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PET Imaging of Fibroblast Activation Protein in Various Types of Cancer Using 68Ga-FAP-2286: Comparison

with 18F-FDG and 68Ga-FAPI-46 in a Single-Center, Prospective Study. Yizhen Pang et al. See page 386.

Cellular-level resolution: introducing lensless radiomicroscopy
for in vitro radionuclide imaging. Justin Klein et al. See page 479.
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• Our 5th generation of dry-column
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• 100% Assay and Mo-99 breakthrough
testing3

• 100% terminal sterilization following filling
and in-process test elutions3

Tc 99m: The core of nuclear medicine imaging1,2
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•

INDICATIONS AND USAGE:

The TechneLite® generator is a source of sodium pertechnetate Tc 99m for use in the preparation of FDA-approved diagnostic radiopharmaceuticals,
as described in the labeling of these diagnostic radiopharmaceutical kits.

Sodium Pertechnetate Tc 99m Injection is used IN ADULTS as an agent for:
• Thyroid Imaging
• Salivary Gland Imaging
• Urinary Bladder Imaging (direct isotopic cystography) for the detection of vesico-ureteral reflux
• Nasolacrimal Drainage System Imaging
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• Urinary Bladder Imaging (direct isotopic cystography) for the detection of vesico-ureteral reflux

CONTRAINDICATIONS: None known.

Important Safety Information:

Allergic reactions including anaphylaxis have been reported infrequently following the administration of Sodium Pertechnetate Tc 99m Injection.

WARNINGS:

Radiation risks associated with the use of Sodium Pertechnetate Tc 99m Injection are greater in children than in adults and, in general, the younger the child, the greater
the risk owing to greater absorbed radiation doses and longer life expectancy. These greater risks should be taken firmly into account in all benefit-risk assessments
involving children. Long-term cumulative radiation exposure may be associated with an increased risk of cancer.

PRECAUTIONS:

Since the eluate does not contain an antimicrobial agent, it should not be used after 12 hours from the time of TechneLite®, Technetium Tc 99m Generator, elution. After
the termination of the nasolacrimal imaging procedure, blowing the nose and washing the eyes with sterile distilled water or an isotonic sodium chloride solution will
further minimize the radiation dose. As in the use of any radioactive material, care should be taken to minimize radiation exposure to patients and occupational workers.
Radiopharmaceuticals should be used only by physicians who are qualified by training and experience and who are licensed in the safe handling of radionuclides.

Please see following page(s) for brief Prescribing Information. Full Prescribing Information may be accessed at
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CONTRAINDICATIONS: None known.
WARNINGS: Radiation risks associated with the use of Sodium
Pertechnetate Tc 99m Injection are greater in children than in adults
and, in general, the younger the child, the greater the risk owing to
greater absorbed radiation doses and longer life-expectancy. These
greater risks should be taken firmly into account in all benefit-risk
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As in the use of any radioactive material, care should be taken to min-
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management and to ensure minimum radiation exposure to occupational
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used after 12 hours from the time of TECHNELITE®, Technetium Tc 99m
Generator elution.
After the termination of the nasolacrimal imaging procedure, blowing
the nose and washing the eyes with sterile distilled water or an isotonic
sodium chloride solution will further minimize the radiation dose.
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E D I T O R ' S P A G E

The 177Lu-PSMA-617 (Pluvicto) Supply Problem Will Be
Solved by Competition
Johannes Czernin and Jeremie Calais
Ahmanson Translational Theranostics Division, Department of Molecular and Medical Pharmacology, David Geffen School of
Medicine at UCLA, Los Angeles, California

An editorial in this issue of The Journal of Nuclear Medicine
by the theranostics teams of Dana–Farber Cancer Institute and Brig-
ham and Women’s Hospital addresses ongoing challenges with the
rollout of 177Lu-PSMA-617 (177Lu-vipivotide tetraxetan; Pluvicto
[Novartis]) (1). The authors highlight several major problems: insuf-
ficient and slow supply remains a daunting problem for patients, their
families, caregivers, and treating physicians. Most alarmingly, 5% of
the authors’ patients died while waiting for treatment, as this can be
delayed by 2 mo or even longer (1). These observations match our
own experience. The authors point to additional consequences,
including long intervals between pretreatment prostate-specific mem-
brane antigen (PSMA) PET/CT scans and therapy rendering patient
stratification and treatment monitoring unreliable (1).
The U.S. Food and Drug Administration approved the new-drug

application for Pluvicto 9 mo ago. The Centers for Medicare and
Medicaid Services has reimbursed for it since October 2022.
Novartis halted production of Pluvicto in Ivrea, Italy, and Milburn,
New Jersey, in May 2022 and resumed production and delivery at
the Ivrea site in June 2022. Yet, Pluvicto availability has remained
a significant problem because only one of the two previous sites is
currently operational for Pluvicto production.
Drugs are usually considered a failure if they do not meet reve-

nue and profit expectations, which is one suggested reason for the
market withdrawal of the CD20 antibody 131I-tositumomab (Bex-
xar; GlaxoSmithKline) (2). But commercialization starts with suc-
cessful and compliant drug production and delivery. Patients and
their treatment teams lose trust in products that are much talked
about but remain largely unavailable. The last-mile requirements
for radioligand therapies are specified by Pomykala et al. in this
issue (3) and include having a proficient drug supply, meeting
infrastructure and regulatory requirements, training competent
staff and having them available (including authorized users),
establishing reliable reimbursement, and having a sufficient patient
referral base. If the first of these requirements remains the key
problem, then the rest of the requirements are no longer relevant.
Past mistakes in rolling out molecular radiotherapies also included
tedious drug-ordering processes, as was the case for another
CD20-directed radiotherapeutic antibody, ibritumomab tiuxetan
(Zevalin; Acrotech Biopharma) (4).
Novartis recently announced that “Pluvicto demonstrated a

statistically significant and clinically meaningful improvement
in radiographic progression-free survival… in a randomized trial
of patients withPSMA-positivemetastatic castration-resistant prostate
cancer… after treatment with androgen-receptor pathway inhibitor
(ARPI) therapy, compared to a change in ARPI” (PSMAfore,

NCT04689828) (5). This, and several
ongoing investigator- or industry-
initiated late-stage randomized clinical
trials, place PSMA-targeted therapies at
various stages of prostate cancer, sug-
gesting that indications will broaden
and demand will increase dramatically.
What are the solutions? Novartis

added a new production site at Purdue
Research Park near Indianapolis, and it
is hoped that this and the Milburn site
will be fully operational later this year.
Novartis needs to create further back-
up solutions to guarantee a drug supply
for new patients whose waiting times
are unacceptable and for those who are
already undergoing treatment and are
waiting for the subsequent therapy
cycles. Competition will certainly con-
tribute to solving the supply problem.
Several compounds are undergoing
testing in phase 3 clinical trials, includ-
ing SPLASH (NCT0464752, POINT
Biopharma/Lantheus) and ECLIPSE
(NCT05204927, Curium), and are likely
to meet endpoints. These are going to shake up the market in 2024.
As Friedrich von Hayek stated, “A monopoly based on superior

efficiency, on the other hand, does comparatively little harm so long
as it is assured that it will disappear as soon as anyone else becomes
more efficient in providing satisfaction to the consumers.” (6).
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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

Focusing on Whole-Person Health
A Conversation Between H$el"ene Langevin and Ramsey Badawi

H$el"ene Langevin1 and Ramsey Badawi2

1National Center for Complementary and Integrative Health, Bethesda, Maryland; and 2University of California Davis Medical Center,
Davis, California

Ramsey Badawi, from the University of California Davis,
talked with H$el"ene Langevin, director of the National Center for
Complementary and Integrative Health (NCCIH) at the National
Institutes of Health (NIH; Bethesda, MD), about her career-long
perspective on the ways in which medical treatment should address
the whole patient. She is currently the chair of the Interagency Pain
Research Coordinating Committee and has been a prime mover in
engaging the NIH community in research in the whole-person
health initiative.
Dr. Langevin received her medical degree from McGill University

(Montreal, Canada). She completed a postdoctoral research fellow-
ship in neurochemistry at the Medical Research Council Neurochemi-
cal Pharmacology Unit (Cambridge, U.K.) and a residency in internal
medicine and fellowship in endocrinology and metabolism at the
Johns Hopkins Hospital (Baltimore, MD). She was a professor of
neurologic sciences at the University of Vermont Larner College of
Medicine (Burlington) until 2012, when she became director of the
Osher Center for Integrative Medicine (Boston, MA) and a professor
of medicine in residence at Harvard Medical School (Boston,
MA). She became director of NCCIH in 2018. As the principal
investigator of several NIH-funded studies, Dr. Langevin has cen-
tered her research around the role of connective tissue in chronic
musculoskeletal pain and the mechanisms of acupuncture, manual,
and movement-based therapies. Her more recent work has focused
on the effects of stretching on inflammation resolution mechanisms
within connective tissue.
Dr. Badawi: You studied music as well as biology as a student.

I was curious: what was your instrument of choice? Do you still play?
Dr. Langevin: Piano. I still play. I find it so relaxing. I love

classical music—it takes you back to a different epoch. My favor-
ite period is the turn of the 20th century, when things were getting
deconstructed in art and music. That’s an interesting time.
Dr. Badawi: You spent quite some time as a practicing physi-

cian. How did that inform your choices of scientific inquiry?
Dr. Langevin: I was an endocrinologist, and I also practiced

internal medicine. I ended up seeing a lot of people who had
pain—chronic pain, specifically. You can’t be a doctor without
encountering patients who are dealing with chronic pain. I felt so
frustrated by how little I could offer. That’s what got me interested
in nonpharmacologic methods for pain management, of which
there were very few at the time.

Dr. Badawi: You have had a tremen-
dously successful scientific career. What
would you describe as your most signifi-
cant contribution?
Dr. Langevin: I was part of a group

of people who, around 20 years ago,
started seriously thinking about the role
of connective tissue in the body: how
important it is, how understudied it is,
how it interfaces with all of the other
systems in the body, and how much
more we need to understand. We needed
to study the connection between bio-
chemistry and biomechanics and the whole field of mechanical
transduction. We developed a very simple model in my lab, which
used acupuncture needles to deliver a force into the tissue. By simply
stretching the tissue, we could look at the impact of this force on cells
and cascades of signaling pathways. But much remains to be done.
At the cellular level, we think about connective tissue as the extracel-
lular matrix, but at the whole-organ and whole-body levels, huge
gaps remain in our understanding of the role connective tissue plays.
Dr. Badawi: When we think of vigorous aerobic or resistance

training, the metabolic pathways and the outcomes of the signal-
ing are understood even by lay people, but significant benefits are
associated with other exercise modalities, such as yoga. Is this
related to what you are talking about?
Dr. Langevin: Absolutely. If you’re doing a less vigorously

aerobic exercise, such as gentle yoga, your heart rate may not go
up very much. But what may happen is that you move your body
in directions that are not habitual. At the same time, you are relaxing
your body and removing some of the connective tissue restrictions
by gentle stretching. It’s a very different effect physiologically.
Doing yoga for 30 min or running for 30 min can both be beneficial
but in very different ways.
Dr. Badawi: May I ask about your own exercise habits?
Dr. Langevin: I do about 15 min of stretching every morning,

because I know that if I don’t, I tend to stiffen, get more pain, and
be more injury-prone. I also always try to do something aerobic.
I don’t run any more, but I ride my bicycle to work. I’ll swim in
the summer and do cross-country skiing in the winter. I also like
canoeing—anything that’s outside. I like to challenge my body in
different ways. I think aerobic exercise is important for your gen-
eral health, but it’s not enough by itself. The stretching is neces-
sary to maintain my capability to do the aerobic exercise.
Dr. Badawi: Changing the topic, how did you make the transi-

tion from practicing scientist to leadership at NIH, and what drove
that career choice?

H$el"ene Langevin, MD
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Dr. Langevin: One of the nice things about being at NIH is
that I’m able to have a lab in the NIH intramural space. I’m still
able to do research, although I have less time for it. Having the
opportunity to also be the director of NCCIH has opened up a
whole other aspect of science for me. In this role, I can impact the
kinds of questions that researchers can address in a much larger
sense. For example, the NIH Helping to End Addiction Long-
Term (HEAL) Initiative is aimed at addressing the opioid epi-
demic. This has 2 components: the opioid problem and the related
crisis of pain. So many people live with chronic pain. A lot of it is
musculoskeletal, and in many cases, we don’t understand the path-
ophysiology. Together with the HEAL Initiative, we launched an
effort aimed at developing imaging and other methods to quantify
abnormalities within the musculoskeletal tissues that may underlie
myofascial pain. These are areas in which we have historically
done very little research. As NCCIH director, I have a wonderful
opportunity to help researchers make a tremendous impact.
Dr. Badawi: I once attended a lecture by a hand surgeon, John

Agee. He mentioned the opioid epidemic and the pain crisis. He
opined that a direct cause of a large fraction of the problem was not
a deficit of medicine, it was a deficit of love—that many of these peo-
ple who find themselves dependent on opioids for pain management
actually have a lack of meaningful human connection in their lives.
He said that human connection is enormously important in reducing
the impact of pain. What is your thought about that statement?
Dr. Langevin: I think that you’re talking about the psychoso-

cial component of what we call the biopsychosocial model of pain.

The muscles, the connective tissue that I was talking about earlier in
terms of the myofascial pain, are the bio part. That’s hugely impor-
tant, but the psychosocial component is enormously important as
well. Thirty years ago, if you had back pain, you went to see an
orthopedic surgeon, who decided whether you needed surgery. If
you didn’t need surgery, your back pain was called nonspecific and
not much could be done for you, which led to huge frustration. How-
ever, the pendulum has now swung toward the psychologic compo-
nents of pain. We have begun to understand the processes involving
the central nervous system, emotional distress, stress responses, and
behaviors that go along with having pain. We have begun to under-
stand the negative consequences of, for example, loneliness in this
context. But we have yet to fully connect the psychologic and social
contexts of pain with what’s going on in the physiologic space and
the tissues. I think that’s the big challenge now.
Dr. Badawi: That sounds like a tremendously exciting paradigm

to explore.
Dr. Langevin: Indeed!
Dr. Badawi: Tell us a bit about your current role as director of

NCCIH.
Dr. Langevin: When I came to NIH, one of the big things that

I presided over was mapping out the new strategic plan for
NCCIH. In the past, NCCIH had focused on a few very important
areas, such as pain, mind-and-body practices (such as yoga and
meditation), and natural products, which are in widespread use but

not always supported with robust scientific evidence of utility.
This is important work, and we still support this kind of research.
But as part of the new strategic plan, we decided to create a

framework for studying these in the context of what we call
whole-person health. We define this in a way that empowers indi-
viduals, families, communities, and whole populations to improve
their health in multiple interconnected domains. We want to stop
thinking about biologic, behavioral, social, and environmental fac-
tors as separate and instead look at them all together. Even within
the biologic domain, we tend to compartmentalize: we look sepa-
rately at the nervous system, cardiovascular system, and digestive
system. The point of whole-person health is to think about the
integration of the whole person.
My role involved not just developing the new strategic plan but

also publicizing and implementing it and overseeing new funding
opportunities. We’re starting to see people submitting grant applica-
tions in response to this, which is very gratifying. Part of my job is
also to go out to speak with people from other NIH institutes that are
more focused on specific body systems or diseases and advocate for
collaboration on whole-person health. So far this has been very suc-
cessful. We have an internal NIH working group on whole-person
health in which many other institutes and centers participate.
We also participate in several trans-NIH initiatives. One of

these is the Pragmatic Trials Collaboratory, which focuses on
research in health-care settings. Conducting trials that are embed-
ded within health-care systems can help disseminate knowledge
and address obstacles in implementation of proven approaches that

aren’t being used. We know, for example, that opiates should not
be the first-line treatment for pain. Yet if you look at health-care
systems, they’re often still used in this way. Nonpharmacologic
methods, however, can be tricky to implement, because they
require different expertise, different people. This initiative is
aimed at changing that.
I also do a lot of outreach and external talks. For example, I spoke

at the September 2022 Total-Body PET Conference in Edinburgh,
U.K. It was great fun to be able to interact with a completely differ-
ent scientific community that I did not know before.
Dr. Badawi: Can you tell us a bit about how your whole-person

health research effort came about?
Dr. Langevin: It goes back all the way to when I did my very

first research fellowship after medical school. My area of study was
the hypothalamus, which is a really interesting part of the body. It’s
very small and difficult to image, but packed inside that little hypo-
thalamus is control of the autonomic nervous system, the endocrine
system, sleep, appetite, growth, reproductive function, and more.
I always think it is like the orchestra conductor for the whole body.
Subsequently, when I was practicing internal medicine, my subspe-
cialty was endocrinology. The endocrine system is a whole-body
system that impacts all the organs. Then I got interested in connec-
tive tissue, which in a completely different way also has its fingers
over all these different organ systems. So, this idea of whole-body
research was kind of in my head for a long time.

`̀ …when I came to NIH, I really wanted to start thinking about what we call whole-person health. Instead of
focusing on diseases a single organ system at a time, we need to understand health better, which is a

whole-body phenomenon.´́
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Then, when I came to NIH, I really wanted to start thinking
about what we call whole-person health. Instead of focusing on
diseases a single organ system at a time, we need to understand
health better, which is a whole-body phenomenon. Imagine you’re
not so healthy; perhaps you’ve had an unhealthy lifestyle for a
couple of years, gained a few pounds, your blood pressure might be
starting to creep up, your blood sugar might be a bit less controlled,
your lipids a little high. This is the beginning of what we call the
metabolic syndrome. It’s a very, very common problem, but it’s
reversible up to a point. So if you do the right interventions (eating a
good diet, getting some exercise, and especially managing stress),
the entire thing can be reversed. All of these abnormalities can
improve at the same time, because it’s a whole-body intervention.
You can see that this is all connected: exercise ties into the muscu-
loskeletal system, diet and nutrition tie into metabolism and endo-
crinology, and then stress and sleep tie into the nervous system
and the hypothalamus. For me, this represents much of what I have
been thinking about pretty muchmy whole career.
Dr. Badawi: We’ve been talking about the potential role of

molecular imaging and, in particular, total-body PET in whole-
person research. What do you think are the key areas in which
total-body PET might be able to contribute?
Dr. Langevin: We talked a little bit already about the relation-

ship between the structure of the body and its biochemistry. When
we think about biochemistry, we tend to think about these mole-
cules sort of floating around in liquid—but that’s not right. All
biochemistry occurs in a structural environment. What PET imag-
ing and total-body PET in particular allow you to do is to look at
biochemistry in this greater context. So I’m very intrigued. I think
there’s a lot of potential here. This is a really wonderful new way
to look at how the different organs and systems communicate with

one another. Some of the presentations that I saw at the Edinburgh
conference last fall showed me that this new technique really
encourages integrative thinking. Sometimes it takes the develop-
ment of a new technology to allow the generation of a different
kind of hypothesis or a different way to look at a problem.
Dr. Badawi: I think the field is beginning to see that the mathe-

matic and analytic tools for molecular imaging that we’ve been
using quite successfully for the last 40 years are not really ade-
quate for addressing the whole-person health problem. As a result,
people are starting to reach out to others who have expertise that
can help us. I think that is very positive.
Dr. Langevin: I agree. And, if I may, I would like to mention the

trans-NIH Methodologic Approaches for Whole Person Research
Workshop that NCCIH hosted in summer 2021. Our goal was to
identify expertise in all kinds of fields that could be brought to bear
on studying whole-person health. The discussion was very encourag-
ing. We have a new generation of researchers who are not afraid to
tackle big data and complex questions. They have the necessary
computational tools, the networks, and the analytic tools. They also
have new technologies that can collect and analyze these kinds of
data, and we have new thoughts on how to design studies properly
to look at complex systems. We looked at how to study intercon-
nected systems and how to study the impact of multicomponent
interventions on these interconnected systems. I would encourage
anyone who is interested to watch the conference [on-demand at
https://www.nccih.nih.gov/news/events/methodological-approaches-
for-whole-person-research]. It really showed us that the field is
ready to tackle this.
Dr. Badawi: Dr. Langevin, thank you so much for a fascinating

conversation!
Dr. Langevin: My pleasure. This has been very fun!
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The term last mile originates from the telecommunication indus-
try and describes the difficulty of connecting the end customer to
the main telecommunication networks (1). Successfully tackling the
last mile is associated with economic success in several different
industries in addition to telecommunications, in particular within the
supply chain and logistics industry. Translating this concept to the
anticipated expansion of radioligand therapy automatically shifts
the focus to the delivery of the therapy to the patients. The first dif-
ficult 25 miles of the marathon have been run by discovering and
developing new therapies, investigating them in well-designed clin-
ical trials, and gaining government approval. To complete the last
mile is to successfully deliver the therapy to patients.
With 2 promising radioligand therapies recently approved by the

Food and Drug Administration—177Lu-DOTATATE (Lutathera;
Advanced Accelerator Applications) and 177Lu-PSMA-617 (Plu-
victo; Advanced Accelerator Applications)—the stage is set for a
radioligand therapy renaissance, especially with the abundance of
convincing clinical data in support of Pluvicto (2–5), leading to a
huge buzz. However, early lessons were learned from Lutathera
after the Food and Drug Administration approval in 2018. There
was an initial steep rise in demand, but sales plateaued far earlier
than expected, never fully reaching the anticipated revenue poten-
tial. One can infer why this occurred. First, there were not enough
hospitals prepared to offer Lutathera. Next, with neuroendocrine
tumors being a specialized disease often treated in dedicated cen-
ters, sometimes these neuroendocrine tumor centers did not have
nuclear medicine departments organized to deliver this new ther-
apy. Additionally, overall, there are low numbers of neuroendo-
crine tumors, with approximately 12,000 patients diagnosed each
year in the United States (6). When starting with a relatively low
number of patients, and adding not having enough centers to pro-
vide Lutathera treatment, economies of scale, or an average cost
decrease as output increases, was not allowed to occur. Will the
story be different for Pluvicto? One advantage is that prostate can-
cer is more common, with over 260,000 new cases per year in the
United States (7). But how can we make sure that all patients can
be reached and that the last mile does not prevent sustainable suc-
cess of radioligand therapy?

