ours) and other analyses that used the arte-
rial plasma activity time course as an AIF.
Although our focus has been on parameters that have tradition-

ally been used to quantify 18F-FDG PET dynamics, the nonpara-
metric technique provides a possibility to also evaluate a summary
of the arrival pattern of 18F-FDG at the voxel level. A sample
amplitude-weighted average of voxel-level basis element delay as
shown in Equation 1 is shown in Figure 7. There is early arrival of
the signal to the lung and much more delayed arrival to the bladder
and more peripheral regions (1). More detailed consideration of the
18F-FDG arrival pattern may be worthwhile.

CONCLUSION

NPRM kinetic analysis together with bootstrap assessment of
uncertainty is practically feasible in the context of large-scale long-
axial-FOV 18F-FDG PET data. This provides an ability to incorpo-
rate patient-specific uncertainty measures of kinetic biomarkers
recovered from dynamic PET to support clinical decisions.
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KEY POINTS

QUESTION: Is it feasible to map kinetics together with uncertainty
in long-axial-FOV dynamic 18F-FDG PET studies?

PERTINENT FINDINGS: NRPM analysis together with image-
domain bootstrapping is a suitable methodology for mapping
kinetics.

IMPLICATIONS FOR PATIENT CARE: The ability to derive uncer-
tainties in complex kinetic biomarkers could enhance patient-
specific decision-making for guiding treatment of cancer patients.
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A Deep-Learning–Based Partial-Volume Correction Method
for Quantitative 177Lu SPECT/CT Imaging
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With the development of new radiopharmaceutical therapies, quanti-
tative SPECT/CT has progressively emerged as a crucial tool for
dosimetry. One major obstacle of SPECT is its poor resolution, which
results in blurring of the activity distribution. Especially for small
objects, this so-called partial-volume effect limits the accuracy of
activity quantification. Numerous methods for partial-volume correc-
tion (PVC) have been proposed, but most methods have the disadvan-
tage of assuming a spatially invariant resolution of the imaging
system, which does not hold for SPECT. Furthermore, most methods
require a segmentation based on anatomic information.Methods:We
introduce DL-PVC, a methodology for PVC of 177Lu SPECT/CT imag-
ing using deep learning (DL). Training was based on a dataset of
10,000 random activity distributions placed in extended cardiac–torso
body phantoms. Realistic SPECT acquisitions were created using the
SIMIND Monte Carlo simulation program. SPECT reconstructions
without and with resolution modeling were performed using the
CASToR and STIR reconstruction software, respectively. The pairs of
ground-truth activity distributions and simulated SPECT images were
used for training various U-Nets. Quantitative analysis of the perfor-
mance of these U-Nets was based on metrics such as the structural
similarity index measure or normalized root-mean-square error, but
also on volume activity accuracy, a newmetric that describes the frac-
tion of voxels in which the determined activity concentration deviates
from the true activity concentration by less than a certain margin. On
the basis of this analysis, the optimal parameters for normalization,
input size, and network architecture were identified. Results: Our
simulation-based analysis revealed that DL-PVC (0.95/7.8%/35.8%
for structural similarity index measure/normalized root-mean-square
error/volume activity accuracy) outperforms SPECT without PVC
(0.89/10.4%/12.1%) and after iterative Yang PVC (0.94/8.6%/15.1%).
Additionally, we validated DL-PVC on 177Lu SPECT/CT measure-
ments of 3-dimensionally printed phantoms of different geometries.
Although DL-PVC showed activity recovery similar to that of the itera-
tive Yang method, no segmentation was required. In addition,
DL-PVC was able to correct other image artifacts such as Gibbs ring-
ing, making it clearly superior at the voxel level. Conclusion: In this
work, we demonstrate the added value of DL-PVC for quantitative
177Lu SPECT/CT. Our analysis validates the functionality of DL-PVC
and paves the way for future deployment on clinical image data.

Key Words: image processing; SPECT/CT; deep learning; Monte
Carlo simulation; dosimetry; partial-volume correction
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Quantitative SPECT/CT has become the method of choice to
spatially resolve activity distributions for the dosimetry of radio-
pharmaceutical therapies. One of the most important radionuclides
used today is 177Lu (1,2). Mainly because of its nonperfect collima-
tion and the resulting relatively poor spatial resolution (1–2 cm for
177Lu and medium-energy collimation (3)), 177Lu SPECT imaging
reaches its limitations for small structures such as lesions or small
organs (4). When activity quantification is based on volumes of inter-
est, poor spatial resolution leads to spatial allocation uncertainty,
which is referred to as partial-volume effect. For many imaging
modalities, the acquired activity distribution can be described in
good approximation by a convolution of the true activity distribution
with the point-spread function of the imaging system. Since this
approximation holds for PET, several techniques for partial-volume
correction (PVC) of PET have been proposed (5). However, the fun-
damental problem for transferring such methodology to SPECT is
that the poor spatial resolution of gamma cameras inevitably leads
to information loss. Hence, purely data-driven methods, such as reso-
lution modeling during reconstruction (resolution recovery [RR]) (6)
or postreconstruction deconvolution, will never result in partial-
volume effect–free activity concentration estimates. Accordingly,
some form of prior information has to be supplied, as performed, for
example, in the iterative Yang technique for postreconstruction
PVC (5), an enhancement of the Yang method (7). Iterative Yang
PVC (IY-PVC) uses prior knowledge about the spatial resolution to
fold the activity back into an estimated mask of active volume. For
practical implementation of PVC methods, a spatially invariant
point-spread function is often assumed for the sake of simplicity,
which approximately holds true for PET imaging. For SPECT,
however, this may introduce substantial errors, as the spatially vari-
ant SPECT resolution cannot be well approximated by a single
value (3). Furthermore, the exact distribution of radiopharmaceuti-
cals in the structures under investigation is typically unknown and
can be only roughly estimated from morphologic imaging such as
CT. When the active regions cannot be properly defined on the basis
of morphologic imaging, substantial errors may be introduced.
In recent years, convolutional neural networks have demonstrated

their tremendous potential in medical image processing. In the field
of SPECT imaging, convolutional neural networks have been used
for automated segmentation (8), CT-free attenuation correction (9),
acceleration of SPECT imaging (10,11), and denoising (12). In addi-
tion, deep learning (DL) techniques have recently been used for PVC
(13,14). Xie et al. (13) trained a neural network to perform IY-PVC
without the need for segmentation using uncorrected SPECT images
as input and images corrected with IY-PVC as target. As mentioned
above, however, the prior knowledge used to train the network can
introduce systematic errors. Li et al. (14) proposed a DL-based
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enhancement of dose calculations. More specifically, they used
[68Ga]Ga-DOTATATE PET/CT patient data as ground truth to
reduce the partial-volume effect in [177Lu]Lu-DOTATATE
SPECT/CT–based absorbed dose distributions. Although the
method was shown to enhance the dose maps, it works only under
the assumption that the distribution of radiopharmaceutical is compa-
rable despite the different radiopharmaceuticals scanned at different
measurement times after administration. In addition, differences in
ligand amount, affinity, and internalization have not yet been suffi-
ciently investigated, possibly leading to additional errors (15). Both
studies, although demonstrating the potential of DL for PVC, suffer,
like many other published implementations of DL for clinical appli-
cations, from small dataset sizes (28 and 14 patients in the work of
Xie et al. (13) and Li et al. (14), respectively) and lack of ground-
truth activity distributions for training.
In this work, we present DL-PVC, a methodology for PVC of

177Lu SPECT/CT imaging using DL trained on a large dataset of
10,000 pairs of random patient-shaped activity distributions and
associated SPECT images generated using Monte Carlo radiation
transport simulations. These pairs are used as input and target for a
convolutional neural network, trained to perform PVC without seg-
mentation. For performance evaluation, we investigated the impact
of different normalization (i.e., activity conservation) methods,
input matrix sizes, and network architectures on the performance of
DL-PVC. Subsequently, we compared our new methodology with
IY-PVC as a reference method and performed a validation based
on 177Lu SPECT/CT measurements of 3-dimensionally printed
phantoms of different geometries.

MATERIALS AND METHODS

Generation of a Dataset of Random Activity Distributions
A large database of 3-dimensional activity distributions of randomly

arranged random shapes and corresponding SPECT simulations was
created to train neural networks for PVC. A schematic overview of the
dataset generation is given in Figure 1. First, density maps and activity
masks were generated. The activity masks were then transformed into
inhomogeneous activity distributions with a patientlike activity range.
Next, simulations were performed in the SIMIND (SImulating Medi-
cal Imaging Nuclear Detectors) Monte Carlo simulation program (16),
using these masks to obtain SPECT projections. Last, iterative recon-
structions with RR (Software for Tomographic Image Reconstruction,
STIR (17)) and without RR (Customizable and Advanced Software
for Tomographic Reconstruction, CASToR (18)) were performed to
obtain SPECT images. The approach is based on previously described
work (11). A detailed description of the generation of the dataset is
given in the supplemental materials (supplemental materials are avail-
able at http://jnm.snmjournals.org). In addition, the complete dataset is
available at https://doi.org/10.5281/zenodo.8282567.

The most important features of the dataset are as follows:
Realistic Attenuation and Scattering Conditions. Extended

cardiac–torso (XCAT) phantoms (19) were used to achieve realistic

attenuation and scatter conditions. By varying
the size scaling of individual organs or areas,
250 variations of 16 patients (6 female, 9 male;
age, 18–76 y; body mass index, 18.6–38.0)
resulted in a total of 4,000 different density
maps. By defining 3 bed positions, we gener-
ated a total of 10,000 attenuation images (4,000
thoracic, 4,000 abdominal, and 2,000 head
images; matrix, 256; voxel size, 2.4 mm).
Patientlike Binary Activity Masks. Patient-

like binary activity masks (0, no activity; 1,
activity) were created by placing random shapes (minimal and maxi-
mum shape sizes of 4 and 100 voxels, respectively), created using
previously described methodology (11), inside the XCAT-based atten-
uation mask until a randomly selected, patient-representative target
volume was reached.
Nonuniform Activity Distributions. Each activity mask was mul-

tiplied voxelwise by a spatially contiguous, nonuniform pattern (11) to
create more complex, heterogeneous activity distributions. An exam-
ple of the resulting target datasets used to train the neural network is
shown in Figure 2.
Realistic Activity Distributions. To resemble 177Lu SPECT patient

acquisitions as closely as possible, the activity distributions were scaled
on the basis of the active volumes and total activities of 717 peritherapeu-
tic 177Lu SPECT/CT acquisitions (429 [177Lu]Lu-PSMA-I&T and 288
[177Lu]Lu-DOTATATE SPECT/CT examinations of 202 different
patients), which had been conducted at University Hospital W€urzburg
between January 2014 and June 2021 (waiver 20230207 04).

Monte Carlo–Based SPECT Simulations
For each of the 10,000 random activity distributions, a set of realis-

tic SPECT projections was generated by SIMIND Monte Carlo simu-
lations (16). The simulations were set up to replicate a 177Lu SPECT
acquisition on our Siemens Intevo Bold SPECT/CT system (9.5-mm
crystal; medium-energy low-penetration collimator; 9% energy resolu-
tion; 120 projections of 30 s each; noncircular orbit; matrix, 128; pixel
size, 4.79 mm; 20% main energy window at 208 keV; and 2 adjacent
10% scatter windows). As described previously (11), Poisson noise
was added to the simulated (noise-free) projections to obtain realistic
(noisy) projections for the given activities and acquisition parameters.

FIGURE 1. Schematic overview of dataset generation used in this study. SIMIND 5 Simulating
Medical Imaging Nuclear Detectors. STIR5 Software for Tomographic Image Reconstruction; CAS-
ToR5 Customizable and Advanced Software for Tomographic Reconstruction.

FIGURE 2. Example target dataset as used for neural network. XCAT
phantom is shown in gray scale, whereas random activity distribution is
shown in color map. At top are axial sections, and at bottom are coronal
sections. From left to right, 3 bed positions are shown: head, thorax, and
abdomen. Camera orbits are indicated as blue dotted lines.
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SPECT Reconstructions
SPECT reconstructions (voxel size, 4.8 mm) were performed for all

2 3 10,000 projection sets (noise-free and noisy) using 2 different
reconstructions: CASToR, an ordered-subset expectation maximization
reconstruction (10 iterations, 2 subsets, attenuation correction, scatter
correction) without RR (18), and STIR, an ordered-subset expectation
maximization reconstruction (6 iterations, 6 subsets, attenuation correc-
tion, scatter correction) with RR (17). Accordingly, 4 different SPECT
datasets were available for training and analysis of the presented
approach: CASToR (noRR) or STIR (RR) performed with noise-free
(nf) or noisy (n) projections (noRR_nf/noRR_n and RR_nf/RR_n,
respectively).

Evaluation of Activity Conservation
An important criterion for any PVC is that the correction preserves

the total activity. Before the U-Net was applied, the input SPECT
images were normalized by their maximum activity concentration to
an interval of [0,1]. In this study, we investigated 2 different
approaches for scaling the output of the proposed PVC. The first was
rescaling the output of DL-PVC with the maximum activity concentra-
tion of the input SPECT image, and the second was normalization of
the sum of all voxel values of the output of DL-PVC to the total activ-
ity of the input SPECT image.

Evaluation of Input Matrix Size
In our work, we investigated 2 kernel sizes to which the PVC

method was applied. In the first, DL-PVC is directly applied to the
entire field of view (FOV), in which case the entire SPECT image
(matrix size, 128 3 128 3 128) and the entire ground-truth activity
distribution serve as input and target, respectively. In the second,
DL-PVC is applied to smaller patches (cube-shaped image sections
with an edge length of 32 voxels), which are subsequently reas-
sembled (more details can be found in the supplemental materials).