Securing patient access clearly depends on scaling up the deliv-
ery of radioligand therapy to many more clinical institutions capa-
ble of administering the therapy. Conservative estimates predict
that 70–280 theranostic centers will be needed in the United States
to treat neuroendocrine and prostate cancer alone, depending on
how many treatments are performed per day per site (8). In addi-
tion, with more studies under way to investigate the utility of radio-
ligand therapy as earlier-line therapy and in other cancers, even
more centers may be required. The 5 key pillars of successfully
implementing radioligand therapy include drug supply, infrastruc-
ture and regulatory requirements (e.g., radioactive material program
license), staff (including authorized users), reimbursement, and
referred patients. The first pillar, drug supply, is not without chal-
lenges. Production can be affected by several issues, including
177Lu shortages due to reactor shutdowns, inability to meet increas-
ing governmental requirements, and site contamination. Although
the pharmaceutical companies handle the first pillar, our field,
nuclear medicine, has to pay attention to the remaining pillars. To
identify eligible patients, experts in radioligand therapy should be
present in multidisciplinary tumor boards, form reliable collabora-
tions and patient referral pathways, and ensure that patients then
return to the primary leading physician for further follow-up care.
To ensure that there is enough staff to care for the patients, spe-
cialty training will be required for nurses, technologists, pharma-
cists, medical doctors, medical physicists, and more professionals.
To guarantee high-quality training for all subspecialities involved,
curricula need to be established and to some degree standardized.
Another important aspect is to overcome financial disincentives for
patient-referring collaborators by potentially considering revenue
share options.
Infrastructure investment (e.g., infusion chairs, shielding, and

waste management systems), as well as reimbursement, require
the buy-in of major stakeholders such as payers, hospital adminis-
trations, and government organizations (requiring coordinated lob-
bying on behalf of patient interests). Reimbursement needs to
include not only payment for the drug but also payment for all
associated procedures such as administration, dosimetry, and
imaging required for patient selection. Without a clear pathway to
pay off the investment into new infrastructure, the required ramp-
up of theranostic centers will not be successful. Advocacy, collab-
oration, consistency, and hard work are needed to build these 5
strong pillars. Recent joint efforts by the European Association of
Nuclear Medicine, Society of Nuclear Medicine and Molecular
Imaging, and International Atomic Energy Agency have been
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initiated to ignite the establishment of theranostic centers, but this
is only the beginning (9).
After reviewing the essential pillars for radioligand therapy

delivery, what are the concrete necessary action items that need to
be completed? Each center needs to create an individual viable
business plan including strategies for infrastructure development,
staff preparation, and creation of revenue with reimbursements. A
regulatory framework must be locally established such as licensing,
proper storage, and waste management and disposal. Contracts
need to be established, with the availability of vendors on site for
assistance. Educational sessions ought to be organized to inform
nuclear medicine staff, referring clinicians, and patients about the
new therapies. Patient acceptance is also an important part of suc-
cess, and with education, this should be attainable because of high
patient convenience (intravenous therapy) and low side effects.
For those who are not yet convinced of the importance of the last

mile, let us turn to the logistics giant Deutsche Post DHL Group for
an example. The company encompasses a vast portfolio of logistics
services and is thereby suited to analyze the significance of last-mile
businesses in terms of barriers to entry and financial attractiveness.
Deutsche Post DHL Group’s services range from international door-
to-door express services to domestic and international parcel net-
works, forwarding of freight over international air, sea, and ground
routes (door-to-port and port-to-door services), warehousing, and
customer-dedicated domestic transport. The group’s published finan-
cial figures (10) consistently suggest higher returns for business
models including last-mile activities. In 2021, the activities with less
of a focus on the last mile generated between a 5.1% and 5.7%
earnings-before-interest-and-taxes margin, whereas the divisions
including distributed last-mile services generated up to a 17.4%
margin in the same year.
Whereas successfully tackling the last mile goes along with a

significant economic upside in the logistics industry, it is a prereq-
uisite to turn theranostics into a major oncologic therapy option.
However, distributing specific therapies with a limited shelf-life
around the globe in a secure and traceable way is considered the
most challenging task in this industry, often performed by highly
specialized niche players.
The renaissance of theranostics brings along one of the most

exciting times in our field. Apart from the clinical effectiveness
and the regulatory approval, successfully establishing the winning

pillars of radioligand therapy’s last mile will determine the sus-
tainable success of theranostics.
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In March 2022, 177Lu-PSMA-617 (177Lu-vipivotide tetraxetan)
received Food and Drug Administration approval for treatment of
metastatic castration-resistant prostate cancer (mCRPC) in men with
prostate-specific membrane antigen (PSMA)–avid disease who have
received prior chemotherapy and a novel androgen receptor–
directed therapy (1). Approval followed the VISION trial, which
demonstrated a median 4-mo overall survival benefit for 177Lu-
PSMA-617 plus best supportive care versus best supportive care
alone (2). 177Lu-PSMA-617 is the first theranostic agent for pros-
tate cancer and a clinically meaningful addition to the therapeutic
armamentarium. Here, we describe the process of clinical imple-
mentation of 177Lu-PSMA-617 at a major academic center,
highlighting successes and challenges.
Between May and October 2022, 146 patients with a median

age of 73 y were referred for 177Lu-PSMA-617 therapy at Dana–
Farber Cancer Institute. Cognizant of potential access issues, once
177Lu-PSMA-617 was Food and Drug Administration–approved,
we developed a standard operating process as the only gateway
to receiving therapy. This involved practitioners ordering 68Ga-
PSMA-11 PET/CT and noting on the requisition that the patient
was being considered for 177Lu-PSMA-617. Once the PSMA PET/
CT was performed, cases were reviewed at a weekly multidisci-
plinary tumor board (TB) meeting with representation from the
Genitourinary Medical Oncology Department and the Nuclear
Medicine Department. The median duration between PSMA PET/
CT and TB review was 11 d (interquartile range, 6–20 d). Of the
cohort, 127 (88%) were approved for therapy, 10 (7%) were deferred,
and 8 (6%) were declined for reasons such as no prior chemotherapy,
lack of PSMA-avid disease, poor performance status, or poor organ
function. All approved patients had received a prior taxane and a
novel androgen receptor–directed agent. As of October 31, 2022,
52 patients (41% of those approved) had received at least 1 cycle
of 177Lu-PSMA-617. The median duration between TB review and
cycle 1 was 59 d (range, 32–129 d), with the median delay increas-
ing from 41 d in May 2022 to 96 d in October 2022. Due to the
delay, 45 patients (35%) continued existing therapy or started a
new line of therapy between baseline PSMA PET/CT and cycle 1

of 177Lu-PSMA-617. Six patients (5%) died before receiving
177Lu-PSMA-617.
Our experiences highlight several issues. First, establishing a

referral process for 177Lu-PSMA-617, including a multidisciplinary
TB, has been key in managing volume and coordinating care. TBs
facilitate open dialog for selecting patients for therapy on the basis
of PSMA PET/CT imaging and clinical judgment at the individual-
patient level about the broader therapeutic options available at the
specific point in the disease.
Second, supply issues, currently causing more than a 3-mo delay

in 177Lu-PSMA-617 administration, have had a notable impact, with
5% of patients dying while waiting for treatment. These delays
have led to delivery of bridging therapy (chemotherapy, novel
androgen receptor–directed agents, radiotherapy), which dilutes the
impact of 177Lu-PSMA-617 as a theranostic agent and increases
toxicity risks. Since decisions on proceeding with 177Lu-PSMA-
617 therapy are being based on PSMA PET/CT performed 3–4 mo
beforehand, and with patients receiving bridging therapies, it is
likely that disease differs in terms of extent of PSMA-negative dis-
ease, visceral metastases, or other poor-prognosis factors between
the time of PSMA PET/CT and 177Lu-PSMA-617 administration.
This also impacts how disease is followed radiographically during
therapy, especially if PSMA PET/CT is used to monitor therapy
response.
Finally, these issues serve as a reminder about selecting

patients for 177Lu-PSMA-617. The fact that a patient has PSMA-
avid disease (as .90% of patients with mCRPC will, per the
VISION trial criteria) (2) should not automatically mean that
177Lu-PSMA-617 treatment is indicated. At our center, we treat
patients per the Food and Drug Administration label and VISION
population, with no exceptions for patients who have not had
both prior chemotherapy and novel androgen receptor–axis inhibi-
tor treatment. Additionally, for those with limited PSMA-avid dis-
ease, we consider metastasis-directed therapy given encouraging
results from prospective trials in hormone-sensitive prostate cancer
(3–5) and retrospective data suggesting utility in mCRPC (6). Fur-
thermore, second-line chemotherapy (cabazitaxel) is a valid option
in patients who have received prior docetaxel, with the THERA-P
trial showing similar overall survival between 177Lu-PSMA-617 and
cabazitaxel in the post-docetaxel setting (7,8). There are prognostic
nomograms available that may help select patients (9). However,
unfortunately, those least likely to benefit from 177Lu-PSMA-617 are
often those in most need of a new line of therapy (i.e., heavily pre-
treated, visceral disease, poorer organ function).
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While radiopharmaceutical therapy is not new to prostate cancer
(223Ra is used in bone-predominant mCRPC (10)), and though the
wider acceptance and use of theranostics is promising, the clinical
roll-out of 177Lu-PSMA-617 has posed unique challenges due to the
need for selection by PSMA PET/CT, supply shortages of drug,
and the time between imaging and treatment administration. We
believe that close collaboration between medical oncology and
nuclear medicine, multidisciplinary TBs, and careful patient selec-
tion can address these challenges through streamlined processes,
which will be necessary as the demands for treatment are likely
to increase pending data from trials evaluating 177Lu-PSMA-617
in earlier settings of prostate cancer disease (PSMAddition,
NCT04720157; PSMAfore, NCT04689828).
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PET imagingwith 16a-18F-fluoro-17b-fluoroestradiol (18F-FES), a radio-
labeled form of estradiol, allows whole-body, noninvasive evaluation
of estrogen receptor (ER). 18F-FES is approved by the U.S. Food and
Drug Administration as a diagnostic agent “for the detection of
ER-positive lesions as an adjunct to biopsy in patients with recurrent
or metastatic breast cancer.” The Society of Nuclear Medicine and
Molecular Imaging (SNMMI) convened an expert work group to com-
prehensively review the published literature for 18F-FES PET in
patients with ER-positive breast cancer and to establish appropriate
use criteria (AUC). The findings and discussions of the SNMMI 18F-
FES work group, including example clinical scenarios, were pub-
lished in full in 2022 and are available at https://www.snmmi.org/auc.
Of the clinical scenarios evaluated, the work group concluded that
the most appropriate uses of 18F-FES PET are to assess ER functional-
ity when endocrine therapy is considered either at initial diagnosis of
metastatic breast cancer or after progression of disease on endocrine
therapy, the ER status of lesions that are difficult or dangerous to
biopsy, and the ER status of lesions when other tests are inconclusive.
These AUC are intended to enable appropriate clinical use of 18F-FES
PET, more efficient approval of FES use by payers, and promotion of
investigation into areas requiring further research. This summary
includes the rationale, methodology, and main findings of the work
group and refers the reader to the complete AUC document.

Key Words: 16a-18F-fluoro-17b-fluoroestradiol; appropriate use cri-
teria; estrogen receptor–targeted PET imaging

J Nucl Med 2023; 64:351–354
DOI: 10.2967/jnumed.123.265420

Estrogen receptor (ER) status is currently routinely determined
by immunohistochemistry of tissue samples (1). However, biopsy

is invasive, and the lesion may be in a location that is difficult to
biopsy (2). Because ER expression may vary spatially and tempo-
rally, the results obtained from a tissue sample may incompletely
represent a patient’s ER receptor distribution (2–9). Moreover, not
all tumors that are ER-positive by immunohistochemistry respond
to ER-targeted therapy (10,11). Alternative methods for evaluation
of ER status are needed.
16a-18F-fluoro-17b-fluoroestradiol (18F-FES) is a radiolabeled

form of estrogen that binds to ER. PET imaging with 18F-FES
allows noninvasive identification of functional ER distribution
(10,11). 18F-FES uptake measured by PET correlates with ER
immunohistochemistry (7,12–17), successfully demonstrates ER
heterogeneity within individual patients (4–6,18,19), serves as a
prognostic biomarker (9,19–21), provides high diagnostic accuracy
for detection of ER-positive metastases (2,7,10,15,17,22–24), and
can assess the efficacy of ER blockade (25–28).
The Society of Nuclear Medicine and Molecular Imaging

(SNMMI) in 2021 convened an 18F-FES PET appropriate use crite-
ria (AUC) work group made up of a multidisciplinary panel of
health-care providers and researchers with substantive knowledge
of breast cancer and breast cancer imaging. In addition to SNMMI
members, representatives from the American College of Nuclear
Medicine, the Korean Society of Nuclear Medicine, and the Lobular
Breast Cancer Society were included in the work group. The pur-
pose of these AUC is to provide expert opinion on clinical scenarios
in which 18F-FES PET will have an impact on management of
patients with ER-positive breast cancer. The complete “Appropriate
Use Criteria for Estrogen Receptor-Targeted PET Imaging with
16a-18F-Fluoro-17b-Fluoroestradiol,”with extensive reference doc-
umentation and other supporting material, is freely available on the
SNMMI website at www.snmmi.org/auc.

METHODOLOGY

AUC Development
The work group identified 14 clinical scenarios for patients with

ER-positive breast cancer for which physicians may want guid-
ance on whether 18F-FES PET would be considered appropriate.
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The work group then conducted a systematic review of evidence
related to these scenarios and determined an appropriateness score
for each scenario using a modified Delphi process (29).
The protocol for this guideline was reviewed and approved by

the SNMMI guidance oversight committee and the U.S. Food and
Drug Administration. The PubMed, MEDLINE, Embase, Web of
Science, and Cochrane Collaboration Library electronic databases
were searched for evidence that reported on outcomes of interest,
with updates in the literature through June 2022.
After a complex consensus-based rating process as outlined in

the complete AUC, final appropriate use scores were summarized
for each clinical scenario as “appropriate,” “may be appropriate,”
or “rarely appropriate” on a scale from 1 to 9 (Table 1). The work
group emphasized that 18F-FES PET is a unique imaging test that
is independent from other clinically available radiotracers, such as
18F-FDG PET.

Clinical Scenarios
The complete AUC document provides the evidence and data

limitations for each of the 14 clinical scenarios. Summarized here
is the evidence for 4 clinical scenarios for which the work group
determined 18F-FES PET as “appropriate” and 1 scenario deemed
“may be appropriate” with substantial current investigation.
Clinical Scenario 8: Assessing ER Status in Lesions That Are

Difficult to Biopsy or When Biopsy Is Nondiagnostic (Score: 8—
Appropriate). The work group regarded the use of 18F-FES PET as
appropriate to assess ER status when the lesions are difficult to
biopsy. Published examples on the use of 18F-FES PET for this clin-
ical indication are available (2). Lesions may be in locations that
make biopsy difficult or impose substantial risk. Examples include
brain lesions, spinal lesions deep to the spinal cord, or lesions adja-
cent to major vascular structures. In these cases, the high correlation
of 18F-FES PET with ER immunohistochemistry (2,7,10,24) may
favor noninvasive imaging over the risks of biopsy.

TABLE 1
Clinical Scenarios for ER–Targeted PET with 18F-FES

Scenario number Description Appropriateness Score*

Diagnosis

1 Diagnosing primary breast cancer Rarely appropriate 2

2 Diagnosing malignancy of unknown primary
when biopsy is not feasible or is
nondiagnostic

May be appropriate 5

Staging

3 Routine staging of primary tumor (T staging) Rarely appropriate 1

4 Routine staging of axillary nodes Rarely appropriate 3

5 Routine staging of extraaxillary nodes and
distant metastases

May be appropriate 5

6 Staging ILC and low-grade IDC May be appropriate 5

Biopsy

7 Assessing ER status, in lieu of biopsy, in
lesions that are easily accessible for biopsy

May be appropriate 5

8 Assessing ER status in lesions that are difficult
to biopsy or when biopsy is nondiagnostic

Appropriate 8

Selection of therapy

9 After progression of metastatic disease, for
considering second line of endocrine
therapy

Appropriate 8

10 At initial diagnosis of metastatic disease, for
considering endocrine therapy

Appropriate 8

11 At initial diagnosis of primary breast cancer,
for considering endocrine therapy

Rarely appropriate 1

Other

12 Measuring response to therapy Rarely appropriate 1

13 Detecting lesions in patients with suspected/
known recurrent or metastatic breast
cancer

May be appropriate 5

14 Detecting ER status when other imaging tests
are equivocal or suggestive

Appropriate 8

*Work group scored each clinical scenario on scale from 1 to 9: scores of 7–9 indicate that procedure is appropriate for specific scenario and
is generally considered acceptable; scores of 4–6 indicate that procedure may be appropriate for specific scenario and may imply that more
evidence is needed to definitively classify scenario; and scores of 1–3 indicate that procedure is rarely appropriate for specific clinical scenario
and is generally not considered acceptable. Division of scores into 3 general levels of appropriateness is partially arbitrary, and numeric
designations should be viewed as continuum. ER5 estrogen receptor; IDC5 invasive ductal carcinoma; ILC5 invasive lobular carcinoma.
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Clinical Scenario 9: After Progression of Metastatic Disease,
for Considering Second Line of Endocrine Therapy (Score: 8—
Appropriate) and Clinical Scenario 10: At Initial Diagnosis of
Metastatic Disease, for Considering Endocrine Therapy (Score:
8—Appropriate). There are several endocrine axis therapies for
patients with breast cancer. These therapies act by decreasing avail-
able estrogens, degrading ER, blocking estrogen binding to ER, or
decreasing downstream effects of ER signaling (30). The presence
of ER by immunohistochemistry may not be the optimal predictive
biomarker for the success of endocrine axis therapies. Patients with
recurrent or metastatic ER-positive breast cancer may develop
endocrine resistance despite remaining ER-positive on immunohis-
tochemistry (31). Several investigators have studied 18F-FES PET
as a potentially superior predictive biomarker for determining
whether patients with breast cancer will be successfully treated by
endocrine axis therapies. To date, at least 17 prospective trials
have demonstrated 18F-FES PET to be successful in this role
(19–21,25,26,32–43), as reviewed by Ulaner (44). These trials rep-
resent 547 subjects with ER-positive breast cancer undergoing
endocrine axis therapies ranging from the earlier agents, such as
tamoxifen, to the more recent introduction of aromatase inhibitors
and inhibitors of cyclin-dependent kinases 4 and 6. The work group
stated that this body of evidence provided strong support for the use
of 18F-FES PET to assist with treatment selection for patients with
metastatic ER-positive breast cancer considering endocrine axis
therapies. Given that more than 100,000 patients live with ER-
positive metastatic breast cancer (45), the use of 18F-FES PET for
this clinical scenario has the potential to prevent large numbers of
patients from receiving ineffective courses of endocrine therapies,
to save time, and to reduce unnecessary side effects and the costs of
ineffective treatments.
Clinical Scenario 14: Detecting ER Status When Other Imaging

Tests Are Equivocal or Suggestive (Score: 8—Appropriate). It is
not uncommon for imaging studies to be inconclusive or equivo-
cal. Several studies have evaluated the ability of 18F-FES PET to
solve clinical dilemmas when findings on other imaging modalities
were equivocal or inconclusive (46–49). These 4 studies include
18F-FES PET scans on 181 patients with breast cancer, with more
than half of 18F-FES PET scans leading to alterations in patient
treatment based on knowledge gained from 18F-FES PET. The
work group was unanimous that 18F-FES was appropriate for
patients with an ER-positive breast cancer and equivocal prior
imaging studies, if assessment of ER status by 18F-FES could
change patient management.
Clinical Scenario 6: Staging Invasive Lobular Carcinoma

(ILC) and Low-Grade Invasive Ductal Carcinoma (IDC) (Score:
5—May Be Appropriate). ILC is a disease distinct from the more
common IDC, with unique genetic, molecular, and pathologic fea-
tures (50). Interpretation of breast cancer imaging is influenced by
tumor histology. For example, primary ILC is more difficult to
detect than IDC on mammography, ultrasound, MRI, and 18F-
FDG PET (51,52). Low-grade IDC and ILC malignancies are
more likely to display metastases with lower 18F-FDG avidity
(52–54). 18F-FDG PET/CT has lower rates of detecting distant
metastases in ILC than in IDC (55). Because low-grade IDC and
ILC are nearly always ER-positive (50,56), investigators have sug-
gested that ER-targeted imaging may be of value for patients with
these malignancies, particularly when disease is not appreciable
on 18F-FDG PET. A head-to-head comparison of patients with
metastatic ILC lesions found more than twice as many 18F-FES–
avid lesions as 18F-FDG–avid lesions in patients who underwent

both scans (57). The work group believes this is an area in which
larger prospective trials are needed.