Evaluation of U-Net Architecture
A 3-dimensional U-shaped convolutional neural network (U-Net)

(20) based on the fastMRI architecture (21) and implemented using
the PyTorch library (22) with Adam optimizer (23) was used to per-
form the PVC. A more detailed explanation of the architecture is given
in the supplemental materials. In addition to the standard U-Net archi-
tecture, 4 other architectures were tested: R2U-Net by Alom et al.
(24); AttU-Net by Oktay et al. (25); R2AttU-Net, a combination of
both methods (26); and U-Net11, a nested U-Net proposed by Zhou
et al. (27). The performance of these 5 network architectures was com-
pared on the basis of the RR_n and noRR_n datasets. PVC was per-
formed on the entire FOV, preserving the total activity.

Evaluation Criteria for PVC Performance
Several evaluation metrics were used to evaluate the quality of the

different PVC methods. Their calculation was restricted to a masked
region within each test dataset in which ground-truth activity was pre-
sent. Besides structural similarity index measure (SSIM) (28) and nor-
malized root-mean-square error (NRMSE), a volume activity accuracy
(VAA) was defined. It indicates the proportion of voxels in which the
relative deviation in activity concentration was less than a (fixed at
5%). More information is given in the supplemental materials. In addi-
tion, the deviation between total activity before and after PVC was
calculated as percentage difference. Because not all evaluation metrics
were normally distributed, paired Wilcoxon tests with a significance
level of 1% were chosen for the statistical analysis.

Comparison with Iterative Yang Technique
To compare the proposed DL-PVC methodology with an already-

established PVC method, IY-PVC (5) was applied to all SPECT recon-
structions. First, a matched filter analysis (3) was used to determine the

spatial resolution for STIR (8.75 mm; applies to RR_n, RR_nf) and for
CASToR (21.35 mm; applies to noRR_n, noRR_nf). Subsequently, 10
iterations of IY-PVC were performed using the PETPVC toolbox (29)
with spatial resolution and ground-truth activity mask as input.

Investigation of Minimum Feature Size
To determine the minimum feature size that DL-PVC can still

resolve, further simulations based on the XCAT phantom dataset were
performed. For this purpose, multiple SPECT simulations of random
activity distributions were performed, in which a cube with an edge
length of 1–10 voxels (increment, 1 voxel) was introduced centrally
into the activity distribution. Recovery coefficients (RCs) were calcu-
lated to determine how well DL-PVC recovers the activity in the
different-sized cubes. More detail on the simulations and the calcula-
tion of the RCs is given in the supplemental materials.

Activity Concentration–Voxel Histograms
To illustrate differences in the distribution of activity concentrations

for the SPECT simulations without PVC, after IY-PVC, and after
DL-PVC, activity concentration–voxel histograms (proportion of vox-
els containing a given relative activity concentration plotted against
the respective relative activity concentration) were created. More
details can be found in the supplemental materials.

Phantom Measurement
To justify application of DL-PVC in a clinical context, we validated

the methodology on increasingly patient-realistic 177Lu SPECT/CT phan-
tom measurements. For this purpose, a previously published series of
177Lu SPECT/CT measurements of 3 self-designed 3-dimensional phan-
toms (sphere, ellipsoid, and renal cortex geometry, all with the same fill-
ing volume of 100 mL) was used (30). In addition, a 3-dimensionally
printed 2-organ phantom (International Commission on Radiological Pro-
tection publication 110 [ICRP110]–based 2-compartment kidney and
spleen) was analyzed to evaluate DL-PVC on a phantom that is more
representative of patient data. These data had been acquired at our institu-
tion as part of the Europe-wide MRTDosimetry comparison exercise for
quantitative 177Lu SPECT/CT imaging (31). The acquisition parameters
had been the same as the parameters chosen for the Monte Carlo simula-
tions. On the basis of these 4 measured projection datasets, SPECT
reconstructions were performed with CASToR and STIR with the same
parameters as for the simulated SPECT projections. For analysis, all
SPECT images were interpolated to CT resolution (matrix, 512; voxel
size, 0.98 mm) using trilinear interpolation. These were compared with
the ground truth created by multiplying the masks used for phantom fab-
rication by the nominal activity concentrations (1.08 6 0.03 MBq/mL
for sphere/ellipsoid/cortex, 1.44 6 0.04 MBq/mL for spleen/cortex, and
0.47 6 0.01 MBq/mL for medulla of the ICRP110-based phantom), the
determination of which was previously described (30).

RESULTS

Optimal Selection of Activity Conservation, Input Matrix Size,
U-Net Architecture, and Resolution Modeling
In light of the investigations regarding activity conservation,

input matrix size, U-Net architecture (20,24–27), and the applica-
tion of RR, an optimal configuration and reconstruction method,
DL-PVC, was determined for further analysis. It comprises the fol-
lowing components, the selection of which, including statistical
tests based on the evaluation metrics, are described in detail in the
supplemental materials: SPECT reconstruction with RR (RR_nf or
RR_n); activity conservation based on the total activity of the
uncorrected SPECT; input matrix size: direct application of PVC
to the entire FOV; and R2U-Net network architecture (24).
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Comparison with Iterative Yang Technique as
Reference Method
Table 1 and Figure 3 show a numeric and visual comparison of

the evaluation metrics for SPECT without PVC, after DL-PVC,
and after IY-PVC. In both cases, DL-PVC demonstrates signifi-
cantly superior evaluation metrics. In addition, Figure 4 gives a
visual impression of the different image qualities. Visually, activ-
ity distributions corrected with DL-PVC closely resemble the
ground-truth activity distribution, which is illustrated by cross sec-
tions. A considerable increase in the number of cyan voxels in the
VAA maps indicates that the activity concentration after DL-PVC
better matches the true activity concentration. Furthermore, the
true activity concentration is restored, especially in voxels located
at the center of larger shapes. However, deviations can still be
seen at the edges of larger objects or for smaller objects.

Investigation of Minimum Feature Size
Figure 5 shows the results concerning the minimal feature size

that DL-PVC can resolve. Without PVC (green) and after IY-PVC
(red), the RCs increase continuously over all cube edge lengths
investigated. In contrast, the RCs for DL-PVC are zero at edge

TABLE 1
Mean Evaluation Metrics for Both SPECT Datasets with RR Without PVC, After IY-PVC, and After DL-PVC over

All 500 Test Activity Distributions

SPECT reconstruction PVC method SSIM NRMSE (%) VAA (%) AD (%)

RR_nf None 0.899 (0.019) 9.98 (1.32) 13.57 (4.14) 0.28 (2.00)

IY-PVC 0.945 (0.009) 8.07 (2.33) 17.05 (4.03) 4.62 (6.16)

DL-PVC 0.971 (0.007) 5.74 (0.89) 43.30 (8.79) 0.28 (2.00)

RR_n None 0.890 (0.022) 10.44 (1.40) 12.10 (3.18) 0.33 (2.06)

IY-PVC 0.936 (0.013) 8.58 (1.21) 15.06 (3.27) 6.36 (4.36)

DL-PVC 0.947 (0.015) 7.75 (1.33) 35.79 (10.06) 0.33 (2.06)

SSIM 5 structural similarity index measure; NRMSE 5 normalized root-mean-square error; VAA = voxel activity accuracy; AD 5

activity deviation.
Data in parentheses are SDs. Note that activity deviation is same without PVC and after DL-PVC because of activity conservation approach.

FIGURE 3. Comparison of different PVC approaches. Depicted are violin
plots of evaluation metrics for SSIM (A), NRMSE (B), VAA (C), and activity
deviation (D) for reconstructions without PVC, after IY-PVC, and after
DL-PVC. Darker shades represent reconstructions without RR, and
brighter shades represent reconstructions with RR. Inside violins, solid
lines represent median, and dashed lines represent upper and lower quar-
tiles. Note that activity deviation is same without PVC and after DL-PVC
because of activity conservation in DL-PVC. For SSIM and VAA, higher
values correspond to better performance, whereas for NRMSE and activ-
ity deviation, better performance is indicated by values closer to 0%.
AD 5 activity deviation; NRMSE 5 normalized root-mean-square error;
SSIM5 structural similarity index measure; VAA5 voxel activity accuracy.

FIGURE 4. Visual performance analysis of different PVC approaches. (A)
Top: axial slice of example activity distribution from test dataset recon-
structed with RR without PVC, after IY-PVC, and after DL-PVC. White num-
bers correspond to SSIM values with respect to ground truth. Bottom: VAA
maps of corresponding SPECT reconstructions with respect to ground
truth. Red represents deviation in voxel’s activity concentration by more
than or equal to a55%; cyan represents deviation smaller than a. Black
numbers indicate VAA between SPECT reconstruction and ground truth. (B)
Cross-sections indicated by cyan lines in SPECT reconstructions in A.
SSIM5 structural similarity index measure; VAA5 voxel activity accuracy.
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lengths of 1 and 2 voxels (4.8 and 9.6mm), increase rapidly from
an edge length of 3 voxels (14.4mm), and then continue to
increase only slowly. Although DL-PVC does not perform ade-
quately for structures with an edge length of less than 3 voxels
(14.4mm), it outperforms no PVC or IY-PVC for all cubes above
this resolution limit.

Activity Concentration–Voxel Histograms
Figure 6 shows the activity concentration–volume histograms for

the test dataset. For a perfect PVC, the histograms should closely
resemble the ground-truth activity distribution. A close similarity
between ground truth (blue) and DL-PVC (orange) can be observed
at higher relative activity concentrations, starting at approximately
0.25. In general, substantial deviations can be seen for lower con-
centrations. Although, in the ground-truth activity distribution, a
high proportion of voxels is associated with small concentrations
between 0.05 and 0.25, the DL-PVC distribution has far fewer vox-
els in this concentration range. In contrast, there is a high fraction
of voxels for DL-PVC in which no activity is present in compari-
son to the ground-truth activity distribution. This is due to the
masking of the voxels displayed in the histogram based on the

ground truth. The histograms of the
SPECT reconstructions without PVC
(green) and after IY-PVC (red) both show
a distinct shift toward lower concentra-
tions, indicating that DL-PVC outperforms
IY-PVC on the voxel level.

Phantom Measurement
Table 2 shows the evaluation metrics for

the phantom measurements. The results for
the ellipsoid phantom are given in the
supplemental materials, as they are quite
similar to the sphere. For all 3 phantoms,
the highest SSIM and lowest NRMSE
were achieved using IY-PVC. Although
DL-PVC results in worse SSIM and
NRMSE, there is still a clear improvement.
In contrast, the highest VAA was obtained
using DL-PVC for all 3 phantoms.
Although the best RCs for the sphere were
achieved with DL-PVC, the highest recov-
eries for the kidney cortex and ICRP110
kidney/spleen were achieved by IY-PVC.

Figure 7 shows the results of the phantom measurements. In the
activity distributions (Fig. 7A) and the corresponding cross sections
(Fig. 7B), a good visual agreement between the true activity distri-
bution (blue) and the SPECT reconstruction after DL-PVC (orange)
can be observed for sphere and ellipsoid (supplemental materials)
geometry. For the reconstruction without PVC (green) and with
IY-PVC (red), an overestimation of the activity at the edges and
underestimation centrally can be observed for the sphere phantom.
This artifact, known as Gibbs ringing, disappears after the applica-
tion of DL-PVC. The VAA maps (Fig. 7A) underline this good
agreement. Similar to Figure 4, the voxels at the edge of the object
deviate from the true activity distribution to a greater extent. For
the kidney cortex, significant deviations are observed between the
DL-PVC SPECT acquisition and the true activity distribution. The
image appears blurred, and the narrow structure on the right could
not be restored. Hardly any cyan voxels are visible in the VAA
map, indicating that the true activity distribution was poorly repro-
duced numerically. However, IY-PVC also does not provide satis-
factory results for this phantom geometry. For the ICRP110-based
kidney/spleen phantom, DL-PVC cannot correctly predict the activ-
ity difference between the 2 compartments comprising the kidney.
On the other hand, the voxelwise activity quantification in the
spleen is significantly better than that for IY-PVC.
The activity concentration–voxel histograms (Fig. 7C) show

that for the sphere phantom and the ICRP110 kidney/spleen phan-
tom, more voxels have the true activity concentration after
DL-PVC than after IY-PVC. For the cortex phantom, the distribu-
tion of activity concentrations could at least be brought closer
toward the true activity concentration.

DISCUSSION

In this work, we introduce a methodology for PVC of 177Lu
SPECT/CT imaging using DL. Using a dataset consisting of ran-
dom activity distributions and the corresponding SPECT simula-
tions, a neural network was trained to estimate ground-truth
activity distributions from SPECT images.
From simulated data and 177Lu phantom measurements, we

demonstrated the superiority of the presented DL-PVC method

FIGURE 5. Investigation of minimum feature size. (Top) axial slices of reconstructed SPECT simula-
tion without PVC, after IY-PVC, and after DL-PVC. (Center) RC as function of cube edge length.
Dashed blue line corresponds to cube edge length in ground-truth image (bottom left).