SUMMARY

18F-FES is a radiolabeled form of estrogen that binds to ER.
PET imaging with 18F-FES allows noninvasive and whole-body
evaluation of ER that is functional for binding. The full AUC doc-
ument described in this summary represents the expert opinions of
a work group convened by the SNMMI to evaluate clinical scenar-
ios for use of 18F-FES PET in patients with ER-positive breast
cancer, based on a comprehensive review of the published litera-
ture. The work group concluded that the most appropriate uses of
18F-FES PET are for scenarios in which clinicians are considering
endocrine therapy, either after progression on a prior line of endo-
crine therapy or at initial diagnosis of metastatic disease; for as-
sessing the ER status of lesions that are difficult or dangerous to
biopsy; and for determining the ER status of lesions when other
imaging tests have inconclusive results. The complete findings and
discussions of the SNMMI 18F-FES work group are available at
https://www.snmmi.org/auc.
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Response Monitoring in Metastatic Breast Cancer:
A Prospective Study Comparing 18F-FDG PET/CT with
Conventional CT
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This study aimed to compare contrast-enhanced CT (CE-CT) and 18F-
FDG PET/CT for response monitoring in metastatic breast cancer
using the standardized response evaluation criteria RECIST 1.1 and
PERCIST. The objective was to examine whether progressive disease
was detected systematically earlier by one of themodalities.Methods:
Women with biopsy-verified metastatic breast cancer were enrolled
prospectively and monitored using combined CE-CT and 18F-FDG
PET/CT every 9–12 wk to evaluate response to first-line treatment.
CE-CT scans and RECIST 1.1 were used for clinical decision-making
without accessing the 18F-FDG PET/CT scans. At study completion,
18F-FDG PET/CT scans were unmasked and assessed according to
PERCIST. Visual assessment was used if response criteria could not
be applied. The modality-specific time to progression was defined as
the time from the baseline scan until the first scan demonstrating pro-
gression. Paired comparative analyses for CE-CT versus 18F-FDG
PET/CT were applied, and the primary endpoint was earlier detection
of progression by one modality. Secondary endpoints were time to
detection of progression, response categorization, visualization of
changes in response over time, and measurable disease according to
RECIST and PERCIST. Results: In total, 87 women were evaluable,
with a median of 6 (1–11) follow-up scans. Progression was detected
first by 18F-FDG PET/CT in 43 (49.4%) of 87 patients and first by
CE-CT in 1 (1.15%) of 87 patients (P, 0.0001). Excluding patients
without progression (n5 32), progression was seen first on 18F-FDG
PET/CT in 78.2% (43/55) of patients. The median time from detection
of progression by 18F-FDG PET/CT to that of CE-CT was 6 mo (95%
CI, 4.3–6.4 mo). At baseline, 76 (87.4%) of 87 patients hadmeasurable
disease according to PERCIST and 51 (58.6%) of 87 patients hadmea-
surable disease according to RECIST 1.1. Moreover, 18F-FDG PET/CT
provided improved visualization of changes in response over time, as
seen in the graphical abstract. Conclusion: Disease progression was
detected earlier by 18F-FDG PET/CT than by CE-CT in most patients,
with a potentially clinically relevant median 6-mo delay for CE-CT.
More patients had measurable disease according to PERCIST than
according to RECIST 1.1. The magnitude of the final benefit for
patients is a perspective for future research.

Key Words:metastatic breast cancer; response monitoring; 18F-FDG
PET/CT; CE-CT; PERCIST
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Response monitoring modalities are used to guide clinical
decision-making to optimize treatment strategy. However, no spe-
cific modalities for monitoring response in metastatic breast cancer
(MBC) are recommended by clinical guidelines (1,2), and contrast-
enhanced CT (CE-CT) is used widely in clinical practice. RECIST
guidelines (RECIST 1.1) (3) are typically required when patients
are monitored in clinical trials. However, CE-CT has low sensitivity
for bone metastases and low specificity for liver metastases (4–6).

18F-FDG PET/CT and PERCIST have been suggested to over-
come the shortcomings of CE-CT (4,6–8). Changes in metabolic
activity may appear before morphologic changes can be seen (4,9),
giving 18F-FDG PET/CT excellent potential to monitor treatment
response in bone and liver metastases and detect treatment failure
early (4,10,11). Further, more patients may be classified as having
measurable disease using 18F-FDG PET/CT and PERCIST than
CE-CT and RECIST 1.1 (6).
Studies have demonstrated that 18F-FDG PET/CT is promising

for measuring and detecting early response in MBC (4,12–14), and
its use for monitoring may improve survival for patients with MBC
(15). But to our knowledge, no prospective studies have compared
CE-CT and RECIST 1.1 with 18F-FDG PET/CT and PERCIST for
longitudinal response monitoring in MBC.
Several treatment options are available for women with MBC,

and their priorities concerning survival, quality of life, and toxicity
influence shared decision-making (1). A precondition for any clini-
cal decision-making is accurate diagnosis of disease progression.
The earlier this can be achieved, the more a patient can benefit from
treatment adaptations.
This study compared 18F-FDG PET/CT and CE-CT for longitu-

dinal response monitoring in women with MBC. The objective was
to examine whether progressive disease (PD) was detected system-
atically earlier by one of the modalities, with the primary endpoint
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being the first detection of progression. Secondary endpoints were
comparisons of time until detection of progression, response cate-
gorization, measurable disease according to RECIST 1.1 and PER-
CIST, and visualization of changes in response over time.

MATERIALS AND METHODS

Study Design and Patients
A prospective cohort study compared response assessment using

CE-CT and 18F-FDG PET/CT in MBC patients who served as their

own controls. The institutional review board (the Danish Ethics Com-
mittee, S-20170019) approved this study, and all subjects gave written
informed consent. The study was registered at ClinicalTrials.gov
(NCT03358589) and followed the Declaration of Helsinki. Research
Electronic Data Capture (RedCap; Vanderbilt University) and Share-
Point (Microsoft) were used for data storage and management, and the
results were reported using the Strengthening the Reporting of Observa-
tional Studies in Epidemiology guideline (16).

Women were eligible if diagnosed with de novo or recurrent MBC
(17) and fit for systemic oncologic treatment. They were excluded if
MBC was not biopsy-verified or if they left the study or died before
the first follow-up scan.

Data Collection
Patients were included before initiating first-line treatment. They

were followed until progression leading to change to second-line treat-
ment, death, loss of follow-up, or the end of trial by November 30,
2020. Hence, in cases of change of oncologic treatment for reasons
other than progression (i.e., toxicity or maximum dose of chemother-
apy), the patient was still followed as mentioned. Data were derived
from medical records, scan images, pathology, and scan reports.

Image Techniques
18F-FDG PET/CT, including CE-CT imaging from top of skull to

midthigh, was performed 60 6 5 min after intravenous injection of
4MBq of 18F-FDG per kilogram of body weight. Blood sugar levels
were measured routinely, and patients fasted at least 4 h before 18F-
FDG injection. All scans were performed according to the European
Association of Nuclear Medicine guideline (18).

The PERCIST standardization criteria (8) were registered prospectively
and are listed with supplemental image techniques in Supplemental Table
1 (supplemental materials are available at http://jnm.snmjournals.org).

Image Interpretation
A diagnostic 18F-FDG PET combined with CE-CT was performed,

with 18F-FDG PET images available at baseline (19,20). 18F-FDG
PET/CT and CE-CT scans were performed simultaneously for each
follow-up scan, but treatment decisions were based on CE-CT with
masked 18F-FDG PET images. Hence, women were monitored with
CE-CT using RECIST 1.1 (3) if the disease was measurable at baseline;
otherwise, a visual assessment was used based on the radiologist’s dis-
cretion. One of 2 experienced radiologists made the CE-CT assessments
used for clinical decision-making. In cases of uncertainty, consensus on
the response category was reached in a multidisciplinary conference.

The response categorization from CE-CT scans used in daily clinical
practice was registered for research purposes. Follow-up 18F-FDG
PET/CT scans were unmasked at the end of the trial and assessed by
one-lesion PERCIST (8) in patients with measurable disease at baseline

TABLE 1
Time-Related Detection of Progression by CE-CT and 18F-FDG PET/CT for 87 Patients

Distribution of progression n Difference

Progression seen first on 18F-FDG PET/CT 43 (49.4%) 48%; 95% CI, 36%–60%; P , 0.0001

Progression on both modalities, seen first on 18F-FDG PET/CT 26 (29.9%)

Progression on 18F-FDG PET/CT only 17 (19.5%)

Progression seen first on CE-CT 1 (1.15%) 48%; 95% CI, 36%–60%; P , 0.0001

Progression on both modalities, seen first on CE-CT 0 (0.00%)

Progression on CE-CT only 1 (1.15%)

Progression on both modalities simultaneously 11 (12.6%)

No progression on any modality 32 (36.8%)

FIGURE 1. Flowchart of 87 women monitored by 18F-FDG PET/CT and
CE-CT during first-line treatment for MBC. aCombined 18F-FDG PET/CT and
CE-CT every 9–12wk. 18F-FDGPET images not available during study period.
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and when follow-up scans were comparable according to PERCIST
(Supplemental Table 2). Otherwise, a visual assessment based on the
discretion of the nuclear medicine specialist was used. One of 3 nuclear
medicine physicians assessed the scans. In cases of uncertainty, consen-
sus was reached between the observer and a senior physician in nuclear
medicine. Assessors of 18F-FDG PET/CT were unaware of the CE-CT
scan report and the clinical decision-making. The nadir scan was used
as a reference in the PERCIST assessment to allow meaningful compar-
ison with RECIST 1.1 (Supplemental Table 2).

Outcome Measures
The rate of earlier detection by one of the modalities was the pri-

mary endpoint. Progression was assigned in cases of new lesions, a
20% increase in the sum lesion diameter (CE-CT), a 30% increase in
SUV normalized by lean body mass (SULpeak,

18F-FDG PET/CT), or
unequivocal progression of nontarget lesions (Supplemental Table 2).

The secondary endpoint of modality-specific time until detection of
the first progression was defined as the time from baseline until the first
scan with an assessment of PD or progressive metabolic disease. In 18
instances (in 13 patients), progression was regarded as false-positive
because PD was reported by CE-CT without clinical change of manage-
ment and the following scan did not reveal further progression (n5 9) or
because progressive metabolic disease was reported by 18F-FDG
PET/CT without further progression or resolution of 18F-FDG uptake on
the following scan (n5 9). A detailed description of these instances is
provided in Supplemental Figure 1. They were not counted as progres-
sions in the time-related analyses of detection of progression.

For patients with progression on one modality only, a consistency check
was performed by follow-up with medical records in June 2021. Change in
treatment because of a clinically or image-guided identified progression or
a confirmation on subsequent scans was considered a sign of consistency.

The distribution of patients with measurable disease at baseline and
response categories on follow-up scans were registered as secondary
endpoints. Changes in treatment response over time were visualized in
selected patients.

Statistical Analysis
Descriptive statistics are presented as frequencies and respective per-

centages. The relative timing of progression was classified by assigning
each patient to 1 of the 6 categories shown in Table 1. We report the 2
relative frequencies of 18F-FDG PET/CT detecting progression first and
CE-CT detecting progression first. We estimated the difference between
them with a 95% CI and conducted a McNemar test for paired binary
data (type I error, 5%, 2-sided).

The modality-specific time until detection of progression for both
modalities was visualized by a Kaplan–Meier plot. The significance of
the difference between the 2 modalities was analyzed using a shared-
frailty model. Censoring was performed at the time point of the last avail-
able scan for patients reaching the end of follow-up (November 2020)
without progression, loss to follow-up between scans, or death. As the
data were paired, this was the same time point for both modalities.

For patients in whom progression was detected earlier by 18F-FDG
PET/CT than by CE-CT, the median time from detection by 18F-FDG
PET/CT until detection by CE-CT was estimated with 95% CI. Results
were visualized by a Kaplan–Meier plot, treating loss to follow-up,
death, and final study scan as censoring events.

A preplanned interim analysis was conducted but had no impact on
further study conduct. It can be seen with the sample size calculation
in Supplemental Table 3.

Analyses were performed using Stata/IC 15.0 (StataCorp) and Excel
(Microsoft).

TABLE 2
Baseline Characteristics of 87 Patients with MBC

Characteristic Data

Age at diagnosis of MBC (y) 72.7 (41.1–89.4)

Time from primary breast
cancer to MBC (y)

5.13 (0.00–38.1)

MBC diagnosis

De novo MBC 27 (31.0%)

First distant relapse of MBC 60 (69.0)

ER status*

Negative, 0% 12 (13.8)

Positive, 1%–100% 75 (86.2)

HER2 status*

Normal 80 (92.0)

Positive 5 (5.75)

Unknown 2 (2.30)

Molecular subtype*

ER1/HER22 71 (81.6)

ER1/HER2 unknown 2 (2.30)

HER21 (ER6) 5 (5.75)

Triple-negative 9 (10.3)

First-line treatment

Endocrine therapy† 10 (11.5)

Endocrine therapy† 1
cyclin-dependent kinase 4/6‡

60 (69.0)

Chemotherapy§ 12 (13.8)

Chemotherapy§ 1 trastuzumab
1 pertuzumab

4 (4.60)

Chemotherapy 1 pembrolizumab 1 (1.15)

Number of metastasesk

1 1 (1.15)

2–4 7 (8.05)

$5 79 (90.8)

Organs involvedk

Bone only¶ 23 (26.4)

Lymph node only 4 (4.60)

Visceral involvement 22 (25.3)

Mixed (not visceral)# 38 (43.7)

*Biomarker profile of metastatic lesion or concurrent local
recurrence.

†Aromatase inhibitor or fulvestrant.
‡Palbociclib, ribociclib, or abemaciclib.
§Epirubicin, cyclophosphamide, taxanes, carboplatin,

gemcitabine, vinorelbine, or capecitabine.
kCombined CE-CT and 18F-FDG PET/CT assessment.
¶Bone-only metastasis 6 breast 6 axillary lymph nodes.
#Mixed bone, lymph node, lung, skin, or other metastases.
ER 5 estrogen receptor; HER2 5 human epidermal growth

receptor 2. Qualitative data are number and percentage;
continuous data are median and range.
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RESULTS

Between September 1, 2017, and August
31, 2019, 114 patients were diagnosed with
MBC at Odense University Hospital, Den-
mark. As seen in Figure 1, 27 patients were
excluded. In total, 87 patients had 517
follow-up CE-CT scans performed as part
of 18F-FDG PET/CT scans (unaware of
18F-FDG PET). A median of 6 scans (range,
1–11 scans) was performed per patient. The
median follow-up time was 15.9 mo (range,
1.94–37.5 mo), 55 patients (63.2%) experi-
enced a progression, and 1 patient died.
Baseline characteristics of included pa-

tients appear in Table 2 and Supplemental
Table 4. HER2 was overexpressed in 5.75%
of patients, and most metastases were estrogen
receptor–positive, compatible with most patients
(80.5%) receiving endocrine therapy. Bone-
only disease was present in 26.4% of patients.

Detection of First Progression
Progression was detected first by 18F-

FDG PET/CT in 43 (49.4%) of 87 patients
and first by CE-CT in 1 (1.15%) of 87
patients (P, 0.0001). Excluding 32 patients
with no progression while involved in the
study, progression was seen first on 18F-
FDG PET/CT in 78.2% (43/55) of patients
and by CE-CT in 1.82% (1/55) of patients.
Further results on time-related detection of
progression for the 2 modalities are seen in

Table 1 and Figures 2–5. Reasons for the first progression were
almost equally distributed between the 2 modalities (Table 3).
Among 17 patients for whom progression was detected by 18F-

FDG PET/CT only, the consistency check after 7 mo revealed a
subsequent change in treatment because of clinically or image-
guided progression in 9 patients (52.9%; Fig. 4; Supplemental Fig.
2A). No treatment change had appeared in the remaining 8
patients, but (slow) progression could be confirmed on the subse-
quent scans (Supplemental Fig. 2B).
The detection of progression by CE-CT without detection by 18F-

FDG PET/CT in 1 patient led to a change in management (Fig. 5).
The median time to the detection of first progression was 24.3mo

(95% CI, 15.9 mo to infinity) and 14.9 mo (95% CI, 11.4–20.8 mo)
for CE-CT and 18F-FDG PET/CT assessment, respectively. Thus, a
statistically significant difference was observed between the 2
modalities (P, 0.001; Fig. 6A). The median time from detection
of progression by 18F-FDG PET/CT to detection by CE-CT was
5.98 mo (95% CI, 4.27–6.41 mo; Fig. 6B).

Measurable Disease and Response Categories
Measurable disease at baseline was present in 51 (58.6%) and

76 (87.4%) of 87 patients for RECIST 1.1 and PERCIST, respec-
tively. Of 11 patients not being measurable according to PER-
CIST, 7 patients (63.4%) had invasive lobular carcinomas.

Figure 7 illustrates the distribution of response categories during
the study period. Complete metabolic responses and progressive
metabolic disease were reported more frequently by 18F-FDG
PET/CT, whereas stable disease was reported more often by
CE-CT. Progression was detected by visual assessment in 18%

FIGURE 2. Illustration of progression detected by CE-CT and 18F-FDG PET/CT but seen first on
18F-FDG PET/CT. Shown are maximum-intensity projection images and percentage change in sum
of diameters for CE-CT and RECIST 1.1 (blue line) and SULpeak for

18F-FDG PET/CT and PERCIST
(red line). New lesions are shown as yellow dots. CDK4/6 5 cyclin-dependent kinase 4/6; PMD 5

progressive metabolic disease; PMR 5 partial metabolic response; PR 5 partial response; SLD 5

sum of lesion diameter.

FIGURE 3. Illustration of progression detected by CE-CT and 18F-FDG
PET/CT simultaneously. Shown are maximum-intensity projection images
and percentage change in sum of diameters for CE-CT and RECIST 1.1
(blue line) and SULpeak for

18F-FDG PET/CT and PERCIST (red line). New
lesions are shown as yellow dots. PMD 5 progressive metabolic disease;
PMR5 partial metabolic response; PR 5 partial response; SLD 5 sum of
lesion diameter.
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(24/136) and 45% (21/47) of the total number of progressions
detected by 18F-FDG PET/CT and CE-CT, respectively.

Changes in response over time are illus-
trated in Figure 2 and Supplemental Figure 3
for patients with measurable disease at baseline
for whom progression was detected by both
modalities but seen first on 18F-FDG PET/CT.

DISCUSSION

In this prospective study of longitudinal
response monitoring in MBC, progression
was detected earlier by 18F-FDG PET/CT
than by CE-CT in most patients (P, 0.0001).
A median delay of 6 mo was observed for
CE-CT compared with 18F-FDG PET/CT,
which seems clinically relevant. In addition,
more patients had measurable disease by
PERCIST than RECIST 1.1, and 18F-FDG
PET/CT provided improved visualization of
changes in response over time.

Detection of Progression
A high proportion of PET-detected PDs

could be observed as continuous progres-
sion until detection by CE-CT. This implied
that a true PD was present and that earlier
detection could potentially impact clinical
practice. In cases of progression seen only

on 18F-FDG PET/CT, a consistency check was made after the end
of the trial. This revealed a clinical or image-guided change in man-
agement among half of these patients, thus suggesting true progres-
sion. The progression detected by 18F-FDG PET/CT in the
remaining patients generally presented as small, solitary, but slow-
progressing lesions of which the long-term clinical impact could not
be assessed.
We considered lesions that could not be confirmed on the subse-

quent scan to indicate false progression since the progressing
lesion resolved. The frequency of such findings was limited and
equally distributed in both modalities.

FIGURE 4. Illustration of progression detected by 18F-FDG PET/CT only. Shown are maximum-
intensity projection images and percentage change in sum of diameters for CE-CT and RECIST 1.1
(blue line) and SULpeak for

18F-FDG PET/CT and PERCIST (red line). New lesions are shown as yellow
dots. CDK4/65 cyclin-dependent kinase 4/6; PMD5 progressive metabolic disease; PMR5 partial
metabolic response; PR5 partial response; SLD5 sumof lesion diameter.

FIGURE 5. Illustration of progression detected by CE-CT only. Shown are
maximum-intensity projection images and percentage change in sum of dia-
meters for CE-CT andRECIST 1.1 (blue line) andSULpeak for

18F-FDGPET/CT
and PERCIST (red line). New lesions are shown as yellow dots. CDK4/6 5

cyclin-dependent kinase 4/6; PMR5 partial metabolic response; SLD5 sum
of lesiondiameter.