FIGURE 6. Activity concentration–volume histograms for test dataset.
Depicted are ground-truth activity distribution and corresponding SPECT
reconstructions (RR_n) without PVC, after IY-PVC, and after DL-PVC. For
better visualization, y-axis has been truncated at 4.5%; thus, high percentage
of 7.2% of voxels at relative concentration of 0 for DL-PVC is not shown
in plot.
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over IY-PVC, an established method for PVC (5). This is despite
the advantage that DL-PVC does not require any prior knowledge
such as the spatial resolution of the reconstruction or a mask with the
contours of the active volume. For spherelike geometries, DL-PVC
achieved a recovery of the activity comparable to IY-PVC. However,
Gibbs artifacts, which are typical for SPECT reconstructions with RR,

and which were still clearly visible even after IY-PVC, could be effi-
ciently corrected by DL-PVC. As a result, DL-PVC is clearly superior
to IY-PVC in accurately restoring the true activity concentration at
the voxel level, as is also reflected in the VAA. These artifacts could
also be the reason why direct application of PVC to the entire FOV
leads to a higher VAA than application of DL-PVC to smaller
patches. For large objects, application of DL-PVC to smaller patches
can no longer capture the entire object because of its 323 32 3 32
voxel kernel. Therefore, the neural network may be less capable of
correcting Gibbs artifacts for larger objects, resulting in a smaller
VAA. In contrast, IY-PVC proved to be superior in the case of the
kidney cortex geometry, as could be attributed to its small features,
some of which fall below the minimum resolvable feature size of 3
voxels (14.37mm) determined for DL-PVC. However, only the cube
geometry was used in the resolution analysis of the different PVC
methods. Therefore, these conclusions may not apply in the same
way to nonuniformly shaped objects. Another important aspect when
comparing DL-PVC and IY-PVC is that the activity masks for our
IY-PVC analysis were based on the ground-truth activity distributions,
an approach that is not feasible under real clinical conditions. This
represents a clear bias in favor of IY-PVC in the context of our quan-
titative analysis and may explain the better performance of IY-PVC
for the cortex phantom, as the complex structure was precisely speci-
fied there in the form of the segmentation mask. For a fairer compari-
son, activity masks could additionally be used as prior knowledge to
improve DL-PVC, which could be the subject of future research.
There are also other potential ways to further improve the per-

formance of DL-PVC. A notable limitation of the method in its
current implementation is the relatively coarse voxel size of
4.8mm. A subdivision of the FOV captured by the detectors into
smaller pixels—and thus voxels—would leave more degrees of
freedom for the neural network, especially in the transition regions
between activity and background. This could in turn improve the
performance of DL-PVC, especially for objects with small feature
sizes such as the cortex phantom. On the other hand, a smaller
voxel size will lead to a reduced signal-to-noise ratio per voxel,

TABLE 2
Evaluation Metrics of Phantom Measurements for Reconstruction with RR (RR_n) Without PVC,

After IY-PVC, and After DL-PVC

Phantom PVC method SSIM NRMSE (%) VAA (%) RC

Sphere None 0.855 18.68 19.64 0.729

IY-PVC 0.940 11.90 24.32 0.841

DL-PVC 0.929 14.16 65.50 0.894

ICRP110 kidney None 0.686 21.70 1.19 0.583

IY-PVC 0.833 14.92 1.40 0.695

DL-PVC 0.770 19.09 3.23 0.653

ICRP110 spleen None 0.847 18.37 12.49 0.729

IY-PVC 0.953 10.33 19.79 0.877

DL-PVC 0.889 16.29 28.40 0.820

Cortex None 0.389 27.52 0.00 0.481

IY-PVC 0.737 15.88 3.53 0.802

DL-PVC 0.709 21.06 10.60 0.769

SSIM 5 structural similarity index measure; NRMSE 5 normalized root-mean-square error; VAA 5 voxel activity accuracy;
RC 5 recovery coefficient.

FIGURE 7. Phantom measurement. (A) SPECT reconstructions (RR_n)
of 100-mL sphere phantom (axial slice), ICRP110-based kidney/spleen
phantom (sagittal slice), and kidney cortex phantom (axial slice) without
PVC, after IY-PVC, and after DL-PVC with corresponding VAA maps.
Magenta arrow for cortex phantom indicates structure that could not be
restored by DL-PVC. (B) Cross-sections indicated by cyan lines in SPECT
reconstructions for ground-truth activity distributions and for SPECT with-
out PVC, after IY-PVC, and after DL-PVC. (C) Corresponding activity con-
centration–voxel histograms; VAA5 voxel activity accuracy.
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which could negatively impact the performance of DL-PVC. Because
of the extensive computational demands of higher-resolution simula-
tions and the limited memory capacity of the graphics processing unit
used for training the neural network, we opted for the coarser resolu-
tion (4.8mm) in this work. In future research, DL-PVC could be
adapted for smaller voxel sizes such as 2.4mm.
Although XCAT phantoms realistically describe the attenuation in a

patient, there are still clear differences between the random activity dis-
tributions used for training DL-PVC and those observed in SPECT/CT
measurements in patients undergoing radiopharmaceutical therapy. To
close this gap and enable the method to be applied to clinical patient
data, PET/CT or SPECT/CT patient images could be used to generate
synthetic activity distributions. In the case of SPECT, however, the
strongly pronounced partial-volume effect would have to be consid-
ered. Another limitation of the dataset used for training DL-PVC is
that the variation of activity concentration within the random shapes is
of relatively low frequency, thereby not demonstrating any sharp
edges. These missing examples during training could explain why the
performance of DL-PVC for the 2-compartment kidney of the
ICRP110-based phantom is not yet optimal.
Our investigations have demonstrated that DL-PVC performs sig-

nificantly better for noise-free (RR_nf) than for noisy (RR_n) datasets.
Therefore, another avenue for improving DL-PVC would be to apply
the method to denoised SPECT reconstructions. However, obtaining
virtually noise-free projections in SPECT measurements is not realis-
tic in a clinical setting, particularly for acquisitions a few days after
administration of the radiopharmaceutical. An alternative approach
would be to first denoise the SPECT data (e.g., using a second neural
network) and subsequently apply DL-PVC.
At last, DL-PVC might be enhanced by further optimizing the

network architecture. Although we have benchmarked various
end-to-end U-Net architectures in this study, the exploration of
novel convolutional neural network architectures represents a
potential pathway to further improve the performance of DL-PVC.
Despite the investigation of many aspects within the scope of

this work, there are still several open questions. For example, the
choice of parameters for reconstructing the input data for our neural
network needs further investigation. In our study, fixed numbers of
iterations and subsets were used for both reconstructions (CASToR,
10 iterations and 2 subsets; STIR, 6 iterations and 6 subsets). How-
ever, the impact of these parameters on SPECT-based activity dis-
tributions is well known. Higher numbers of updates (iterations 3
subsets) have been shown to enhance recovery substantially,
though at the expense of increased image noise (3). To address this
issue, future studies could focus on assessing the performance of
DL-PVC as a function of the number of iterations.
Another important aspect is the total activity in the FOV of the

SPECT image. We determined the total activity by analyzing patients
who received [177Lu]Lu-PSMA-I&T or [177Lu]Lu-DOTATATE
radiopharmaceutical therapy at our institution. The latest acquisitions
had been performed 4 d after injection of the radiopharmaceutical.
When SPECT/CT is performed at even later time points (32), it
needs to be investigated how such low activities—and thus low
signal-to-noise ratios—affect the performance of DL-PVC.
Finally, an important investigation before the clinical application

of DL-PVC in radiopharmaceutical therapy dosimetry is its impact
on dosimetry calculations. Only by dosimetric evaluations on vari-
ous organs and tumors using different PVC methods could one see
what improvements DL-PVC can offer not only in terms of simpli-
fication of dosimetry calculation but also in terms of its accuracy.

CONCLUSION

In this study, a DL-PVC methodology for PVC of 177Lu
SPECT/CT imaging based on DL was introduced. Training of
convolutional neural networks was based on a large dataset of
Monte Carlo–simulated SPECT images of random activity distri-
butions placed in different XCAT phantoms. From our investiga-
tions, we identified the optimal settings for DL-PVC in terms of
activity conservation, input matrix size, and network architecture.
Our analysis revealed that DL-PVC outperforms established
PVC methods, such as IY-PVC, in restoring the true activity distribu-
tion without requiring resolution estimation or activity masking. Fur-
thermore, tests on 177Lu SPECT/CT measurements of 3-dimensionally
printed phantoms of different geometries showed that although
DL-PVC and IY-PVC achieve equivalent levels of activity recovery,
DL-PVC can also correct other image artifacts such as Gibbs ringing
and is therefore clearly superior at the voxel level. In summary, we
have demonstrated that DL offers a wide range of improvement oppor-
tunities for PVC of quantitative 177Lu SPECT/CT imaging. This is a
first step toward a much-needed routine use of comparable techniques
for dosimetry of radiopharmaceutical therapies.
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KEY POINTS

QUESTION: Is it possible to perform PVC for 177Lu SPECT/CT
using DL?

PERTINENT FINDINGS: From a database of 10,000 pairs of
random activity distributions and realistic associated SPECT
simulations, a U-shaped convolutional neural network was trained
to perform PVC on 177Lu SPECT images. SPECT images
corrected with DL-PVC were found to resemble the underlying
activity distribution much more closely than reconstructions
without PVC or after application of IY-PVC.

IMPLICATIONS FOR PATIENT CARE: The potential of DL-PVC
was demonstrated on 177Lu SPECT/CT measurements of
anthropomorphic phantoms, paving the way for clinical
application. In the future, DL-based PVC could be an important
tool to perform accurate patient-specific and voxel-based
dosimetry for radiopharmaceutical therapies.
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Merkel cell carcinoma is a rare,
highly aggressive skin cancer. With multi-
modal treatment including chemo- and
immunotherapy, the 5-y overall survival
ranges from 14% to 62%, depending on
the disease stage at diagnosis (1). New
treatment options are therefore urgently
needed. Given the overexpression of
somatostatin receptors (SSTRs) due to its
neuroendocrine features, SSTR-directed
therapy could be a promising target in
metastatic Merkel cell carcinoma (2–4).
To further investigate this potential,

2 clinical trials are already ongoing in
which peptide receptor radionuclide ther-
apy with SSTR agonists are being studied
in combination with immunotherapy
(GoTHAM trial, NCT04261855; iPRRT
trial, NCT05583708).
Although various agonistic SSTR-

targeting tracers have been established for
years in metastatic Merkel cell carcinoma
and other neuroendocrine tumor entities,
tracers with antagonistic receptor interac-
tion are recognized as a new, promising
theranostic option, as they can achieve high tumor uptake and pro-
longed retention as compared with agonists (5).
We report the case of a 77-y-old man with recurrent metastatic

Merkel cell carcinoma who underwent PET/CT with the 68Ga-
labeled SSTR antagonist SSO120 (international nonproprietary
name: satoreotide trizoxetan; also known as NODAGA-JR11,
OPS202, and IPN01070; injected dose, 160 MBq; scan acquisition,

60min after injection) (6,7) to explore the possibility for peptide
receptor radionuclide therapy (Fig. 1A). Informed consent
was obtained from the patient. Compared with [18F]FDG PET
(Fig. 1B), a more intense tracer uptake and excellent tumor-
to-background ratios were observed using [68Ga]Ga-SSO120
PET, for example, in a pelvic (right iliac) lymph node metastasis
with an SUVmax of 11.6 versus 5.5 on [18F]FDG PET. The aver-
age SUVmax in the 6 measurable tumor lesions was 13.46 5.0
with [68Ga]Ga-SSO120 versus 9.56 4.2 with [18F]FDG
PET. Given the still-localized tumor stage, the patient under-
went surgery. High membranous SSTR expression on all
tumor cells was confirmed by immunohistochemistry (score 31;
Fig. 1C).
In conclusion, PET/CT with SSTR antagonists could serve as a

noninvasive read-out for tumor biology and allow selection of can-
didates for SSTR-directed peptide receptor radionuclide therapy.
Further research, especially regarding advantages over agonistic
vectors, is highly warranted.

FIGURE 1. Maximum-intensity projections and axial sections of [68Ga]Ga-SSO120 (A) and
[18F]FDG (B) PET/CT. Location of exemplary pelvic (right iliac) lymph node metastasis with SUVmax of
11.6 vs. 5.5 on [18F]FDG PET is indicated by white and black arrows, respectively. Intensity scale
bars are SUV. Immunohistochemistry showed high membranous SSTR expression on all tumor cells
(score 31; C).
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T H E I L L U S T R A T E D P O S T

[18F]Fluoroestradiol Uptake in Irradiated Lung Parenchyma
and Draining Nodes

Audrey A. Rich1, Neil K. Taunk2, David A. Mankoff1, Austin R. Pantel1, and Sophia R. O’Brien1

1Division of Nuclear Medicine Imaging and Therapy, Department of Radiology, Hospital of the University of Pennsylvania,
Philadelphia, Pennsylvania; and 2Department of Radiation Oncology, Hospital of the University of Pennsylvania, Philadelphia,
Pennsylvania

A 34-y-old woman with metastatic estrogen receptor (ER)–
positive invasive ductal carcinoma of the left breast and biopsy-
proven ER-positive sternal metastasis underwent mastectomy,
chemotherapy, and radiation to the chest wall and sternum.
[18F]fluoroestradiol (FES) PET/CT 1mo after radiation (Fig. 1A)
demonstrated no abnormal uptake. [18F]FES PET/CT 5mo after
radiation (Fig. 1B), after initiation of the ER-blocking agent tamox-
ifen, demonstrated new avid opacities anteriorly in the left lung
(SUVmax, 7.7), as well as avidity in the hilar nodes (SUVmax, 5.6)
and superior mediastinal node (SUVmax, 4.5), findings that were
favored to represent the acute postradiation changes that can be
seen 1–6mo after completion of radiation (1). [18F]FDG PET/CT
6.5mo after radiation (Fig. 1C) demonstrated nearly complete reso-
lution of the lung opacities and no abnormal lung or nodal uptake,
consistent with resolving postradiation changes. Acute postradia-
tion lung changes can progress to chronic fibrosis starting around
9mo after radiation or can resolve, as in our patient (1). At 17mo
after radiation, the patient continued to have no evidence of
disease.
Per appropriate use criteria, [18F]FES is rarely appropriate for