TABLE 3
Reasons for First Progression Detected by CE-CT and
18F-FDG PET/CT in Patients with Measurable Disease

Reason for first
progression

CE-CT
(n)

18F-FDG PET/CT
(n)

New lesions only 13 (48.1%) 24 (55.8%)

Increase in SLD* or
SULpeak

† only
7 (25.9%) 10 (23.3%)

New lesions and increase
in SLD* or SULpeak

†

(combined)

5 (18.5%) 6 (14.0%)

Unequivocal progression
of nontarget lesions

2 (7.40%) 3 (6.98%)

Total 27 (100%) 43 (100%)

*Increase of 20% in SLD.
†Increase of 30% in SULpeak.
SLD 5 sum of lesion diameter.
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18F-FDG PET/CT for Response Monitoring
18F-FDG PET/CT has been suggested to be less useful in

patients with invasive lobular cancers with a predilection site for
metastatic spread in the gastrointestinal tract, peritoneal carcino-
matosis, and bones (21). These subtypes often encounter low Ki-
67 and low 18F-FDG uptake (22,23), confirmed by this study with
7 of 11 patients who had no measurable disease of a lobular
subtype.
The lack of standardization criteria has been suggested as a bar-

rier to introducing 18F-FDG PET/CT for response monitoring in
MBC in clinical trials (4,24), but PERCIST has been suggested as
promising and feasible (6,25–27). In this study, PERCIST was

applied using the one-lesion method, with
cutoff values of630% for PD or regressive
disease, as suggested in PERCIST.

Clinical Implications
Earlier detection of progression offers

the opportunity of earlier treatment altera-
tions, which may improve overall survival
for MBC patients monitored by 18F-FDG
PET/CT (15).
Many patients with bone-only MBC are

precluded from clinical trials because of
nonmeasurability (6). 18F-FDG PET/CT
and PERCIST may allow more patients,
including those with bone-only disease, to
enter clinical trials because more patients
meet the measurability criteria. These
patients have prolonged overall survival
(28), with important implications for evalu-
ating treatment effects. Response rates are
often used as markers of treatment efficacy

(29), and treatment response is reported more frequently by 18F-
FDG PET/CT than by CE-CT (14). Therefore, treatment effect
might be underestimated by CE-CT and RECIST 1.1 in current
clinical practice (8,14).

Strengths and Limitations
A major strength is the prospective, paired study design, in

which patients served as their own controls. The study included
patients from daily clinical practice, with no strict inclusion crite-
ria regarding measurability or molecular subtypes. The study pro-
vides clinically relevant knowledge and compares the standardized
response evaluation criteria RECIST 1.1 and PERCIST for longi-
tudinal response monitoring in MBC. We used the PERCIST crite-

ria with strict acquisition to the suggested
image conditions, allowing images to be
compared between baseline and follow-up
18F-FDG PET/CT scans (8).
With other limitations, this was a nonran-

domized single-center observational study.
The nadir level of SULpeak was used without
international consensus. The follow-up time
was relatively short such that no progression
was observed in approximately one third of
the patients. This could be explained by most
patients having estrogen receptor–positive
disease, for whom new treatment options
have improved survival (30).

Perspectives
18F-FDG PET/CT has been suggested to

improve treatment decisions by detecting non-
response earlier than conventional methods
and preventing patients from receiving ineffec-
tive, potentially toxic treatments (31,32). In
this study, progression was detected earlier by
18F-FDG PET/CT. However, we cannot make
firm conclusions about the long-term survival
benefit of introducing 18F-FDG PET/CT. We
consider this and data on MR scans and circu-
lation tumor DNA collected in the present
study (NCT03358589) to be perspectives for

FIGURE 6. Kaplan–Meier estimates of time to detection of progression by CE-CT and 18F-FDG
PET/CT (n 5 87) (A) and from detection of progression by 18F-FDG PET/CT to detection by CE-CT
(n5 43) (B).

FIGURE 7. Response categories for CE-CT and 18F-FDG PET/CT for 517 follow-up scans.
Response categories from visual assessments are in gray. CR 5 complete (metabolic) response;
NM5 not measurable; PR5 partial (metabolic) response; SD5 stable (metabolic) disease.
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future research. Furthermore, stratified analyses within breast cancer–
directed treatments could be relevant when comparing the 2 modalities.

CONCLUSION

Disease progression was detected earlier by 18F-FDG PET/CT
than by CE-CT in most patients, with a potentially clinically rele-
vant 6-mo delay for CE-CT. More patients had measurable disease
according to PERCIST than according to RECIST 1.1, and visuali-
zation of changes over time was improved by 18F-FDG PET/CT.
The magnitude of the final benefit for patients is a perspective for
future research.

DISCLOSURE

This work was supported by a Qvesehls grant, a Mrs. Astrid
Thaysens grant, the Independent Research Fund Denmark (7016-
00359), the University of Southern Denmark, Odense University
Hospital, and PREMIO. No other potential conflict of interest rele-
vant to this article was reported.

ACKNOWLEDGMENTS

We thank Marie Lykke Rasmussen and Susanne Geneser, who
served as patient representatives and coresearchers in this study.

KEY POINTS

QUESTION: Is PD detected earlier by CE-CT or 18F-FDG PET/CT
used for response monitoring in MBC?

PERTINENT FINDINGS: Disease progression was detected earlier
by 18F-FDG PET/CT than by CE-CT in most patients (P, 0.0001).

IMPLICATIONS FOR PATIENT CARE: 18F-FDG PET/CT may
improve treatment decisions by detecting progression earlier than
CE-CT, preventing patients from receiving ineffective, potentially
toxic treatments.
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The purpose of this study was to determine the negative predictive
value (NPV) of a 12- to 14-wk posttreatment PET/CT for 2-y
progression-free survival (PFS) and locoregional control (LRC) in
patients with p16-positive locoregionally advanced oropharyngeal
cancer (LA-OPC). Study was a secondary endpoint in NRG-HN002, a
noncomparative phase II trial in p16-positive LA-OPC, stage T1-T2,
N1-N2b or T3, N0-N2b, and #10 pack-year smoking. Patients were
randomized in a 1:1 ratio to reduced-dose intensity-modulated radio-
therapy (IMRT) with or without cisplatin. Methods: PET/CT scans
were reviewed centrally. Tumor response evaluations for the primary
site, right neck, and left neck were performed using a 5-point ordinal
scale (Hopkins criteria). Overall scores were then assigned as nega-
tive, positive, or indeterminate. Patients with a negative score for all 3
evaluation sites were given an overall score of negative. The hypothe-
ses were NPV for PFS and LRC at 2-y posttreatment # 90% versus
.90% (1-sided P value, 0.10). Results: A total of 316 patients were
enrolled, of whom 306 were randomized and eligible. Of these, 131
(42.8%) patients consented to a posttherapy PET/CT, and 117
(89.3%) patients were eligible for PET/CT analysis. The median time
from the end of treatment to PET/CT scan was 94 d (range, 52–139 d).
Estimated 2-y PFS and LRC rates in the analysis subgroup were
91.3% (95% CI, 84.6, 95.8%) and 93.8% (95% CI, 87.6, 97.5%),
respectively. Posttreatment scans were negative for residual tumor for
115 patients (98.3%) and positive for 2 patients (1.7%). NPV for 2-y
PFS was 92.0% (90% lower confidence bound [LCB] 87.7%; P 5

0.30) and for LRC was 94.5% (90% LCB 90.6%; P 5 0.07). Conclu-
sion: In the context of deintensification with reduced-dose radiation,
the NPV of a 12- to 14-wk posttherapy PET/CT for 2-y LRC is esti-
mated to be.90%, similar to that reported for patients receiving stan-
dard chemoradiation. However, there is insufficient evidence to
conclude that the NPV is.90% for PFS.

Key Words: PET/CT negative predictive value; p16-positive oropha-
ryngeal cancer; NRG-HN002
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Head and neck squamous cell cancer (HNSCC) is the ninth
most common malignant tumor worldwide, responsible for about
2% of all cancer-related deaths (1). Human papillomavirus (HPV)–
associated HNSCC is rising in incidence and affects a younger popu-
lation (2,3). This subgroup of patients harbors HPV in their tumor
cells, predominantly HPV-16, and the tumors occur mostly in the
oropharynx. The prognosis for these patients is better, with overall
survival (OS) at 3 y being about 82% in locally advanced HPV-
positive HNSCC (4). Standard therapy for locoregionally advanced
oropharyngeal SCC (OPSCC) is a combination of 70-Gy radiation
therapy (RT) and concurrent platinum chemotherapy (5). Because of
the better survival outcomes in the HPV-associated OPSCC patient
population and to reduce treatment-related short- and long-term toxi-
cities, various deintensification treatment strategies are currently
being explored (6,7) for patients with HPV-associated OPSCC.

18F-FDG PET/CT has been shown to be a valuable imaging test
in assessing treatment response in HNSCC. In a phase III random-
ized controlled study (n 5 564), an 18F-FDG PET/CT–based surveil-
lance strategy was noninferior in survival and also cost-effective
when compared with routine neck dissection (8), after standard che-
moradiation therapy. Therefore, it is recommended that 18F-FDG
PET/CT be performed, usually about 12 wk or later from completion
of chemoradiation therapy (9), to minimize false-positive results
from radiation-induced inflammation.
The 5-point Hopkins criteria for posttherapy 18F-FDG PET/CT

interpretation was established and validated to standardize the
interpretation and reduce variability (10). Its reported accuracy is
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86.4% (95% CI, 79.3%, 91.3%) with a negative predictive value
(NPV) of 92.1% (95% CI, 86.9%, 95.3%) (9). The Hopkins scale is
a standardized qualitative interpretation method designed for rou-
tine clinical practice. It has been recently shown to be equivalent in
its performance compared with a more complex quantitative assess-
ment method (11). It also predicts survival outcomes, both OS and
progression-free survival (PFS) in HNSCC patients (9,10).
The Hopkins criteria was internally and externally validated

(9,10) using mixed patient populations of HPV-positive and HPV-
negative HNSCC. This study evaluates its performance metrics in
HPV-positive, locally advanced oropharyngeal cancer patients
receiving deintensified therapy. Specifically, we determine the
NPV of 12- to 14-wk posttreatment 18F-FDG PET/CT for PFS and
locoregional control (LRC) at 2 y in this population.

MATERIALS AND METHODS

NRG-HN002 is a multiinstitutional, noncomparative randomized
phase II clinical trial (ClinicalTrials.gov identifier: NCT02254278). The
trial determined the acceptability of 2 curative-intent strategies incorpo-
rating reduced-dose RT with or without cisplatin. This trial was designed
to select the arm(s) meeting PFS (primary objective) and swallowing-
related quality of life criteria (as measured by the M.D. Anderson Dys-
phagia Inventory [MDADI]; co-primary objective) for advancement to a
definitive trial. The trial design, patients, inclusion/exclusion criteria, trial
oversight, and definitions have already been described (6).

18F-FDG PET/CT Substudy and Patients
All patients eligible for NRG-HN002 were offered to participate in

an optional study to assess treatment response at 2 y based on 12- to
14-wk posttreatment 18F-FDG PET/CT scans. Of the 306 eligible
patients for the parent study, 131 consented to participate. Of these,
117 patients received protocol treatment and had acceptable-quality
scans and thus were eligible for analysis. Fourteen patients were
excluded from these analyses (1 did not receive protocol treatment,
1 had the scan in the wrong format, and 12 had no scan).

18F-FDG PET/CT Imaging
All sites were instructed to follow an 18F-FDG PET/CT imaging pro-

tocol. A serum glucose level of , 200 mg/dL before the study, an
uptake time of 60 6 10 min, and dedicated head and neck (orbits to the
upper thorax) and whole-body (orbits to upper thigh) acquisitions were
obtained. Recommended PET acquisition parameters were 6 bed posi-
tions and an acquisition of 2–5 min per bed position. The dedicated
head and neck PET/CT typically followed the body examination. It
included 2 bed positions (6 min per bed position), and the images were
reconstructed into a 30-cm field of view with a 256 3 256 matrix. The
recommended acquisition parameters for the low-dose CT scan were as
follows: kV 5 120; effective mAs 5 90–150; gantry rotation time
, 0.5 s; maximum reconstructed slice width 5 2.5 mm (overlap ac-
ceptable); standard reconstruction algorithm, maximum reconstruction
diameter 5 30 cm; and without iodinated contrast. The PET/CT data
were corrected for dead time, scatter, randoms, and attenuation using
standard algorithms provided by the scanner manufacturers. For the
dedicated head and neck views, a postprocessing filter with a full-width
at half maximum in the range of 5 mm was recommended.

18F-FDG PET/CT Image Interpretation: Hopkins Criteria
PET/CT scans were reviewed both centrally and locally by participat-

ing institutions. Tumor response evaluations for the primary site, right
neck, and left neck were performed using a 5-point ordinal scale (Hop-
kins criteria) (10): score 1—definite complete metabolic response; score
2—likely complete metabolic response; score 3—likely inflammatory;
score 4—likely residual metabolic disease; and score 5—definite residual

metabolic disease. A score of 1 or 2 was interpreted as negative, 3 as
indeterminate, and 4 or 5 as positive. An overall score was assigned using
this collapsed 3-point categorization, with the highest score at any ana-
tomic site determining the overall score.

In the central review, if at least 1 evaluation site was positive, the
assigned overall score was positive. Patients with a negative score for all
3 evaluation sites were given an overall score of negative. This is a
visual, qualitative analysis using internal jugular vein and liver uptake as
internal controls.

In the local review, 6 patients had at least 1 evaluation site as posi-
tive and were assigned an overall positive score; 1 patient had a site
score of positive and was given an overall score of indeterminate.
Seven patients had site and overall scores of indeterminate; 3 patients
had a site score of indeterminate and were ultimately given an overall
score of negative. Patients with a negative score for all 3 evaluation
sites were all given an overall score of negative.

Statistical Analysis
Distributions of patients’ characteristics for those who did and did

not consent to PET/CT imaging were compared using the x2 test with
a significance level of 0.05. Hazard ratios (HRs) for PFS and locore-
gional failure (LRF) for these 2 subgroups were estimated using the
Cox proportional hazards models. Primary analyses included eligible
patients who consented to PET/CT imaging and had a posttreatment
PET/CT scan submitted for analysis regardless of timing. Sensitivity
analyses included patients with scans 10–16 wk after the end of RT.
Overall central scan review results were used in the primary analyses
of the NPV. The level of agreement between overall local and central
PET/CT reads on the 3-point scale was assessed using percent agree-
ment and Brennan–Prediger’s and Gwet’s coefficients. The level of
agreement for primary site, right neck, and left neck scores was mea-
sured using the weighted versions of the same coefficients with linear
weights to account for different levels of disagreement between cate-
gories of Hopkins criteria.

The primary purpose of analyzing 18F-FDG PET/CT in NRG-
HN002 was to determine the NPV of 12- to 14-wk posttherapy 18F-
FDG PET/CT for 2-y PFS and 2-y LRC. Failure for PFS endpoint was
defined as local, regional, or distant progression or death due to any
cause; rates were calculated by the Kaplan–Meier method. The LRF
endpoint was defined as local or regional progression, salvage surgery
of the primary tumor with tumor present or unknown, salvage neck
dissection with tumor present or unknown . 20 wk after the end of
RT, death due to study cancer without documented progression, or
death due to unknown causes without documented progression; rates
were calculated by the cumulative incidence method.

NPV was calculated as the proportion of PET/CT-negative patients
who remained progression-free at 2 y and, separately, for those who
maintained LRC (remained free of LRF) at 2 y. The binomial NPV
estimates and exact CIs were calculated. The null hypothesis of NPV
# 90% for PFS was tested against the alternative of NPV . 90% with
a 1-sided binomial test at the 0.10 level. The power for these hypothe-
ses was calculated under the alternative hypothesis of 95% NPV. With
an estimated 140 available scans, the statistical power to reject the null
hypothesis of NPV # 90% was 76% per protocol-specified design.

RESULTS

Patients
NRG-HN002 opened to accrual on October 27, 2014, and com-

pleted accrual on February 7, 2017, with 316 patients enrolled, of
whom 308 were randomized (306 eligible). A total of 117 patients
consented and were eligible for PET/CT analysis (Supplemental
Fig. 1; supplemental materials are available at http://jnm.snm
journals.org).
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Supplemental Table 1 summarizes patient and tumor characteris-
tics by PET/CT consent status. Overall, 131 eligible patients (42.8%)
consented to the posttherapy PET/CT exam. The consent rate was
comparable between arms. No significant differences in patient and
tumor characteristics were found between consent status groups.
Supplemental Figure 2 summarizes the PFS analysis by consent

status. The estimated HR (no consent vs. consent) was 1.77 (95%
CI, 0.91, 3.41). Supplemental Figure 3 summarizes the LRF analy-
sis by consent status; the estimated HR (no consent vs. consent)
was 1.41 (95% CI, 0.65, 3.09).

Patient and Tumor Characteristics
Of 131 patients who consented to PET/CT imaging, 117 (89.3%)

were eligible for analysis. Supplemental Table 2 shows patient
and tumor characteristics for these patients. The median age of
patients was 62 y (minimum–maximum, 39–84 y); 87.2% of
patients were male, 90.6% were white, 81.2% had a Zubrod perfor-
mance status 0, 54.7% had tonsil primary site, 64.1% had T2–3 dis-
ease, 76.9% had N2 disease, and 79.5% had bilateral RT planning.
The mean time from the end of treatment to the PET/CT scan was
13.6 wk (SD 5 1.9 wk; range and interquartile range, 7.4–19.8 and
12.7–14.4 wk, respectively).

Study Endpoints
PET/CT Central Review. Supplemental Table 3 summarizes the

PET/CT scan central review results. Three patients had a site score
of indeterminate but were ultimately given an overall score of neg-
ative. Overall, posttreatment scans for 115 of 117 patients (98.3%)
were negative for residual tumor, and 2 (1.7%) were positive for
residual tumor. For the primary site, posttreatment scans for 113
patients (96.6%) had “definite complete metabolic response”; 1
patient (0.9%) had “likely complete metabolic response”; 2 patients
(1.7%) were assessed as “likely inflammatory”; 1 patient (0.9%)
had “definite residual metabolic disease.” Similar results were
found for the right and left neck (Supplemental Table 3).
NPV of PET/CT for 2-y PFS. Table 1 summarizes the results

for NPV for PFS at 2 y using central review results. Overall, the
NPV for 2-y PFS was 92.0% (90% lower confidence bound [LCB],
87.7%; 95% CI, 85.4%, 96.3%) with P 5 0.3 not rejecting the null
hypothesis of the NPV for 2-y PFS # 90%. With P . 0.10, these
results indicate that there is not enough evidence to conclude that

the NPV of PET/CT for 2-y PFS is . 90%, but were able to (with
a 90% confidence) rule out an NPV below 87.7%. Comparable
NPV results were found by treatment arm. On the intensity-modu-
lated radiotherapy (IMRT) 1 cisplatin and IMRT arms, 57 and 58
patients were evaluable for NPV for PFS, respectively; 1 patient on
each arm was censored for PFS. For patients with an overall
PET/CT score of “positive for residual tumor,” 1 patient (50.0%)
had a failure for 2-y PFS, and 1 patient (50.0%) did not have failure
for 2-y PFS (Table 1).
A sensitivity analysis to estimate the NPV was completed using

evaluable patients with PET/CT scans completed 10–16 wk after
RT. A total of 104 patients were included, with a resulting overall
NPV for 2-y PFS equal to 92.2% (90% LCB, 87.6%; 95% CI,
85.1%, 96.6%) and P 5 0.3. Again, given P . 0.10, there is not
enough evidence to conclude that NPV of PET/CT for 2-y PFS is
. 90% (Supplemental Table 4).
NPV of PET/CT for 2-Y LRC. Table 2 summarizes the results

for NPV for LRC at 2 y using central review results. The NPV for
2-y LRC was 94.5% (90% LCB, 90.6%) with P 5 0.07, rejecting
the null hypothesis of the NPV for 2-y LRC # 90% in favor of the
alternative hypothesis of NPV . 90%. A 90% LCB for the NPV
for 2-y LRC was 90.6%, a number above the hypothesized (null)
NPV of 90% (95% CI, 88.5%, 98.0%). The NPV for 2-y LRC for
the IMRT 1 cisplatin arm was 94.6% (90% LCB 88.5%). The
NPV for 2-y LRC for the IMRT arm was 94.4% (90% LCB
88.0%). Results by the treatment arm are also shown in Table 2. Of
the 58 patients on the IMRT 1 cisplatin arm eligible for PET/CT
analysis, 56 were evaluable for NPV for LRC; 2 patients were cen-
sored for LRC before the 2-y time point. Of the 59 patients on the
IMRT arm eligible for PET/CT analysis, 56 were evaluable for
NPV for LRC; 3 patients were censored for LRC before the 2-y
time point. For patients with an overall PET/CT score of “positive
for residual tumor,” 1 patient (50.0%) had failure for 2-y LRC and
1 patient (50.0%) did not have failure for 2-y LRC.
A sensitivity analysis to estimate the NPV was completed using

evaluable patients with PET/CT scans completed 10–16 wk after
RT. A total of 101 patients were included, with a resulting overall
NPV for 2-y LRC equal to 94.9% (90% LCB, 90.8%; 95% CI,
88.6%, 98.3%) and P 5 0.06, again rejecting the null hypothesis of
the NPV for 2-y LRC # 90% in favor of the alternative hypothesis
of NPV . 90% (1-sided a-level 0.10) (Supplemental Table 5).