measuring response to therapy (2), and ER-blocking drugs interfere
with [18F]FES binding to tumor ER (3). This case, however, eluci-
dates an [18F]FES false-positive finding after successful ER blockade
evidenced by elimination of physiologic uterine [18F]FES avidity
(Figs. 1A and 1B).
A retrospective study reported [18F]FES-avid postradiation pul-

monary changes without a clear mechanism and without [18F]FES-
avid regional nodes (4). Although the lungs have low-level ER (5)

that may play a part in [18F]FES uptake in atelectasis, increased
uptake despite ER blockade suggests that [18F]FES-avid postradia-
tion lung changes are not due to ER binding and that associated
[18F]FES-avid regional nodes may be due to physiologic drainage
of [18F]FES from the lungs. This case provides some insight into
the nature of false-positive changes on [18F]FES PET/CT after pul-
monary radiation and demonstrates the associated finding of
[18F]FES-positive draining nodes.
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FIGURE 1. (A) [18F]FES PET/CT (coronal PET maximum-intensity projection [MIP], sagittal fused PET/CT, axial fused PET/CT, and axial CT) 1mo after
radiation, showing no abnormal findings and physiologic uterine uptake (arrow). (B) [18F]FES PET/CT (coronal PET MIP, sagittal fused PET/CT, axial
fused PET/CT, and axial CT) 5mo after radiation and after tamoxifen, showing new avid left lung opacities (black arrows), avid hilar nodes (solid white
arrows), and avid superior mediastinal node (dashed white arrow), findings favored to represent acute postradiation changes. Because of ER blockade,
no uterine uptake was seen (dotted-dashed white arrow). (C) [18F]FDG PET/CT (coronal PET MIP, axial fused PET/CT, and axial CT) 6.5 mo after radia-
tion, showing nearly resolved lung opacities (arrows) and no abnormal uptake, consistent with resolving postradiation changes. RT5 radiation.
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L E T T E R S T O T H E E D I T O R

Is Permeability Surface Area Product of
[18F]Florbetaben Comparable to That of H2O?

TO THE EDITOR: I have read with great interest the article by
Fettahoglu et al. (1) on the comparison of early-phase amyloid PET
tracer and [15O]H2O and found it to be highly captivating. The
authors successfully demonstrated a linear relationship between
early-phase [18F]florbetaben and [15O]H2O with minimal bias.
Although numerous studies highlight the utility of early-phase

amyloid PET, I was inclined to suggest the necessity for contrast
correction (2) in early-phase images, as the first-pass extraction
fraction of these tracers has not been estimated to be sufficiently
high. For instance, the K1 of [18F]florbetaben was estimated to be
0.187mL/mL/min in an Alzheimer disease patient, 0.216mL/mL/
min in a healthy control subject (3), and 0.226mL/g/min in another
estimation (4). Consequently, the first-pass extraction fraction (E) of
[18F]florbetaben would be approximately 0.5, considering a cerebral
blood flow (F) of around 50mL/100 g/min and K1 5 FE.
A low first-pass extraction fraction tracer would result in under-

estimation in regions with high cerebral blood flow, adhering to
the Renkin–Crone equation, E 5 12e2

PS
F (e is the Napier con-

stant). The permeability surface area product (PS) of an extraction
fraction of 0.5 at a cerebral blood flow of 50mL/100g/min is theo-
retically 35mL/100g/min. However, the data presented by Fetta-
hoglu et al. (1) indicate that this underestimation was minimal,
suggesting that the first-pass extraction fraction of amyloid tracers
may be sufficiently high and comparable to that of H2O. Conse-
quently, there may be no need for contrast correction.
The perplexing dissociation between the PS value of water

(more than 100mL/100 g/min (5)) and the above-estimated PS
value of [18F]florbetaben (35mL/100 g/min) may be attributed to
various factors. First, estimating kinetic parameters using the
least-square method might pose challenges. Second, there could be
an overestimation of radioactivity in plasma. Third, the cerebral
blood flow of the participants may be smaller than expected.
Mysteries persist in the kinetic analysis of nuclear medicine, and

further investigations are essential to unravel and bridge these gaps.
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Artificial Intelligence Algorithms Are Not
Clairvoyant

TO THE EDITOR: Artificial intelligence (AI) systems, and com-
puters in general, possess several advantages over humans. They
have virtually perfect recall and are not subject to fatigue, mood
variations, or environmental biases such as monitor contrast or
room lighting conditions. However, they are not clairvoyant. Like
us, they are limited by the information provided to them.
Thus, it was with a degree of concern and trepidation that I read

the review article “Artificial Intelligence for PET and SPECT
Image Enhancement” highlighted in the “State of the Art” section
of the January 2024 issue of The Journal of Nuclear Medicine (1).
The article states that “supervised deep-learning models have
shown great potential in reducing radiotracer dose and scan times
without sacrificing image quality and diagnostic accuracy.” How-
ever, I believe this is fundamentally impossible. If photon counts
are the source of information in a PET or SPECT image, then
reducing scan time (and when not above peak noise-equivalent
count rate, reducing dose) necessarily means less information
about the patient currently being imaged.
I believe it is imperative to keep this simple fact in mind when

promoting or evaluating the capabilities of any AI technique. AI
models are generally trained using data or images from a separate
cohort of patients. In this way, they can add information (prior
information, therefore implicitly biased information) when proces-
sing a new image set. However, this should not be interpreted as
additional information about the current patient. Only additional
counts, or other sources of new information about the individual
patient, can do that.
If I were to look at a noisy, low-resolution PET or SPECT

image, the neural network in my head could imagine (based on
prior experience) what it might look like if it were less noisy or
had higher resolution. But this does not mean that I am better able
to see the lesions that are otherwise buried in the noise. AI techni-
ques can also “imagine,” and provide for us, images that appear
enhanced in their resolution and noise levels. However, this raises
the question of what image enhancement is in the context of medi-
cal imaging. Prettier images do not equate to images with higher
levels of useful information. Instead, an AI-enhanced image may
mislead a radiologist into thinking the image data contain more
information about the patient (commensurate with the perceived
noise level and resolution) than is in fact present.COPYRIGHT! 2024 by the Society of Nuclear Medicine andMolecular Imaging.
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To its credit, the article in question also focuses on the need to
switch the assessment from image quality to clinical benefit. This
is important and appropriate but does not circumvent the funda-
mental information limitations described above. Instead, it essen-
tially performs a kind of bait and switch. It is conceivable that an
AI-based postreconstruction image enhancement technique might
produce images that perform better prognostically (compared with
a radiologist viewing the preprocessed images); however, that
would mean that the AI algorithm was doing a better job than the
radiologist when assessing the original noisy image and then
enhancing the image in a way that made this assessment more
obvious to the radiologist. At the extreme, the AI algorithm could
simply place, for example, a big red X over the lesion. Fundamen-
tally, though, this is lesion detection, not image enhancement. It is
important to understand that this is what is going on, not actual
improvement in image quality or information content. The radiologist
is (effectively) no longer making the assessment. Moreover, applica-
tions to other clinical tasks (e.g., calculations of SUVmax, metabolic
tumor volume, or total lesion glycolysis) may no longer be accurate.
When processing data to form images, we are often very careful about