TABLE 1
NPV per Central Review for 2-Year PFS

PET/CT result and outcome IMRT 1 cisplatin IMRT Total

PET overall interpretation

Positive for residual tumor 0 (0.0%) 2 (3.4%) 2 (1.7%)

Negative for residual tumor 57 (100.0%) 56 (96.6%) 113 (98.3%)

2-y PFS status in PET-negative

Failure 4 (7.0%) 5 (8.9%) 9 (8.0%)

Nonfailure 53 (93.0%) 51 (91.1%) 104 (92.0%)

NPV of 2-y PFS 93.0% 91.1% 92.0%

95% exact CI 83.0%–98.1% 80.4%–97.0% 85.4%–96.3%

One-sided 90% exact LCB 86.5% 84.1% 87.7%

H0: NPV # 90% vs. HA: NPV . 90%

P value (exact) 0.2964
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PET/CT Local Assessment. When local assessment results were
used, the NPV for 2-y PFS was 91.8% (90% LCB, 86.5%; 95%
CI, 83.8%, 96.6%; P 5 0.4 . 0.10). The NPV for 2-y LRC was
95.1% (90% LCB, 90.5%; 95% CI, 88.0%, 98.7%; P 5 0.08 ,

0.10). Therefore, there is evidence that the NPV . 90% for 2-y
LRC. Results from the sensitivity analysis, using only scans com-
pleted 10–16 wk after RT, are similar for both endpoints (Supple-
mental Tables 6 and 7).
Local and central assessments by neck site and overall are shown

in Supplemental Table 8. The percent agreement and Brennan–
Prediger’s and Gwet’s agreement coefficients between overall
local and central interpretation were 0.87 (95% CI, 0.80, 0.94),
0.80 (95% CI, 0.70, 0.91), and 0.86 (95% CI, 0.78, 0.94), respec-
tively (Supplemental Table 8). The agreement coefficient estimates
for primary site and right and left neck are also shown in Supple-
mental Table 8. These values suggest substantial agreement between
local and central PET/CT interpretation for overall, primary site, left
and right neck. Disagreements mainly consisted of patients who
were classified with a definite metabolic disease by central reviews
but were assigned a likely complete metabolic response or likely
inflammatory by local assessments.

DISCUSSION

In this study, testing a reduced-dose of RT for patients with
p16-positive, T1-T2 N1-N2b M0, or T3 N0-N2b M0 OPSCC (sev-
enth edition staging) with # 10 pack-years of smoking, we esti-
mated the performance characteristics of the Hopkins criteria for
the predictive ability of 12- to 14-wk posttreatment 18F-FDG
PET/CT for patient outcomes at 2 y. On the basis of the central
review, most posttreatment scans (98.3%) were negative for resid-
ual tumor, and the NPV for LRC was 94.5% and PFS was 92.0%.
Similar NPVs were obtained on the basis of local site analysis.
The study population of this trial had a distinctly more favorable

outcome profile than the study population of the original develop-
ment and internal (10) and subsequent external validation (9) of the
Hopkins criteria for interpretation of the 12- to 14-wk posttreatment
18F-FDG PET/CT. The study population from the original deriva-
tion study (n 5 214) included many subsites of HNSCC patients
(oropharynx 63.1%, oral cavity 5.1%, larynx 18.7%, and other sites
13.1%; 57.5% HPV-positive) who had higher progression and

death rates (median follow up of 27 mo; 17.7% died and 29.4%
had progression). The external validation study (ECLYPS) had a
study population similar to the original derivation study, including
various subsites (oropharynx 54.7%, oral cavity 6.3%, larynx
16.8%, and other sites 22.2%; 29.6% HPV-positive) and poorer
outcome rates (13.6% died and LRF 20.8% at 2 y) (9). Compared
with these 2 study populations, the NRG-HN002 population ana-
lyzed in this substudy included only patients with HPV-positive
oropharyngeal cancer, and 2-y PFS was 87.6% or above and OS
was 96.7% or above. Hence, this trial provides the performance
characteristic (NPV) of the Hopkins criteria for posttreatment
18F-FDG PET/CT in a favorable deintensified outcome group.
One of the Hopkins criteria characteristics is decreasing the num-

ber of intermediate readings and uncertainty about inflammatory
uptake. The number of patients with intermediate score (score 3,
likely inflammatory) was low in this study (n 5 1 for left neck,
n 5 0 for right neck, and n 5 2 for the primary site), which is simi-
lar to that in the prior studies (9,12–14). This is most likely due to
the standardized qualitative reads and subsiding radiation-induced
inflammation by 12–14 wk after therapy. Compared with other
interpretation criteria (such as NI-RADS, Porceddu, Deauville), the
Hopkins criteria has been demonstrated to reduce the intermediate
interpretation to the lowest (14). In addition, unlike the prior stud-
ies, the number of patients with scores representing residual disease
is extremely low (1.7%) in this study, compared with the other
studies (9,10), due to the favorable HPV (2) oropharyngeal SCC
population in this study who responded well for the treatment.
This study establishes the value of Hopkins criteria in a multi-

center clinical trial setting. The advantage of standardized qualita-
tive interpretation criteria is the ease and rapid deployment in a
clinical practice setting (15) while maintaining similar accuracy of
semiquantitative interpretation methods such as PERCIST (16)
and other methods (11), which require more stringent standard
methods of performing the scans and complex analyses. The anal-
ysis suggests substantial agreement between local and central
interpretation for overall, primary site, left, and right neck interpre-
tation. In future studies, the level of agreement could be further
optimized by including a training program or training set for site
reads. Further, the added value of performing a PET/CT 3 mo after
therapy in a favorable population could be established by perform-
ing a clinical examination and therapy response judgment first,

TABLE 2
NPV per Central Review for 2-Year LRC

PET/CT result and outcome IMRT 1 cisplatin IMRT Total

PET overall interpretation

Positive for residual tumor 0 (0.0%) 2 (3.6%) 2 (1.8%)

Negative for residual tumor 56 (100.0%) 54 (96.4%) 110 (98.2%)

2-y LRC status in PET-negative

Failure 3 (5.4%) 3 (5.6%) 6 (5.5%)

Nonfailure 53 (94.6%) 51 (94.4%) 104 (94.5%)

NPV of 2-y LRC 94.6% 94.4% 94.5%

95% exact CI 85.1%–98.9% 84.6%–98.8% 88.5%–98.0%

One-sided 90% exact LCB 88.5% 88.0% 90.6%

H0: NPV # 90% vs HA: NPV . 90%

P value (exact) 0.0682

PET/CT NEGATIVE PREDICTIVE VALUE HN002 ! Subramaniam et al. 365



before performing a PET/CT, then comparing these results or
revealing them to the clinical team and estimating the final clinical
judgment at 3 mo after therapy. This would have demonstrated the
true added value of performing a PET/CT to the clinical judgment,
at this time point.
There are limitations to this secondary endpoint analysis of

NRG-HN002. First, PET/CT was an optional method for therapy
response assessment at the time this study was designed, and the
actual sample size was slightly lower than the projected sample
size (113 vs. 140 patients). Second, presumably higher risk patients
did not opt-in for PET/CT. However, this apparent finding was
not statistically significant and was not explained by differences
in tumor and patient characteristics between participants and non-
participants in the PET/CT substudy. Third, although the protocol
specified a posttreatment PET/CT at 12–14 wk, the actual PET/CT
time varied around 12–14 wk after treatment. However, the sensitiv-
ity analysis, which included PET/CT scans obtained at 10–16 wk
after treatment (89%), led to the same conclusions regarding NPV
of PET/CT as the analysis using all scans. Fourth, our study was
not designed to compare either clinical evaluation or CT imaging
versus PET/CT imaging, so we cannot comment on the relative ade-
quacy of various follow-up methods in this low-risk group. Further-
more, NPV estimates close to 2-y PFS and LRC rates suggest that
marginal additional information on 2-y posttreatment outcomes is
gained using PET/CT around 12–14 wk after treatment. However,
as discussed earlier, this result alone should not be used to deter-
mine the adequacy of PET/CT in this population. Other metrics
such as specificity, sensitivity, and positive predictive value should
be considered; none of these metrics can be properly and accurately
estimated from this substudy.

CONCLUSION

Within the context of deintensification with reduced-dose radia-
tion, the NPV around 12- to 14-wk posttherapy PET/CT for 2-y
LRC is statistically . 90%, similar to that reported for patients
receiving standard chemoradiation. However, there is insufficient
evidence to conclude that the NPV is . 90% for PFS.
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KEY POINTS

QUESTION: What is the NPV of 12- to 14-wk posttreatment
18F-FDG PET/CT for PFS and LRC at 2 y in HPV-positive, locally
advanced oropharyngeal cancer receiving deintensified therapy?

PERTINENT FINDINGS: NRG-HN002 is a multiinstitutional,
noncomparative randomized phase II clinical trial (ClinicalTrials.
gov identifier: NCT02254278). The primary endpoint of the study
was the NPV for PFS and LRC at 2 y. The NPV of around
12- to 14-wk posttherapy PET/CT for 2-y LRC is statistically
. 90%, similar to that reported for patients receiving standard
chemoradiation. However, there is insufficient evidence to
conclude that the NPV is . 90% for PFS.

IMPLICATIONS FOR PATIENT CARE: 18F-FDG PET/CT
performed around 12–14 wk after therapy has very high NPV for
PFS and LRC in HPV-positive, locally advanced oropharyngeal
cancer receiving deintensified therapy.
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Novel 68Ga-FAPI PET/CT Offers Oncologic Staging Without
COVID-19 Vaccine–Related Pitfalls
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In the setting of ongoing coronavirus disease 2019 vaccination,
vaccine-related tracer uptake in locoregional lymph nodes has
become a well-known issue in tumor staging by 18F-FDG PET/CT.
68Ga-fibroblast-activation protein inhibitor (FAPI) PET/CT is a new
oncologic imaging tool that may overcome this limitation. Methods:
We assessed postvaccine head-to-head and same-day 18F-FDG and
68Ga-FAPI-46 PET/CT findings in a series of 11 patients from a large,
prospective imaging registry. All patients with documented tracer
uptake in locoregional lymph nodes on PET/CT or PET/MRI, after vac-
cination within 6 wk, were eligible for investigation. Result: Significant
visual lymph node uptake adjacent to the injection site was noted in 11
of 11 (100%) patients with 18F-FDG PET/CT, versus 0 of 11 (0%) with
68Ga-FAPI PET/CT. 18F-FDG detected 73% and 68Ga-FAPI PET/CT
94% of all tumor lesions. Conclusion: In this case-series study, 68Ga-
FAPI showed its potential to avoid 18F-FDG PET/CT postvaccination
pitfalls and presented superior tumor localization.

Key Words: PET; PET/CT; COVID-19; tumor staging; vaccine-related
pitfalls
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Since the outbreak of the coronavirus disease 2019 (COVID-19)
pandemic in 2019 and the start of global mass vaccination in
November 2020, several clinical studies have addressed the issue of
reactive tracer accumulation in locoregional lymph nodes and
upper-arm muscles (1). At local sites, 18F-FDG is taken up by
immune cells responding to the messenger RNA inflammatory
stimulus (2–4). This observation is concerning because vulnerable
groups, such as oncologic patients, undergo both regular booster
shots and medical imaging. False-positive findings on 18F-FDG

PET due to uptake in inflammatory cells may trigger false manage-
ment decisions.

68Ga-fibroblast-activation protein inhibitor (FAPI) PET/CT is a
novel imaging test directed at cancer-associated fibroblasts in the
tumor stroma. Because of its unique mechanism targeting only acti-
vated fibroblasts and subtypes of cancer-associated fibroblasts,
68Ga-FAPI PET/CT may be able to avoid false-positive postvaccine
uptake. 68Ga-FAPI PET/CT has emerged as a potential alternative
to 18F-FDG PET/CT in many tumor types and may avoid locoregio-
nal pitfalls caused by vaccination. Here, we assess same-day head-
to-head postvaccine 18F-FDG and 68Ga-FAPI PET/CT uptake in
patients from a large, prospective registry of oncologic imaging col-
lected during the ongoing mass vaccination campaign in Germany.

MATERIALS AND METHODS

We selected 11 patients with 68Ga-FAPI and 18F-FDG PET/CT
(May 2021 to April 2022) from our prospective database, which is part
of a large, prospective observational study (NCT04571086). Enroll-
ment is offered to all patients who undergo 68Ga-FAPI-46 PET in our
department. Eleven patients met the following criteria: same-day 68Ga-
FAPI and 18F-FDG PET for oncologic staging or restaging, with 18F-
FDG at least 4 h after 68Ga-FAPI PET; 68Ga-FAPI or 18F-FDG tracer
uptake in local soft tissue or nodes, with a visually positive target-to-
background ratio on PET/CT; COVID-19 vaccination within 6 wk; and
no change in treatment between PET and vaccination (Fig. 1).

The study was approved by the ethics committee (approvals 20-9485-
BO and 19-8991-BO), and all patients gave written informed consent
for enrollment into a prospective observational trial (NCT04571086).

Lymph nodes were considered positive when demonstrating visually
focal uptake above the background level. Visual readings were per-
formed by 2 nuclear medicine physicians in consensus. The median
injected dose was 333 MBq (interquartile range [IQR], 245–421 MBq)
for 18F-FDG and 102 MBq (IQR, 79–125 MBq) for 68Ga-FAPI.
Follow-up data included imaging and clinical information. All patients
fasted for 6 h before the 18F-FDG scan, and blood glucose level
(,200mg/dL) was measured. Descriptive statistics are provided. An
ANOVA was applied for assessing differences in SUV among the dif-
ferent time frames after vaccination. The SUVwas measured in the cen-
ter of each lymph node, determined on PET/CT images.

Six (55%) patients underwent imaging on a Siemens Biograph
Vision and 5 (45%) on a Siemens Biograph mCT device. SUVpeak

was selected on the basis of phantom cross-calibration for the PET/CT
devices to achieve reproducible results.
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RESULTS

Patient characteristics are shown in Supplemental Table 1 (supple-
mental materials are available at http://jnm.snmjournals.org). After
database screening, 11 patients (5 men and 6 women) were included.
The mean age was 44 y (IQR, 34–54 y). Three (27%) underwent
PET for staging and 8 (73%) for restaging. Five (45%) patients had
sarcoma, and 6 (55%) patients had carcinoma. When combined find-
ings from 68Ga-FAPI and 18F-FDG scans were considered, 3 (27%)
patients showed primary lesions only, 1 (9%) patient showed locore-
gional lesions, and 7 (64%) patients showed distant metastases. Dis-
tant metastatic disease was noted in visceral organs, bone, and soft
tissue in 5 (45%), 1 (9%), and 1 (9%) patients, respectively. The tho-
racic cavity was tumor-free in 7 (64%) patients. Before chemother-
apy, 2 (18%) of 11 patients had a thoracic primary tumor, that is,
lung (n 5 1) and breast cancer (n 5 1), which have a higher likeli-
hood of axillary nodal involvement (Supple-
mental Table 2).
Ten (91%) patients received BNT162b2

vaccine and 1 (9%) received messenger
RNA1273 vaccine at a median interval of
19 d (IQR, 8–30 d) before PET/CT. Eleven
(100%) patients demonstrated focal 18F-
FDG tracer uptake in axillary lymph nodes
on PET/CT; none of the patients had focal
68Ga-FAPI uptake. Details are listed in
Supplemental Table 3. SUV at different
times after vaccination (Fig. 2A) demon-
strated the highest 18F-FDG accumulation
in lymph nodes at 2–4 wk after vaccination
(ANOVA P 5 0.002), whereas no increase
in uptake on 68Ga-FAPI was observed at
any of the time points (Fig. 2B, ANOVA
P 5 0.79).
Imaging follow-up data at an average of

120 d (IQR, 44–196 d) confirmed reactive
nodal uptake in all patients: a decrease in

uptake was documented in all 4 (100%) lymph nodes of the patient
who underwent follow-up 18F-FDG PET/CT. A decrease in lymph
node size was documented for all patients (on CT, n 5 5 [100%];
on ultrasound, n5 4 [100%]). One patient underwent a biopsy con-
firming reactive lymphoid hyperplasia with no evidence of malig-
nancy (Supplemental Fig. 1). Further tracer accumulation at the
injection site in the deltoid muscle was detected in 5 (45%) patients
(Supplemental Fig. 2.2). Another patient showed generalized tracer
accumulation in the bone marrow on 18F-FDG PET in addition to
splenic uptake above the level of liver uptake, indicating reactive
bone marrow and splenic activation by a vaccine-induced immune
response (Supplemental Fig. 3). According to combined 18F-FDG
and 68Ga-FAPI PET/CT reports, none of the patients had tumor
involvement of the arm or axillary lymph nodes. One patient with
breast cancer demonstrated new bone metastases 4 y after initial
therapy. Local recurrence was not noted, and focal nodal uptake
was seen ipsilateral to the vaccination site and contralateral to the
former tumor site.
The combined analysis of 68Ga-FAPI and 18F-FDG scans de-

tected, in total, 102 (100%) tumor lesions (primary, 6 [6%]; locore-
gional, 26 [25%]; distant nodal, 10 [10%]; lung, 7 [7%]; liver, 18
[18%]; bone, 28 [27%]; and soft tissue, 7 [7%]). Lesion detection
efficacy was higher for 68Ga-FAPI than for 18F-FDG PET (96
[94%] vs. 74 [73%]). 68Ga-FAPI PET detected additional tumor
lesions in the lung (7 [100%] vs. 5 [71%]), liver (17 [94%] vs. 9
[50%]), and bone (28 [100%] vs. 23 [82%]). The superior efficacy
was based on a higher detection rate in 3 patients with different
tumor entities (ovarian cancer, solitary fibrous tumor, and breast
cancer). There was no 18F-FDG–positive, 68Ga-FAPI–negative pri-
mary tumor lesion (Supplemental Table 4).
Representative images are shown for all included patients in

Supplemental Figures 1–11.

DISCUSSION

The COVID-19 pandemic is active globally, with an estimated
12.8 billion vaccine doses given and 627.1 million registered infections
as of October 21, 2022 (5). Vaccines aim to decrease COVID-19
spread and severe disease, protecting vulnerable groups, including
cancer patients (6). Repeat vaccinations have been endorsed by the

FIGURE 1. Patient flowchart.

FIGURE 2. SUVpeak over time for 78 locoregional lymph nodes for 18F-FDG (ANOVA P5 0.002) (A)
and 68Ga-FAPI (ANOVA P 5 0.791) (B) PET/CT. Average SUVpeak for weeks 1, 2, 3, 4, 5, and 6 was
2.2, 2.7, 3.6, 3.7, 1.5, and 1.0, respectively, for 18F-FDG PET and 0.5, 0.6, 0.6, 0.6, 0.6, and 0.6,
respectively, for 68Ga-FAPI PET.
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Centers for Disease Control and many national infection agencies
(7). Thus, most cancer patients underwent 3 vaccinations within the
last year (7). On the basis of current knowledge about decreasing
protection over time and the emergence of new variants, vaccination
at least annually is the likely scenario (8–10). For vulnerable
groups, repeat COVID-19 vaccination will come in addition to annual
flu shots.
Postvaccination lymph node uptake on 18F-FDG PET has been

demonstrated in prior case reports or case series on COVID-19 and
flu vaccine for a variety of tumor entities (1–4,11–16). An increase
in annual vaccination will put oncologic patients at considerable
risk of false-positive 18F-FDG PET findings. Here, we confirmed
18F-FDG uptake within 6 wk of vaccination in a case series of onco-
logic patients. Nonspecific 18F-FDG uptake will adversely influ-
ence staging and restaging procedures in oncology patients (3).
Patients are at risk of false-positive lymph node findings when
undergoing 18F-FDG PET/CT within 6 wk of vaccination. There-
fore, PET/CT appointments for patients at risk must be planned
carefully with consideration of any vaccination. In addition, bone
marrow uptake was seen in 1 patient, pointing to an additional pit-
fall in patients with myeloproliferative disease (2).
The regulation of fibroblast activation protein a in cancer is not

completely understood. Transforming growth factor b, associated
with epithelial–mesenchymal transition, angiogenesis, or immune
suppression, participates in the upregulation of fibroblast activation
protein a expression, suggesting a lower susceptibility of 68Ga-
FAPI PET to acute inflammation (17). Fittingly, none of the
patients demonstrated focal 68Ga-FAPI uptake in locoregional
lymph nodes after vaccination. In addition, 68Ga-FAPI PET demon-
strated higher detection efficacy when compared with 18F-FDG
PET/CT both for locoregional and for distant staging. Tumor detec-
tion was based on the PET/CT findings; however, lesions were not
verified by imaging follow-up, and findings are limited by a low
sample size. Superior detection for 68Ga-FAPI versus 18F-FDG
PET is in line with previous reports on carcinoma of unknown pri-
mary, sarcoma, and breast carcinoma imaging (18). Our findings
indicate that 68Ga-FAPI PET delivers oncologic staging with accu-
racy equal or superior to that of 18F-FDG PET but with no risk of a
false diagnosis after vaccination (19).
An ongoing prospective trial at our institution aims to assess

accuracy and correlation with histopathology for various types of
cancer (clinicaltrials.gov, NCT05160051). Our study was limited
by a low number of patients and a low histopathologic confirma-
tion rate for lymph node findings.

CONCLUSION

Increased annual vaccinations are expected for vulnerable groups,
including cancer patients. 18F-FDG may trigger costly follow-up
investigations and false management decisions. In our study, 68Ga-
FAPI PET, a promising novel imaging tool, avoided postvaccination
lymph node and bone marrow pitfalls and provided accurate onco-
logic staging. 68Ga-FAPI PET should be assessed as an alternative
to 18F-FDG PET in ongoing (NCT05160051) and future prospective
studies.
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KEY POINTS

QUESTION: Can 68Ga-FAPI PET prevent COVID-19 vaccine–re-
lated reactive lymph node uptake?

PERTINENT FINDINGS: We compared 18F-FDG and 68Ga-FAPI
PET/CT acquired on the same day within 6 wk of COVID-19
vaccination in 11 oncology patients. Although 18F-FDG was visu-
ally positive in 11 patients, 68Ga-FAPI had higher tumor detection
efficacy and showed no vulnerability to vaccine-related tracer
uptake in any patients. Additionally, the 18F-FDG uptake intensity
was time-dependent on the vaccination interval. 68Ga-FAPI was
visually negative at all time points.

IMPLICATIONS FOR PATIENT CARE: 68Ga-FAPI avoids vaccine-
associated reactive lymph node uptake and is therefore superior to
18F-FDG in tumor staging up to 6 wk after COVID-19 vaccination.
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We analyzed the diagnostic performance of prostate-specific mem-
brane antigen (PSMA) PET/CT and the dosimetry, efficacy, and safety
of 177Lu-PSMA-617 radioligand therapy (RLT) in salivary gland malig-
nancies (SGMs).Methods:We identified 28 SGM patients with PSMA
PET/CT fromour database. CT and PSMAPET/CT imageswere evalu-
ated separately by 3 masked readers in joint reading sessions. Patho-
logic findings were grouped into 6 TNM regions, and lesion-based
disease extent was classified as no disease (n5 1, 4%), unifocal
(n5 2, 7%), oligometastatic (n5 9, 32%), multifocal (n5 3, 11%), or
disseminated (n5 13, 47%). For each region, the SUVmax of the lesion
with the highest uptake was measured and the visual PSMA expres-
sion score was evaluated on a per-patient basis using PROMISE crite-
ria. The association between PSMA expression and clinical and
histopathologic markers was tested using the Student t test. Five
patients underwent PSMA RLT with intratherapeutic dosimetry.
Response was assessed using RECIST 1.1, and adverse events were
graded according to version 5.0 of the Common Terminology Criteria
for Adverse Events.Results:Compared with CT, PSMA PET/CT dem-
onstrated additionalmetastatic lesions in 11 of 28 (39%) patients, lead-
ing to upstaging of TNM and lesion-based disease extent in 3 (11%)
and 6 (21%) patients, respectively. PSMA PET/CT detected CT-occult
local tumor, regional lymph nodes, nonregional lymph nodes, and
bone metastases in 1 (4%), 4 (14%), 2 (7%), and 4 (14%) patients,
respectively; no additional lesions were detected in the other prede-
fined regions. PSMA expression level was higher than liver in 6 patients
(25%). A significantly higher SUVmaxwas observed inmale than female
patients (15.8 vs. 8.5,P50.007) and in bone than lung lesions (14.2 vs.
6.4, P5 0.006). PSMA RLT was discontinued after 1 cycle in 3 of 5
patients because of insufficient tumor doses. No adverse events of
grade 4 or higher occurred. Conclusion: In SGMs, PSMA PET/CT
demonstrated a superior detection rate and led to upstaging in about
one third of patients when compared with CT. The male sex and the
presence of bonemetastaseswere associatedwith significantly higher
PSMA expression. PSMA RLT was well tolerated, but most patients
did not havemore than 1 cycle because of insufficient tumor doses.

KeyWords: 177Lu-PSMA; 68Ga-PSMA; PET/CT; theranostics; salivary
glandmalignancies
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Salivary gland malignancies (SGMs) are rare head and neck
tumors that encompass 24 different histologic subtypes, with muco-
epidermoid carcinoma and adenoid cystic carcinoma (ACC) being
the most frequent (1–3). SGMs most commonly originate from the
parotid, submandibular, and sublingual glands and are characterized
by slow growth and an indolent course but tend to show multiple
recurrences and distant metastases (4). Although survival outcomes
have improved with surgery and postoperative radiotherapy in early
and locally advanced stages of the disease, there is no consensus on
systemic treatments in recurrent or metastatic disease (5). No fur-
ther standard treatment has yet been established for recurrent or
metastatic disease. SGMs show a high intrinsic resistance to classic
cytotoxic drugs. Recently, small phase II trials demonstrated the
tyrosine kinase inhibitors lenvatinib or axitinib to have activity in
ACC (6,7). Further, for a subset of patients with such specific
genetic alteration as NTRK fusions, BRAF mutations, or Her2/neu
amplifications, molecule-targeted therapies are available (8,9).
However, for most patients, no molecule-targeted therapies are
available, and those patients are treated mostly with the cytotoxic
drugs cisplatin, taxanes, anthracyclines, cyclophosphamide, or
5-fluororuacil, with only a moderate response rate. Taken together,
there is a huge unmet medical need to improve the palliative treat-
ment of patients with recurrent or metastatic SGMs.
Routine imaging is performed using MRI and CT (10). Addi-

tional 18F-FDG PET can increase sensitivity, especially with regard
to N or M stage, impacting therapy management in 12.5% of cases
(11). Furthermore, recent immunohistochemical and PET imaging
studies have shown increased prostate-specific membrane antigen
(PSMA) expression in ACC, implying that PSMA-targeted imaging
may improve staging accuracy and that 177Lu-PSMA-617 radioli-
gand therapy (RLT) can be feasible in a theranostic setup (12–15).
The aim of this study was to investigate the diagnostic role of

PSMA PET/CT and the safety, feasibility, and efficacy of PSMA
RLT in patients with SGM.

MATERIALS AND METHODS

Eligibility Criteria
Our institutional database was screened for SGM patients under-

going PSMA PET/CT from May 2015 to October 2021. All patients
gave written informed consent to undergo clinical PSMA imaging or
therapy. The retrospective analysis of available data was approved by the
local institutional review board, and the requirement to obtain informed
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consent was waived (University of Duisburg–Essen, medical faculty,
protocol 21-10370-BO).

PSMA PET/CT Image Acquisition
Values are presented as median and interquartile range. Images were

acquired in accordance with the joint procedure guidelines of the Euro-
pean Association of Nuclear Medicine and the Society of Nuclear Med-
icine and Molecular Imaging: 63 min (26 min) or 98 min (21 min) after
the administration of 116 MBq (44.5 MBq) of 68Ga-PSMA-11 (n5 21,
75%) or 281 MBq (97 MBq) of 18F-PSMA-1007 (n5 7, 25%), respec-
tively (16). Images were acquired on a Biograph mCT (11/28, 39%)
or Biograph Vision 600 (17/28, 61%) PET/CT system (Siemens
Healthineers).

Image Interpretation
CT and PSMA PET/CT scans were analyzed separately 2 wk apart

by 2 masked nuclear medicine physicians in joint consensus sessions
and an additional board-certified radiologist for the CT reading session.
The CT scans were read first, and for TNM-based analysis, pathologic
findings were grouped into the following categories: local tumor,
regional lymph nodes, nonregional lymph nodes, lung, bone, and other
regions.

To assess the lesion-based disease extent, CT and PSMA PET/CT
analysis results were each grouped into the following disease catego-
ries: no evidence of disease, unifocal disease (1 lesion), oligometa-
static disease (2–5 lesions), multifocal disease (6–10 lesions), and
disseminated disease (.10 lesions). For PSMA PET/CT analysis, the
SUVmax of the lesion of each region with the highest uptake was mea-
sured. The PSMA expression score was assessed visually in accor-
dance with PROMISE criteria on a per-patient level (17).

177Lu-PSMA-617 RLT
PSMA RLT was performed as therapy after exhaustion of estab-

lished treatment options following the decision of a multidisciplinary
tumor board. An overview of patient selection is provided in Figure 1.
Key eligibility criteria were adequate bone marrow and kidney function
in accordance with the procedure guidelines of the European Associa-
tion of Nuclear Medicine and Society of Nuclear Medicine and Molecu-
lar Imaging for PSMA RLT (18) and a PSMA expression level of at
least 2 (17). Each cycle, 6.86 1.4 GBq of 177Lu-PSMA-617 were

administered intravenously, with a 6-wk interval between cycles.
Progression-free survival was defined as the interval from treatment
start until death or progressive disease according to RECIST, version
1.1, as analyzed by 2 readers in joint consensus sessions (19).

Blood count, creatinine, transaminases, and symptoms were moni-
tored before and during PSMA RLT, and toxicity was graded accord-
ing to the Common Terminology Criteria for Adverse Events, version
5.0 (20).

Dosimetry
Posttherapeutic dosimetry of tumor lesions and kidneys was per-

formed for all patients undergoing PSMA RLT and calculated accord-
ing to OLINDA/MIRD recommendations (21). SPECT/CT imaging
was performed on a Siemens Intevo SPECT/CT system using the
xQuant reconstruction algorithm, allowing for quantitative 177Lu im-
aging as previously described (22). The chosen imaging schedule was set
to include 4 time points (4, 24, 48, and 120–144 h) after injection, with

PSMA PET/CT performed
(n = 28)

PSMA-RLT evaluation
(n = 14, 50%)

PSMA-RLT performed
(n = 5, 18%)

PSMA-RLT continued
(n = 2, 7%)

Staging (n = 2, 7%)
Restaging (n = 12, 43%)

PSMA-expression score < 2 (n = 3, 11%)
Other treatments (n = 6, 21%)

Insufficient tumor doses (n = 3, 11%)

Staging evaluation

PSMA-RLT not performed

PSMA-RLT discontinued

FIGURE 1. CONSORT (Consolidated Standards of Reporting Trials) dia-
gram describing SGM patient selection for PSMA-directed imaging and
PSMA RLT.

TABLE 1
Patient Characteristics

Characteristic Data

Sex

Male 11 (39%)

Female 17 (61%)

Age (y)

Median 59

Range 30–75

Primary location

Major salivary gland 18 (64%)

Parotid gland 8 (29%)

Submandibular gland 7 (25%)

Sublingual gland 3 (11%)

Minor salivary gland 10 (36%)

Clinical indications

Staging 2 (7%)

Restaging 12 (43%)

Evaluation for RLT 14 (50%)

Previous treatments

Primary surgery 25 (89%)

Multiple surgeries 12 (43%)

Radiotherapy 24 (86%)

Chemotherapy 7 (25%)

Metastasectomy 9 (32%)

Palliative radiotherapy 6 (21%)

Disease sites at 68Ga-PSMA PET/CT

Local tumor 8 (29%)

Locoregional lymph node metastases 5 (18%)

Nonlocoregional lymph node metastases 4 (14%)

Lung metastases 14 (50%)

Bone metastases 10 (36%)

Other metastases 10 (36%)

Data are number and percentage, except for age.
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at least 2 time points considered necessary to determine lesion or kidney
doses. For logistic reasons, 2 or 3 time points were acquired for each
cycle, respectively.

Statistical Analysis
The statistical analyses were performed using SPSS (version 27.0;

IBM). The Student t test was used to assess differences in SUVmax

dependent on sex, location of the primary, and disease site (bone vs.
lung).

RESULTS

Patient Characteristics
The study included 28 patients (11 men, 39%; 17 women, 61%).

Histopathologic subtypes were ACC (24/28, 86%), adenocarci-
noma (2/28, 7%), acinic cell carcinoma (1/28, 4%), and sebaceous
carcinoma (1/28, 4%). The median age was 59 y (range, 30–75 y).
The clinical indication for PSMA PET/CT was initial staging for 2
patients (7%), restaging for 12 (43%), and evaluation for PSMA
RLT for 14 (50%). Five patients (18%) underwent PSMA RLT.
Detailed patient characteristics are provided in Table 1.
Five of these patients (3 female, 2 male) received a total of 11

cycles of PSMA RLT (range, 1–6 cycles). The median age of
PSMA RLT patients was 50 y (range, 40–65 y). Demographic and
clinical information on the treatment cohort is provided in Table 2.

CT Versus PSMA PET/CT Detection Accuracy
CT detected any disease in 25 of 28 (89%) patients, local tumor

in 7 (25%), regional lymph nodes in 1 (4%), and distant metastases
in 22 (79%). PSMA PET was positive in 27 (96%) patients and
visualized local tumor in 8 (29%), regional lymph nodes in 5 (18%),
and distant metastases in 25 (89%) (Fig. 2). PSMA PET/CT demon-
strated additional metastatic lesions in 11 (39%) patients; in 8 (29%)

TABLE 2
Characteristics of PSMA RLT Cohort

Characteristic Patient 1 Patient 2 Patient 3 Patient 4 Patient 5

Age (y) 50 42 40 56 65

Sex M F F F M

Histology ACC ACC ACC ACC Acinic cell
carcinoma

Initial diagnosis to
RLT (y)

8 2 4 3 16

Prior treatments Surgery*;
radiotherapy;

axitinib;
chemotherapy

Surgery; radiotherapy Surgery;
radiotherapy*;

metastasectomy

Surgery; radiotherapy Surgery*;
radiotherapy*;
denosumab

Primary location Paranasal sinus
(minor salivary

gland)

Parotid gland Upper jaw (minor
salivary gland)

Parotid gland Parotid gland

Metastatic sites Local; lung Lung Bone Lung; soft tissue Locoregional LN;
bone

PSMA expression
score

3 2 3 2 3

RECIST 1.1 response PD NA† NA† SD SD

TTP after PSMA RLT 3 mo 12 mo† 6 mo† Lost to follow-up 12 mo

*Repeated treatments.
†Systemic treatment started immediately after PSMA RLT.
LN 5 lymph nodes; PD 5 progressive disease; NA 5 not applicable; SD 5 stable disease; TTP 5 time to progression.

FIGURE 2. Pie charts demonstrating additional detection of diseased
regions by PSMA PET/CT (orange) when compared with standalone CT
(blue). Charts demonstrate percentage positive patients among 28
patients, separately for each region.
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patients, CT-negative regions were rated positive on PSMA PET/CT.
PSMA PET/CT detected additional bone metastases in 2 patients
(7%) and nonregional lymph node metastases in 1 patient (4%), with
no disease shown on CT (TNM upstaging). PSMA PET/CT led to an
up-shift of lesion-based disease extent in 6 (21%) patients (Table 3).
Figure 3 shows an example SGM patient, in whom additional bone
lesions were detected by PSMAPET/CT.
In 6 (21%) patients 18F-FDG and PSMA PET/CT were per-

formed within a 3-mo interval without interim progression on mor-
phologic imaging. Of the 6 patients, 2 had higher detection efficacy
for PSMA PET/CT, 2 had higher detection efficacy for 18F-FDG
PET/CT, and 2 had equal detection efficacy for both modalities.

PSMA Ligand Uptake
PSMA expression score was 0 (n5 2, 7%), 1 (n5 4, 15%), 2

(n5 15, 56%), and 3 (n5 6, 22%), respectively (Fig. 4). The male
sex (15.8 vs. 8.5, P5 0.007) was significantly associated with a
higher SUVmax (Table 4). The mean SUVmax in tumor sites of

patients with a primary tumor in the minor salivary glands was
12.8, versus 9.0 in those with a primary in the major salivary glands,
without statistical significance (P5 0.31). SUVmax was significantly
higher in bone than lung metastases (14.2 vs. 6.4, P5 0.006).

PSMA RLT Absorbed Dose and Efficacy
In total, 5 patients received PSMA RLT. Dosimetry was per-

formed for the kidneys and a total of 13 tumor lesions over 7 ther-
apy cycles. The highest lesion-absorbed dose was 0.68 Gy/GBq
(mean, 0.41 Gy/GBq; range, 0.06–0.68 Gy/GBq). The highest
lesion uptake ratio after 24 h was 0.44 (mean, 0.16; range,
0.004–0.44). The mean effective half-life of the lesions was 7.7 min
(range, 0.32–30.98 min). The mean kidney-absorbed dose was
0.37 Gy/GBq (range, 0.32–0.41 Gy/GBq). Dosimetry results for
each cycle are shown in Table 5.
PSMA RLT was discontinued in 3 patients after 1 cycle because

visual lesion uptake was below liver uptake on the 24-h posttreat-
ment 177Lu-PSMA scintigraphy. In these 3 patients, systemic treat-

ment was initiated before progression
occurred. Progression-free survival was 3 mo
(n5 1) or not reached (n5 1, last follow-up:
12 mo) after initiation of PSMA RLT in the
2 patients remaining with more than 1 treat-
ment cycle. The long-term response was
observed in the only patient with acinic cell
carcinoma, with the remainder having ACC.
Supplemental Figure 1 shows a patient exam-
ple (supplemental materials are available at
http://jnm.snmjournals.org).

PSMA RLT Adverse Events and
Follow-up
Changes in blood parameters did not meet

the adverse-event criteria of the Common
Terminology Criteria for Adverse Events,
version 5.0. Xerostomia that was less than
serious was reported by both patients under-
going more than 1 cycle of PSMA RLT,
without worsening under treatment.

DISCUSSION

The results of our study indicate a supe-
rior detection rate for PSMA PET/CT in

TABLE 3
Analysis of Lesion-Based Disease Extent

PSMA

CT No disease Unifocal Oligometastatic Multifocal Disseminated

No disease 1 (4%) 0 1 (4%)* 0 1 (4%)*

Unifocal 0 2 (7%) 1 (4%)* 0 0

Oligometastatic 0 0 7 (25%) 2 (7%)* 1 (4%)*

Multifocal 0 0 0 1 (4%) 0

Disseminated 0 0 0 0 11 (39%)

*Upstaging.
Data are number. Extent shifted toward higher disease burden in 6 of 28 (21%) patients after PSMA PET (oligometastatic disease, 2–5

metastases; multifocal disease, 6–10; disseminated disease, $11.

FIGURE 3. 68Ga-PSMA PET/CT of 69-y-old man with adenoid-cystic carcinoma of right subman-
dibular gland after primary resection. Maximum-intensity projection (A) and axial slices (B–E) of
68Ga-PSMA PET/CT reveal bone metastases in sixth left rib (white arrow) and sacral bone (black
arrow) without CT correlate (F and G), confirmed by follow-up imaging 6 mo later.
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SGMs, with additional localization of lesions in 11 of 28 patients
(39%) and TNM upstaging in 3 (11%) patients through the detec-
tion of CT-occult oligometastatic bone metastases. Therefore, in
salivary gland tumors PSMA PET/CT may be a possible alterna-
tive to other hybrid imaging modalities such as 18F-FDG PET/CT
or PET/MRI (11,23). In addition, PSMA PET/CT identifies candi-
dates for PSMA RLT, which was well tolerated and induced a
tumor response.
PSMA PET/CT revealed oligometastatic disease in 9 of 28

(32%) patients (Table 3). Accurate localization of disease supports
planning of metastasis-directed therapy. Metastasis-directed ther-
apy of oligometastatic head and neck cancer, including SGMs, has
been shown to result in high disease-control rates (24), which
underline the importance of sensitive imaging to further optimize
this treatment option. PSMA PET/CT revealed multifocal or dis-
seminated disease in 3 of 9 (33%) patients with CT oligometastatic
disease. Detection of multifocal or disseminated disease may
thereby more accurately identify patient candidates for systemic
therapy not likely to benefit from local treatment alone.
Seventy-five percent of patients had at least 1 lesion with PSMA

uptake equal to or higher than liver uptake, with significantly higher
PSMA expression occurring in male patients and bone lesions
(Table 4). Boxtel et al. likewise demonstrated high tumor uptake
(13). Higher PSMA expression in male patients is not supported by
current knowledge of PSMA regulation pathways, since high
androgen levels suppress the PSMA encoding gene folate hydrolase
1, potentially reducing PSMA expression levels (25). This finding
has been demonstrated in prostate cancer patients, in whom pro-
longed androgen-deprivation therapy was linked to increases in
PSMA expression (26). Likewise, the androgen axis can be active
in patients with SGMs, and the efficacy and safety of androgen
receptor–targeted treatment is currently being investigated in a pro-
spective single-arm clinical trial (NCT04325828). In line with this
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FIGURE 4. PSMA expression score by PROMISE criteria for 27 patients.
One patient without any detected lesion was excluded.