the type of prior information we incorporate. Generally, we understand
the degree (and sometimes direction) of the bias that the prior informa-
tion imposes (e.g., expectation maximization’s constraint to positive
solutions). However, we usually avoid biases in favor of gaining an
image assay that is as independent and unbiased as possible. Thus, to the
extent possible, the image assay provides completely new information.
For example, in PET image reconstruction of PET/MRI data,

we generally forgo using the MRI as a prior even though these
images will likely appear lower in noise and higher in resolution.
This is because it is understood that biasing the PET image toward
the MRI will result in a loss of PET information in precisely the
regions containing the greatest amount of new information (i.e., the
regions lacking mutual information between the PET and MRI).
There is some space within the context of PET and SPECT image

reconstruction (or other means of generating medical images) where
it might be appropriate to apply AI techniques. For PET raw or pro-
jection data, noise is distributed spatially along each projection.
Thus, improving accuracy in one subregion along this projection
can improve the accuracy in other regions. For this reason, using
the MRI (or AI-derived prior information) during PET image recon-
struction is to some extent defendable, whereas reducing scan time
and then applying AI-based image enhancement after reconstruction
simply is not.
In writing this letter, I do not intend to single out the aforemen-

tioned review article or its authors. They are merely reiterating an
assumption that has become pervasive within the imaging commu-
nity, that medical images can be improved without adding new
information about the subject at hand. It is this seemingly unques-
tioned assumption that I am arguing against. Although it may be
true in other contexts, it is not true for medical images that are
used to assay a patient’s condition. Given the potential risk to the
quality of patient care, it has been my intent to be provocative, though
hopefully not overly so. I apologize in advance to anyone who might
construe this letter to be critical of their work. I have no such intent.
I merely wish to kick-start a debate on this important topic.
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REPLY: We appreciate the opportunity to respond to the com-
mentary on our paper (1) by Dr. Beattie and to offer additional
perspective on the topic of artificial intelligence (AI)–based PET
and SPECT image enhancement.
Our article at no point suggested that AI is clairvoyant. Years of

research before the introduction of AI models show that image
enhancement techniques, including image denoising and partial-
volume correction approaches, can lead to improved performance
in terms of both image-based quantitative metrics and clinical
tasks, such as lesion detectability (2,3). Although the advent of
AI techniques has greatly expanded this arsenal, the general idea
that improvements in resolution and noise could facilitate image
interpretation predates the introduction of AI models to medical
imaging.
Regularizers and priors tend to infuse some bias while reducing

the variance. Instead of attempting to generate zero bias, which is
a lofty goal, the PET image reconstruction community has tradi-
tionally relied on bias-variance studies that seek to identify as the
winner a method that produces the lowest bias among a pool of
competing approaches. We posit that AI-based image generation
approaches for nuclear medicine could benefit from rigorous han-
dling through bias-variance analyses (4).
Dr. Beattie raised concerns about learning from a population

instead of a person. Fundamentally, priors rely on information that
is not captured by the data. Many regularization techniques
achieve this by encouraging certain local or nonlocal characteristics
in an image (e.g., smoothness, edge preservation, sparsity in another
domain, and cross-modality similarity). Bayesian approaches, on
the other hand, assume knowledge of the prior distribution of the
unknown variable or image. Deep neural networks are no different
from these other non-AI methods in that they rely on inductive
biases acquired from a training dataset to achieve good generaliza-
tion in the validation cohort. Furthermore, many unsupervised or
zero-shot image enhancement techniques use only the corrupt
image for model training and do not rely on a population. Exam-
ples include the deep image prior, which leverages inductive
biases intrinsic to deep convolutional architectures (5), and the
Noise2Void approach, which uses blind-spot masking (6).
The relative merits and demerits of reconstruction-based approaches

versus their postreconstruction counterparts raised by Dr. Beattie
are also not specific to AI models. Regularizers and priors incorpo-
rated within reconstruction tend to be quantitatively more accurate
than those used in denoising or deblurring frameworks applied after
reconstruction. However, these methods have limited use for vast
swaths of existing imaging data for which raw projection datasets
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may not be available. Since AI models heavily rely on data volume
and variety, there is both a justifiable need for and interest in devel-
oping AI-based postreconstruction image enhancement approaches.
Hallucinations in AI-generated synthetic images are a justifiable con-

cern of Dr. Beattie’s. Notably, these are a threat to both reconstruction-
based and postreconstruction AI methods alike (7). The only way
to address these concerns is through a rigorous combination of
image-based validation (where ground truth information is avail-
able and used to detect synthetically introduced spurious features)
and clinical task-based validation that can affect the potential
impact on clinical decision-making.
The medical imaging community has been empowered by AI

tools relatively recently, and it is critical to use these methods
responsibly and in ways that maximize clinical benefit. In conclu-
sion, therefore, we would like to reiterate a key premise of the
review article that image quality metric–based validation and clini-
cal task–based validation need to go hand in hand to ensure the
robustness and trustworthiness of AI approaches applied to clinical
medicine.
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Phone: 1.888.633.5343 / 514.630.7080
www.jubilantradiopharma.com
© 2023-US-RUBY-00002

WARNING: HIGH LEVEL RADIATION EXPOSURE WITH USE OF INCORRECT ELUENT AND FAILURE TO FOLLOW
QUALITY CONTROL TESTING PROCEDURE

Please see full prescribing information for complete boxed warning
High Level Radiation Exposure with Use of Incorrect Eluent
Using the incorrect eluent can cause high Strontium (Sr 82) and (Sr 85) breakthrough levels (5.1)
• Use only additive-free 0.9% Sodium Chloride Injection USP to elute the generator (2.5)
• Immediately stop the patient infusion and discontinue the use of the affected RUBY-FILL generator if the incorrect solution is used to

elute the generator (4)
• Evaluate the patient’s radiation absorbed dose and monitor for the effects of radiation to critical organs such as bone marrow (2.9)
Excess Radiation Exposure with Failure to Follow the Quality Control Testing Procedure
Excess radiation exposure occurs when the levels of Sr 82 or Sr 85 in the Rubidium Rb 82 Chloride injection exceed specified limits. (5.2)
• Strictly adhere to the generator quality control testing procedure (2.6)
• Stop using the generator if it reaches any of its Expiration Limit. (2.7)

REACH EVEN GREATER HEIGHTS  
WITH CARDIAC PET IMAGING

RUBYTM
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