TABLE 4
Comparison of SUVmax for Sex, Primary Location at Initial Diagnosis, Bone Metastasis vs. Lung Metastasis, and Subtype

Parameter n Average SUVmax P

Total patients 28 (100%) 10.7 (SD, 7.8)

Sex

Male 11 (39%) 15.8 (SD, 9.8)

Female 17 (61%) 8.5 (SD, 4.9) 0.001*

Primary location at primary diagnosis

Major salivary glands 18 (64%) 9 (SD, 4.4)

Minor salivary glands 10 (36%) 12.8 (SD, 8.4) 0.308

Metastasis sites

Bone 14 (50%) 14.2 (SD, 10.2)

Lung 16 (57%) 6.4 (SD, 4.2)

Other 7 (25%) 8.8 (SD, 2.8) 0.006*

Subtype

ACC 24 (86%) 10.1 (SD, 5.9)

Other 4 (14%) 14.2 (SD, 16) 0.352

*P , 0.05, assessed by Student t test.
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possibility, an immunohistochemistry study by Boxtel et al. showed
higher PSMA expression in tumor cells of SGMs in women than in
men, attributed to lower levels of circulating androgens (27). In
contrast to immunohistochemistry findings, PSMA PET/CT allows
for the in vivo noninvasive assessment of target PSMA expression
in entire lesions and at multiple tumor sites. PSMA PET/CT indi-
cates that male patients may be more suitable candidates for PSMA
RLT. However, because the small sample size is conducive to the
occurrence of type 1 errors, further analyses of larger cohorts are
warranted.
In our case series, PSMA RLT was well tolerated. Events grade 3

or higher in the Common Terminology Criteria for Adverse Events
were not noted. There was no treatment-limiting xerostomia. In line
with this finding, side effects of PSMA RLT were grade 1–2 in a
study by Klein Nulent et al., and only 1 patient experienced grade 3
thrombocytopenia (28). However, tumor-absorbed doses in our
patients were unsatisfactory. Although high PSMA expression was
noted on both PSMA PET/CT and early posttreatment SPECT/CT,
retention times of PSMA uptake were short, resulting in lower
absorbed doses than in prostate cancer. A potential explanation is
the low detection threshold of PSMA PET/CT, resulting in a high
target-to-background signal that may lead to an overestimation of
PSMA expression (29).
To our knowledge, this was the largest study so far to evaluate

the dosimetry of PSMA RLT in SGMs. Uijen et al. reviewed a total
of 15 cycles of PSMA RLT in 10 non–prostate cancer patients, also
including 2 patients with SGMs (30). Klein Nulent et al. demon-
strated the first case of ACC treated with PSMA RLT, but treatment
response or dosimetry data were not reported (14). Has Simsek et al.
reported 1 ACC patient treated with PSMA RLT, revealing intense
metastatic PSMA uptake on posttreatment imaging performed after
24 h (15). Klein Nulent et al. reported the first cohort study to evalu-
ate the efficacy and safety of PSMA RLT in SGMs (28). Six
patients with SGMs were treated with PSMA RLT, which resulted
radiologically stable disease in 2 patients after 4 cycles and a clini-
cal response such as pain relief, less dyspnea, and less fatigue in
4 patients after 2 or 4 cycles of PSMA RLT (28).
In our study, tumor stabilization over more than 1 y was observed

for only 1 of 5 PSMA RLT patients, indicating that further
improvement is needed. In the future, RLT may be improved by
more stringent patient selection, application of higher-activity

regimens, or introduction of a-based RLT. Further research focus-
ing on histopathologic subtypes, specifically on PSMA RLT in acinic
cell carcinoma, may be of interest.
Limitations of this study include its retrospective, single-center

design and small sample size.

CONCLUSION

PSMA PET/CT demonstrated superior tumor detection and led
to upstaging in about one third of SGM patients when compared
with CT. The male sex and the presence of bone metastases were
associated with significantly higher PSMA expression. PSMA RLT
was tolerated well and stabilized disease in 1 patient. However, fre-
quent discontinuation after 1 PSMA RLT cycle and low tumor-
absorbed doses indicate that PSMA RLT for SGM needs further
improvement.
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TABLE 5
Results of Individual Patient Dosimetry

Patient
no.

Cycle
no.

Activity
(GBq)

Lesion 1 Lesion 2
Renal AD
(Gy/GBq)Type AD (Gy/GBq) SUVmax SUVmean Type AD (Gy/GBq) SUVmax SUVmean

1 1 7.6 Lung 0.06 11.9 6.1 Recurrent 0.42 22.9 14.6 0.35

2 7.5 Lung 0.08 11.9 6.1 Recurrent 0.23 22.9 14.6 0.32

2 1 7.5 Lung 0.26 9 5

3 1 6.1 Bone 0.68 11.2 7.7 Bone 0.22 16.4 10.4 0.38

4 1 5.8 Lung 0.42 7.2 4 Lung 0.65 13.7 7

5 1 6.1 Bone 0.41 27.1 14.9 Bone 0.49 30 17.4 0.39

2 7.5 Bone 0.17 27.1 14.9 Bone 0.25 30 17.4 0.34

AD 5 absorbed dose.
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KEY POINTS

QUESTION: Is PSMA a potential target for theranostic
applications in SGMs?

PERTINENT FINDINGS: In SGMs, PSMA PET/CT has a higher
detection rate than conventional imaging and led to upstaging in about
one third of patients. 177Lu-PSMA-617 treatment was tolerable and
resulted in disease stabilization in 1 patient with acinic cell carcinoma.

IMPLICATIONS FOR PATIENT CARE: Preliminary findings
demonstrate a superior detection rate for PSMA PET/CT compared
with CT in SGMs and a potential role for PSMA RLT in a subset of
patients. Prospective studies on larger collectives are warranted.
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Comparison of 68Ga-PSMA-617 PET/CT and 68Ga-RM2
PET/CT in Patients with Localized Prostate Cancer Who
Are Candidates for Radical Prostatectomy: A Prospective,
Single-Arm, Single-Center, Phase II Study
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Considering the wide range of therapeutic options for localized pros-
tate cancer (e.g., active surveillance, radiation-beam therapy, focal
therapy, and radical prostatectomy), accurate assessment of the
aggressiveness and localization of primary prostate cancer lesions is
essential for treatment decisionmaking.National ComprehensiveCan-
cer Network guidelines recognize prostate-specificmembrane antigen
(PSMA) PET/CT for use in initial staging of high-risk primary prostate
cancer. The gastrin-releasing peptide receptor (GRP-R) is a neuropep-
tide receptor overexpressed by low-risk prostate cancer cells. We
aimed to perform the first (to our knowledge) prospective head-to-
head comparison of PSMA- and GRP-R–targeted imaging at initial
staging to understand how PSMA PET and GRP-R PET can be used
or combined in clinical practice. Methods: This was a prospective,
single-center, diagnostic cross-sectional imaging study using anon-
ymized, masked, and independent interpretations of paired PET/CT
studies in 22 patients with 68Ga-PSMA-617 (a radiolabeled PSMA
inhibitor) and 68Ga-RM2 (68Ga-DOTA-4-amino-1-carboxymethylpi-
peridine-D-Phe-Gln-Trp-Ala-Val-Gly-His-Sta-Leu-NH2, a radiolabeled
GRP-R antagonist). We enrolled patients with newly diagnosed,
biopsy-proven prostate cancer. None had received neoadjuvant hor-
mone therapy or chemotherapy, and all underwent extended pelvic
lymph node dissection. Histologic findings served as a reference.
Results:On a lesion-based analysis (including lesions, 0.1 cm3), 68Ga-
PSMA-617 PET/CT detected 74.3% (26/35) of all tumor lesions and
68Ga-RM2 PET/CT detected 78.1% (25/32; 1 patient could not be
offered 68Ga-RM2 PET/CT). Paired examinations showed positive
uptake of the 2 tracers in 21 of 32 lesions (65.6%), negative uptake in 5
of 32 lesions (15.6%), and discordant uptake in 6 of 32 lesions (18.8%).
Uptake of 68Ga-PSMA-617 was higher when the International Society of
Urological Pathology (ISUP) score was at least 4 versus at least 1 (P ,

0.0001) or 2 (P50.0002). Therewere no significant differences in uptake
between ISUP scores for 68Ga-RM2. Median 68Ga-RM2 SUVmax was
significantly higher than median 68Ga-PSMA-617 SUVmax in the ISUP-2
subgroup (P5 0.01). Conclusion: 68Ga-PSMA-617 PET/CT is useful
to depict higher, more clinically significant ISUP score lesions, and
68Ga-RM2 PET/CT has a higher detection rate for low-ISUP tumors.

Combining PSMAPET and GRP-R PET allows for better classification
of intraprostatic lesions.

KeyWords:GRP-R; PSMA; PET; prostate cancer; imaging
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Prostate cancer is the most common cancer in men and the third
cause of cancer-related deaths (1). The range of therapeutic options
for localized prostate cancer varies from active surveillance or focal
therapy to radiation-beam therapy or radical prostatectomy, depend-
ing on the local extension and risk classification of tumor progression.
Therefore, the initial assessment of primary-tumor aggressiveness is
critical to treatment decision making. In combination with clinical
examination, PSA level, and prostatic MRI, the risk classification of
the primary tumor depends mainly on appropriate sampling by pros-
tatic biopsies and on precise evaluation of the International Society of
Urological Pathology (ISUP) score.
Prostate-specific membrane antigen (PSMA) is a type 2 glycopro-

tein expressed in secretory cells of prostatic epithelium. Several radi-
olabeled PSMA inhibitors have been developed (68Ga-PSMA-11,
68Ga-PSMA-617, 68Ga-PSMAI&T, and 18F-PSMA1007 (2)). Uptake
of radiolabeled PSMA inhibitors correlates well with ISUP score and
PSA level (3). Recently, National Comprehensive Cancer Network
guidelines considered the use of PSMA PET/CT for the initial staging
of high-risk primary prostate cancer (4). However, the ability of
PSMA PET/CT to also identify lower-grade lesions is unclear.
The gastrin-releasing peptide receptor (GRP-R) is a G-protein–

coupled receptor of the bombesin receptor family (5) that can be
targeted with radiolabeled antagonists such as 68Ga-RM2 (68Ga-
DOTA-4-amino-1-carboxymethylpiperidine-D-Phe-Gln-Trp-Ala-
Val-Gly-His-Sta-Leu-NH2) (6), 68Ga-NeoBOMB1 (7), or 68Ga-RM26
(8) for PET imaging. Unlike PSMA, GRP-R is overexpressed in
low-risk prostate cancers (low Gleason score, low prostate-specific
antigen [PSA] value, and small tumor) (9–11). A study of the diag-
nostic performance of 68Ga-RM2 PET/CT for initial staging of pros-
tate cancer in 41 patients reported a detection rate of 93%, a
sensitivity of 98%, and a specificity of 65% (6).
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In preclinical work, we compared in vitro GRP-R and PSMA
expression in primary prostate cancer samples by means of 111In-
RM2 and 111In-PSMA-617. Our results suggested that PSMA- and
GRP-R–based imaging may have a complementary role in fully
characterizing the local extent and aggressiveness of prostate cancer
(with GRP-R being a valuable target in patients with a low meta-
static risk and PSMA being a valuable target in patients with a
higher risk (12)).
Additionally, a pilot clinical study using 68Ga-PSMA-11

PET/CT and 68Ga-RM2 PET/CT on 8 patients also suggested a
complementary role for these imaging modalities in the initial stag-
ing of prostate cancer (13).
Here, we present a prospective head-to-head comparison between

68Ga-PSMA-617 PET/CT and 68Ga-RM2 PET/CT for the initial
assessment of localized primary prostate cancer tumors. Our primary
objective was to assess uptake intensity (SUVmax) with 68Ga-
PSMA-617 and 68Ga-RM2 PET/CT at the level of prostatic lesions
and to compare SUVmax between ISUP score categories. Secondary
objectives were to compare 68Ga-PSMA-617 and 68Ga-RM2 uptake
stratified by ISUP score, to compare SUVmax at 2 acquisition times
(60 and 120 min after injection), and to evaluate for an association
between the immunohistochemistry scores of the targets (PSMA and
GRP-R) and 68Ga-PSMA-617 and 68Ga-RM2 uptake.

MATERIALS AND METHODS

Study Design and Participants
This was a prospective, single-center, diagnostic cross-sectional im-

aging study using anonymized, masked, and independent interpretations
of paired 68Ga-PSMA-617 PET/CT and 68Ga-RM2 PET/CT scans
(EudraCT 2017-000490-36, NCT03604757). 68Ga-PSMA-617 PET/CT
and 68Ga-RM2 PET/CT were performed before prostatectomy in no spe-
cific order and with no consideration of patient characteristics. We pro-
spectively enrolled 22 patients with newly diagnosed, biopsy-proven
prostate cancer. The French ethical committee approved this study
(approval 2017/62), and all subjects gave written informed consent.

The inclusion criteria were an age greater than 18 y, a diagnosis of
prostate cancer confirmed by biopsy, and an indication for prostatec-
tomy. No patient had received neoadjuvant hormone therapy or chemo-
therapy. All patients underwent extended pelvic lymph node dissection.

Radiopharmaceuticals and PET/CT Protocol
68Ga-PSMA-617 and 68Ga-RM2were produced according to our pre-

vious description (12), with minor modifications (68Ga was used as the
radionuclide, and 10 mg of PSMA-617 were used). The Discovery RX
PET/CT device (GE Healthcare) at the University Hospital of Bordeaux
was used. Whole-body PET/CT images were acquired from vertex to
mid thighs, with 2.5-min emission scans per bed position, at 60
and 120min after intravenous administration of 2 MBq/kg (range,
80–200MBq) of 68Ga-PSMA-617 or 68Ga-RM2. Images were recon-
structed using an ordered-subset expectation maximization algorithm
with 2 iterations and 21 subsets (matrix size, 2563 256; 47 slices corre-
sponding to a 15.6-cm transaxial field of view; voxel size, 2.3763 2.376
3 3.27 mm). The CT acquisition was performed for attenuation correc-
tion, in helical mode, using 120 kV, mAs modulation to optimally reduce
the dose, and a 5123 512matrix (voxel size, 0.97663 0.97663 2mm).

PET/CT Image Analysis
PET/CT and multiparametric MR (when available) images were ana-

lyzed using Pmod software (version 3.5; PMOD Technologies LLC). A
manual registration was performed between each modality, using a lin-
ear transformation, to aid visual analysis and accurate positioning of
the tumor lesion. Then, manual segmentation was performed by 2

experienced nuclear physicians masked to the histologic findings, radio-
pharmaceutical, and patient characteristics. Supravesical sections were
removed because of physiologic renal uptake of 68Ga-PSMA-617 and
physiologic pancreatic uptake of 68Ga-RM2. A consensus was reached
in cases of discrepancy between the 2 interpretations. Uptake of 68Ga-
PSMA-617 and 68Ga-RM2 was quantified according to SUVmax and
described for each lesion.

Histology
Prostatectomy samples were fixed and embedded in paraffin blocks.

Tissue slices 5 mm thick were stained with hematoxylin, eosin, and saf-
fron, and an experienced pathologist manually surrounded tumor lesions
under microscopic examination and reported the ISUP score and size of
each lesion. Lesions smaller than 0.1 cm3 were included in the analysis.
Histologic samples were then digitized using a slide scanner (NDP.scan;
Hamamatsu). The obtained images were arranged and reoriented to facil-
itate comparison between histology and PET imaging.

Immunohistochemistry
The immunohistochemical study was performed as previously

described for GRP-R (14) and PSMA (15). Immunohistochemistry
results were expressed as an immunoreactive score (IRS) that consid-
ered staining intensity and the percentage of stained tumor cells, as pre-
viously described (14). The final IRS score (product of staining
intensity score and percentage-of-positive-cells score) thus ranged from
0 to 12. No PSMA or GRPR expression was categorized as IRS 0–1,
weak PSMA or GRP-R expression was categorized as IRS 2–3, moder-
ate PSMA or GRP-R expression was categorized as IRS 4–8, and strong
PSMA or GRP-R expression was categorized as IRS 9–12. Immunohis-
tochemistry results were dichotomized into 2 groups: low PSMA or
GRP-R expression (absent/weak expression) and high PSMA or GRP-R
expression (moderate/strong expression).

Cross-Sectional Analysis of PET Signal and Histology
For each tumor lesion, SUVmax for 68Ga-PSMA-617 and 68Ga-

RM2 was compared with histology (cancer or noncancer area), allow-
ing determination of concordance and discordance of findings.

Cross-Sectional Analysis of PET Signal and
Immunohistochemistry Staining

For each tumor lesion, SUVmax for 668Ga-PSMA-617 and 68Ga-
RM2 SUVmax was compared with the immunohistochemistry score for
the whole tumor compartment.

Statistical Analysis
The sample size was fixed at 6 patients for each metastatic risk group

defined at enrollment, before surgery (ISUP-1 and cT1-T2a and PSA
, 10 ng/mL, Briganti , 5%; ISUP-2 or cT2b or PSA5 10–20 ng/mL;
ISUP-3 or cT2b or PSA5 10–20 ng/mL; ISUP4–5 or cT2c or PSA
. 20 ng/mL).

Quantitative variables are described as mean and SD, median and
first to third quartiles, or minimum to maximum. Qualitative variables
are described as frequency and percentage. SUVmax was compared at
the patient level in normal tissues and at the lesion level in pathologic
tissues. All comparisons of SUVmax (between ISUP scores, radiophar-
maceuticals, and acquisition times) used univariable mixed linear
regression models, including a random intercept to consider the intra-
patient correlation (with a variance component structure). The models’
hypotheses (normality and heteroscedasticity of residuals) were sys-
tematically checked, leading us to transform SUVmax in pathologic tis-
sues by the natural logarithm. Exponential of parameters estimated
with these last models can be expressed as a multiplicative factor: less
than 1 means a decreased value compared with the other group, and
more than 1 means an increased value compared with the other group.
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Comparisons of SUVmax in normal and pathologic tissues between
60 and 120 min were performed first to select the adequate acquisition
time for other analyses. Comparison of SUVmax between negative and
positive immunochemistry scores used nonparametric Wilcoxon tests.
For the 2 primary outcomes only, if the global statistical test was sig-
nificant at 2.5%, 2-by-2 comparison tests between ISUP scores were

interpreted using a 0.4% significance level (Bonferroni method). Statistical
analyses used SAS software (version 9.4; SAS Institute).

RESULTS

Radiopharmaceuticals, Patient Characteristics, and Lesion
Characteristics
Twenty-two men with newly diagnosed prostate cancer were

enrolled in the study between April 25, 2018, and November 19,
2019. The demographic and clinicopathologic characteristics of the
population are presented in Table 1. The median interval between
the 2 PET/CT examinations was 6 d (Q1–Q3, 3–8 d). The median
interval between the last PET/CT examination and surgery was 6 d
(Q1–Q3, 1–15 d). Nine (41%) patients underwent 68Ga-PSMA-617
PET/CT first, and 13 (59%) patients underwent 68Ga-RM2 PET/CT
first. One patient could not undergo 68Ga-RM2 PET/CT. The
median injected activity was 167.2 MBq (range, 118.7–210.2 MBq)
for 68Ga-PSMA-617 and 149.5 MBq (range, 84.5–198.5 MBq) for
68Ga-RM2. All images were acquired at 1 and 2 h after injection,
except in 1 patient, who underwent 68Ga-RM2 imaging at 1 h only.
Thirty-five lesions (including lesions , 0.1 cm3) were identified by

histology on prostatectomy samples: 9 ISUP-1 (25.7%), 13 ISUP-2
(37.1%), 3 ISUP-3 (8.6%), 3 ISUP-4 (8.6%), and 7 ISUP-5 (20.0%).
The dynamics of 68Ga-PSMA-617 and 68Ga-RM2 uptake were

then analyzed in normal and pathologic prostatic tissues. In the
normal prostate, the median SUVmax with 68Ga-RM2 was 3.20
(Q1–Q3, 2.40–3.80) at 1 h and 2.40 (range, 1.85–3.85) at 2 h.
68Ga-RM2 uptake was significantly lower at 2 h (b520.59; 95%
CI, 20.95 to20.24; P5 0.003). For 68Ga-PSMA-617 in the normal
prostate, the median SUVmax was 2.55 (range, 2.20–3.40) at 1 h and
2.50 (range, 2.00–3.10) at 2 h, with no differences between the 2
acquisition times (b520.10; 95% CI,20.31–0.10; P5 0.31).
In tumor areas, the median SUVmax with 68Ga-RM2 was 5.20

(range, 3.30–8.30) at 1 h and 5.40 (Q1–Q3, 3.75–7.90) at 2 h
(exp(b)5 0.99; 95% CI, 0.81–1.23; P5 0.96). For 68Ga-PSMA-617
uptake in tumor lesions, the median SUVmax was 4.20 (range,
3.00–6.10) at 1 h and 4.10 (range, 2.90–7.30) at 2 h, with no significant
differences between the 2 acquisition times (eb5 1.00; 95% CI,
0.78–1.30; P5 0.98).

TABLE 1
Patient Characteristics (n 5 22)

Variable At diagnosis Histopathology

ISUP score (n)

1 (Gleason 6) 5 (22.7%) 1 (4.5%)

2 (Gleason 7 [3 1 4]) 6 (27.3%) 9 (40.9%)

3 (Gleason 7 [4 1 3]) 4 (18.2%) 2 (9.1%)

4 (Gleason 8) 2 (9.1%) 3 (13.6%)

5 (Gleason . 8) 5 (22.7%) 7 (31.8%)

TNM stage (n)

T2a 19 (86.4%) 0 (0.0%)

T2c 3 (13.6%) 6 (27.3%)

T3a 0 (0.0%) 11 (50.0%)

T3b 0 (0.0%) 5 (22.7%)

N0 0 (0.0%) 20 (90.9%)

N1 0 (0.0%) 1 (4.5%)

Nx 22 (100.0%) 1 (4.5%)

Age (y)

Mean 64.0 (SD, 5.9)

Median 65 (Q1–Q3,
59–68)

Minimum–maximum 52–75

PSA (ng/mL)

Mean 8.3 (SD, 4.0)

Median 7 (Q1–Q3, 6–9)

Minimum–maximum 3–21

TABLE 2
ISUP-Based Stratification of Lesions Detected by 68Ga-PSMA-617 PET/CT or 68Ga-RM2 PET/CT

Lesion on imaging Total ISUP-1 ISUP-2 ISUP-3 $ISUP-4

68Ga-PSMA-617 PET/CT*

n 35 9 13 3 10

No 9 (25.7%) 6 (66.7%) 3 (23.1%)

Yes 26 (74.3%) 3 (33.3%) 10 (76.9%) 3 (100%) 10 (100%)
68Ga-RM2 PET/CT†

n‡ 32 (3) 8 (1) 13 3 8 (2)

No 7 (21.9%) 4 (50.0%) 2 (15.4%) 1 (12.5%)

Yes 25 (78.1%) 4 (50.0%) 11 (84.6%) 3 (100%) 7 (87.5%)

*60 min after intravenous administration.
†120 min after intravenous administration.
‡One lesion is missing for patient who did not benefit from 68Ga-RM2 PET/CT, and 2 other missing lesions correspond to failure of

PET/CT device at 2 h after injection for another patient.

PSMA VS. GRP-R PET/CT IN PROSTATE CANCER ! Schollhammer et al. 381



Therefore, given the lower uptake of 68Ga-RM2 in normal pros-
tate tissue at 2 h and the equivalent uptake in tumor lesions at 1 and
2 h, an analysis was conducted using PET/CT data obtained 2 h
after injection. For 68Ga-PSMA-617, as no differences in uptake
were seen either in normal prostate or in tumor area, the 1-h uptake
time recommended by the joint guidelines of the European Associa-
tion of Nuclear Medicine and the Society of Nuclear Medicine and
Molecular Imaging for 68Ga-PSMA PET/CT was applied (16).

Lesion-Based PET/CT Imaging
Of the 35 prostatic lesions evaluated with 68Ga-PSMA-617

PET/CT, 26 (74.3%) were detected. Undetected lesions had an
ISUP score of no more than 2 (6 ISUP-1 and 3 ISUP-2).
Of the 32 prostatic lesions evaluated with 68Ga-RM2 PET/CT,

25 (78.1%) were detected by 68Ga-RM2 PET/CT. The undetected
lesions included 4 that were ISUP-1, 2 that were ISUP-2, and 1
that was ISUP-4 (Table 2).

Concordance and Discordance in PET/CT Imaging
Twenty-one (65.6%) of 32 histology-proven lesions (whatever

their volume) showed uptake of both 68Ga-PSMA-617 and 68Ga-
RM2, 4 (12.5%) were seen only on 68Ga-RM2, 2 (6.3%) were seen
only on 68Ga-PSMA-617, and 5 (15.6%) were negative on both
68Ga-PSMA-617 and 68Ga-RM2.

Association with Pathologic Parameters
Regarding uptake of the radiopharmaceuticals according to his-

tology parameters, 68Ga-PSMA-617 SUVmax differed according to
ISUP score (P5 0.003), with a higher SUVmax for increasing ISUP
scores (Tables 2 and 3). Especially, uptake of 68Ga-PSMA-617 was
higher for ISUP scores of at least 4 than for an ISUP score of 1
(eb5 2.41; 95% CI, 1.65–3.50; P , 0.0001) or 2 (eb5 2.06; 95%
CI, 1.46–2.91; P5 0.002).
There were no significant differences in uptake between ISUP

scores for 68Ga-RM2 (P5 0.11).
Median 68Ga-RM2 SUVmaxwas significantly higher than median

68Ga-PSMA-617 SUVmax in the ISUP-2 subgroup (6.30 [Q1–Q3,
5.30–7.50] vs. 3.60 [Q1–Q3, 3.40–4.50], P5 0.01). In other ISUP
groups, no differences in uptake were seen between 68Ga-PSMA-
617 and 68Ga-RM2 (Table 3; Figs. 1 and 2).
Immunochemistry was also conducted on prostatectomy samples

from patients included in this study. Sixteen samples were available
for GRP-R staining and 18 for PSMA staining (the remaining sam-
ples were considered noncontributive by the pathologist and were
excluded from the analyses). GRP-R staining was considered posi-
tive (IRS$ 4) in 11 (68.8%) of 16 lesions. The median GRP-R IRS
score was 4 (Q1–Q3, 3–6). The PSMA IRS was considered positive
(IRS$ 4) in 15 (83.3%) of 18 lesions. The median PSMA IRS score
was 11 (interquartile range, 6–12). The median 68Ga-RM2 SUVmax

was 6.40 (interquartile range, 3.70–7.50) in samples low for GRP-R,
versus 7.35 (interquartile range, 5.30–9.00) for samples positive
for GRP-R (P5 0.50) (Fig. 3; Supplemental Fig. 1; supplemental
materials are available at http://jnm.snmjournals.org). The median
68Ga-PSMA-617 SUVmax was 3.60 (Q1–Q3, 3.00–5.30) for PSMA-
negative samples and 6.80 (Q1–Q3, 4.50–8.50) for PSMA-positive
samples (P5 0.12) (Fig. 3; Supplemental Fig. 2).

DISCUSSION

Several radiopharmaceuticals have been developed to help in the
staging of prostate cancer. 11C-acetate, marking lipid metabolism,
cannot reliably distinguish between benign prostatic hyperplasia and
prostate tumors. Moreover, the radiolabeled amino acid 18F-fluciclovine
has not shown good diagnostic performance for characterization of
primary lesions (17). Finally, 11C- and 18F-choline, also marking lipid

TABLE 3
Comparison of 68Ga-PSMA-617 and 68Ga-RM2 Uptake

with ISUP Score

Median SUVmax

ISUP score 68Ga-RM2 68Ga-PSMA-617

1 3.45 (2.50–4.70) 3.00 (2.60–3.50)

2 6.30 (5.30–7.50) 3.60 (3.40–4.50)

3 8.30 (3.80–9.80) 6.80 (5.10–7.10)

$4 7.35 (3.25–9.05) 7.45 (5.90–12.50)

Data in parentheses are Q1–Q3.

FIGURE 1. Comparison of 68Ga-PSMA-617 and 68Ga-RM2 uptake with
ISUP score. Estimates of .1 and ,1 indicated higher and lower SUVmax

in higher ISUP, respectively.

FIGURE 2. 68Ga-PSMA-617 SUVmax compared with 68Ga-RM2 SUVmax,
according to ISUP groups. Estimates of .1 and ,1 indicated higher and
lower SUVmax, respectively, with 68Ga-PSMA-617. For ISUP $ 4 group,
when patient who had only 68Ga-PSMA-617 was excluded, values were
1.32 (95% CI, 0.72–2.44) (P5 0.3459).
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metabolism, have shown lower sensitivity than multiparametric MRI
for primary detection of prostate cancer (18). Thus, improvements in
current molecular imaging for prostate cancer appear necessary to ini-
tially assess the aggressiveness of the primary tumor.
PSMA and GRP-R are differently overexpressed in prostate can-

cer, raising hope for precise molecular imaging of tumor lesions
within the prostate gland. Few studies have prospectively investi-
gated the role of these radiopharmaceuticals at initial staging,
before surgery. In a prospective study enrolling 56 patients with
intermediate-grade prostate cancer before prostatectomy, PSMA

PET was to be accurate in detecting intra-
prostatic lesions that had an ISUP score of
at least 2. In contrast, the detection rate of
PSMA PET was low for ISUP-1 lesions.
Touijer et al. prospectively investigated
68Ga-RM2 PET/CT in 16 patients before
radical prostatectomy. The performance of
68Ga-RM2 PET/CT imaging did not signifi-
cantly differ from that of multiparametric
MRI in terms of sensitivity, specificity, and
accuracy (19). Therefore, the objective of this
work was to perform a head-to-head compari-
son of PSMA and GRP-R targeting, cover-
ing various metastatic risks, at the initial
staging of prostate cancer using 68Ga-
PSMA-617 and 68Ga-RM2 radiopharma-
ceuticals. Our aim was to better understand
how PSMA PET and GRP-R PET can map
progression risk and how they might be used
or combined in clinical practice. Because of
the exploratory nature of this study, we were
not aiming at assessing the diagnostic perfor-
mance of the radiopharmaceuticals.
An interesting finding of our work was

the lower uptake of 68Ga-RM2 in nonpathologic prostate tissue at
2 h after injection despite equivalent results on tumor lesion
uptake at 1 and 2 h. This result can be extracted from preclinical
studies (20) but has never, to our knowledge, been translated into
PET/CT studies. This observation suggests that results from previ-
ous studies using a time point of 1 h after injection for 68Ga-RM2
PET/CT imaging are not optimal. Surprisingly, uptake of 68Ga-
PSMA-617 was similar between 1 and 2 h—a result that contrasts
with a previous publication that reported increasing uptake
between 1 and 3 h, but the study populations were different (21).

On a lesion-based analysis and using histo-
logic results as a reference, detection of pri-
mary lesions by 68Ga-RM2 PET/CT was
fairly good, compared with 68Ga-PSMA-617
PET/CT. A previous study evaluating the
diagnostic potential of 68Ga-RM2 PET/CT
for primary prostate cancer found a higher
sensitivity of 68Ga-RM2 PET/CT than
found in our work (0.98) (6). This difference
can be explained by exclusion of all lesions
0.1 cm3 or smaller. When these very small
lesions, which are below the spatial resolution
of PET scanners, were removed for our study
population, 68Ga-RM2 PET/CT detected
86% of lesions and 68Ga-PSMA-617
PET/CT detected 83% of lesions. The high
uptake of 68Ga-PSMA-617 in tumor lesions
of high ISUP score correlates with the known
efficacy of PSMA imaging of intraprostatic
tumors in patients with newly diagnosed
high-risk prostate cancer (3). Additionally,
68Ga-RM2 PET/CT outperformed 68Ga-
PSMA-617 PET/CT for the detection of
ISUP-2 lesions (Fig. 4).
Therefore, to better classify intraprostatic

lesions, we propose that both PSMA PET
and GRP-R PET be performed, as discordant

FIGURE 3. Representative GRP-R and PSMA immunohistochemistry with corresponding 68Ga-
RM2 and 68Ga-PSMA-617 PET/CT images from 2 patients. (Top) Hematoxylin, eosin, and saffron
staining of ISUP-2 sample (35 magnification) with negative PSMA immunohistochemistry (35
magnification), negative 68Ga-PSMA-617 PET/CT, positive GRP-R immunohistochemistry (320
magnification), and positive 68Ga-RM2 PET/CT. (Bottom) Hematoxylin, eosin, and saffron staining of
ISUP-5 sample (35 magnification) with positive PSMA immunohistochemistry (35 magnification),
positive 68Ga-PSMA-617 PET/CT, negative GRP-R immunohistochemistry (320 magnification), and
negative 68Ga-RM2 PET/CT. HES 5 hematoxylin, eosin, and saffron; IHC 5 immunohistochemistry.
Intensity-scale bars indicate SUV.

FIGURE 4. 68Ga-RM2 maximum-intensity projection (A); 68Ga-PSMA-617 maximum-intensity pro-
jection (B); hematoxylin, eosin, and saffron staining of histologic slice from prostatectomy of patient
7 with manual demarcation of tumor lesions (C); 68Ga-RM2 transaxial PET/CT image (D); and 68Ga-
PSMA-617 transaxial PET/CT image (E). Anterior ISUP-3 lesion and right basal ISUP-2 lesion were
seen on histology, with 2 small lesions , 0.1 cm3 (C). 68Ga-RM2 PET/CT and 68Ga-PSMA-617
PET/CT showed similar uptake on ISUP-3 lesion: SUVmax was 6.7 for 68Ga-RM2 and 6.8 for 68Ga-
PSMA-617 (arrowheads). 68Ga-RM2 was the only radiopharmaceutical able to detect ISUP-2 lesion
well (arrows): SUVmax was 7.3 for 68Ga-RM2 and 3.4 for 68Ga-PSMA-617. HES 5 hematoxylin,
eosin, and saffron.
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uptake occurs in 6 of 32 (18.8%) lesions. We suggest that PSMA
PET be performed first for staging high-risk lesions. Next, the addi-
tion of GRP-R PET would allow a more extensive characterization of
lower-risk prostate cancer lesions. Indeed, a low 68Ga-PSMA-617
uptake associated with a high 68Ga-RM2 uptake would suggest a
low-grade prostatic tumor lesion. This double-PET strategy might
also be used for guidance of biopsies to decrease the discordance rate
between biopsy staging and final staging on prostatectomy samples
(22). Finally, the possibility of precision detection and characteriza-
tion of intraprostatic lesions opens new avenues for radiotherapy
planning or focal treatments.

68Ga-PSMA-617 PET/CT was the only imaging modality able
to detect the single metastatic lymph node confirmed by histology
(ISUP-5) in our study. No significant uptake in this lymph node
was seen on 68Ga-RM2 PET/CT or on previously ordered 18F-
choline PET/CT (23). This result illustrates the higher sensitivity
of PSMA PET for depicting metastatic disease in high-risk or
recurrent prostate cancer (24).
Overall, most intraprostatic lesions were detected by PSMA or

GRP-R PET. It should be stressed, however, that there still were
some lesions (5/32, 15.6%) unseen by both modalities.
Results from this molecular imaging PET study were consoli-

dated by GRP-R and PSMA immunohistochemistry conducted on
surgical samples. A meaningfully higher tracer uptake was seen on
immunohistochemistry-positive samples for PSMA, but this was not
confirmed statistically. Other immunohistochemistry scores should
also be considered (11).
A limitation of our monocentric phase II institutional study is

obviously the limited number of patients enrolled. The small sam-
ple size may have led to underpowered results. Moreover, the SUV
of 68Ga-PSMA-617 might not be directly transferable to the 68Ga-
PSMA-11 used in clinics. Finally, visual analysis between histol-
ogy and PET imaging can be suboptimal. Methods for accurate
spatial registration of PET images and histopathologic images, using
fiducial markers, have been developed (25) and deserve to be
implemented.

CONCLUSION

This prospective head-to-head comparison showed the remark-
able potential of the combination of 68Ga-RM2 PET/CT and 68Ga-
PSMA-617 PET/CT to evaluate different aspects of prostate cancer
biology. 68Ga-PSMA-617 PET/CT is useful to depict lesions with
a higher, more clinically significant, ISUP score. 68Ga-RM2 has a
higher detection rate than 68Ga-PSMA-617 in lower ISUP scores
but uptake similar to that of 68Ga-PSMA-617 in higher ISUP scores.
Importantly, almost 20% of lesions were seen only on GRP-R PET
(#13%) or PSMA PET (#6%), revealing the complementary role of
these imaging procedures. Combining PSMA PET and GRP-R PET
allows better classification of intraprostatic lesions.
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KEY POINTS

QUESTION: What is the role of GRP-R targeting in initial
staging of localized prostate cancer in the context of PSMA
PET/CT?

PERTINENTFINDINGS: In a prospective, head-to head comparison
of 22 paired PET/CT examinations using 68Ga-RM2 (a radiolabeled
GRP-R antagonist) and 68Ga-PSMA-617, themedian 68Ga-RM2
SUVmaxwas significantly higher than themedian 68Ga-PSMA-617
SUVmax in the ISUP-2 subgroup. As expected,

68Ga-PSMA-617
PET/CTwas useful for initial staging of tumorswith a high ISUP
score.

IMPLICATIONS FOR PATIENT CARE: Combining PSMA PET
and GRP-R PET allows better classification of intraprostatic
lesions.
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Types of Cancer Using 68Ga-FAP-2286: Comparison
with 18F-FDG and 68Ga-FAPI-46 in a Single-Center,
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PET imaging that targets fibroblast activation protein (FAP) on the sur-
face of cancer-associated fibroblasts has yielded promising tumor
diagnostic results. FAP-2286 contains cyclic peptides as FAP-binding
motifs to optimize tumor retention compared with the small-molecule
FAP inhibitor (FAPI) series (FAPI-04/46). The aim of this study was to
evaluate the diagnostic accuracy of 68Ga-FAP-2286 to detect primary
and metastatic lesions in patients with various types of cancer, com-
pared with 18F-FDG and 68Ga-FAP-2286. Methods: Sixty-four patients
with 15 types of cancer underwent 68Ga-FAP-2286 PET/CT for initial
assessment or detection of recurrence. For comparison, 63 patients un-
derwent paired 68Ga-FAP-2286 and 18F-FDG PET/CT and 19 patients
underwent paired 68Ga-FAP-2286 and 68Ga-FAPI-46 PET/CT. Lesion
uptake was quantified as SUVmax and tumor-to-background ratio. The
Wilcoxonmatched-pairs signed-rank test was used to compare SUVmax

between PET modalities, and the McNemar test was used to compare
lesion detectability. Results: Uptake of 68Ga-FAP-2286 was signifi-
cantly higher than that of 18F-FDG in primary tumors (median SUVmax,
11.1 vs. 6.9; P, 0.001), lymph node metastases (median SUVmax, 10.6
vs. 6.2; P, 0.001), and distant metastases, resulting in improved image
contrast and lesion detectability. All primary tumors (46/46) were clearly
visualized by 68Ga-FAP-2286 PET/CT, whereas 9 of the 46 lesions
could not be visualized by 18F-FDG PET/CT. The lesion detection rate
of 68Ga-FAP-2286 PET/CT was superior to that of 18F-FDG PET/CT
for involved lymph nodes (98% [105/107] vs. 85% [91/107], P5 0.001)
and bone and visceral metastases (95% [162/171] vs. 67% [114/171],
P , 0.001). 68Ga-FAP-2286 yielded tumor uptake and lesion detection
rates similar to those of 68Ga-FAPI-46 in a subcohort of 19 patients.
Conclusion: 68Ga-FAP-2286 is a promising FAP-inhibitor derivative for
safe cancer diagnosis, staging, and restaging. It may be a better alter-
native to 18F-FDG for the cancer types that exhibit low-to-moderate
uptake of 18F-FDG, which include gastric, pancreatic, and hepatic
cancers. In addition, 68Ga-FAP-2286 and 68Ga-FAPI-46 yielded com-
parable clinical results.

KeyWords: fibroblast activation protein; FAP-2286; FAPI-46; PET/CT
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The glucose analog 18F-FDG is extensively used for tumor
metabolic imaging. Cancer-associated fibroblasts, one of the most
abundant components of the tumor stroma, are alternative targets
for the imaging of solid tumors (1). Considering the high expres-
sion of fibroblast activation protein (FAP) on the cell surfaces of
activated cancer-associated fibroblasts and its limited expression in
normal tissue, PET imaging of cancer-associated fibroblasts with
radiolabeled FAP inhibitors (FAPIs) is an active field in nuclear
medicine (2).

68Ga- and 18F-radiolabeled FAPI variants (including FAPI-04,
FAPI-46, and FAPI-74) have yielded promising results in the diag-
nosis of various cancers (3–5). Furthermore, FAPI has been reported
to be superior to 18F-FDG in PET/CT imaging of, for example,
hepatic, gastric, and pancreatic cancer, as well as peritoneal carcino-
matosis (6–9). However, these FAPI molecules are normally retained
in tumors for a relatively short time, potentially limiting their use for
radionuclide therapy (10,11).
FAP-2286 is a low-molecular-weight, FAP-targeted polypeptide

linked to the chelator DOTA, which allows for the attachment of
radionuclides for imaging and therapeutic use. FAP-2286, devel-
oped using a cyclic peptide as a binding motif, is reported to be
potent, highly selective for FAP, and stable in human plasma (12).
In addition, it has a long retention time in tumors, translating to
the robust antitumor efficacy of 177Lu-FAP-2286 as demonstrated
in a preclinical study (12). In this study, FAP-2286 had a half-
maximal effective concentration comparable to that of FAPI-46 (4.9
vs. 1.7 nM), as well as better cellular internalization, longer reten-
tion, and higher uptake on PET/CT scans at all time points in human
embryonic kidney FAP cells. Moreover, 177Lu-FAP-2286 had a sig-
nificantly higher tumor retention than 177Lu-FAPI-46 at 24 and 72 h
after injection, resulting in excellent antitumor efficacy in human
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embryonic kidney FAP xenografts. The results of a recent pilot study
in which 177Lu-FAP-2286 was used for peptide-targeted radionuclide
therapy in patients with diverse advanced adenocarcinomas exhibited
acceptable side effects and prolonged retention and activity (13).
The preliminary results from the LuMIERE trial (NCT04939610)
reported that 177Lu-FAP-2286 demonstrated a manageable safety
profile with some promising efficacy in 9 patients with 7 types of
cancer (partial response was observed in 1 patient who completed
6 cycles of 177Lu-FAP-2286 in a 3.7-GBq dose cohort) (14). When
these results are taken together, FAP-2286 exhibits promising char-
acteristics as a targeting vector, with potent and selective FAP
binding that leads to intense tumor accumulation and substantial
therapeutic efficacy.
In this study, we aimed to investigate the diagnostic accuracy of

the novel imaging agent 68Ga-FAP-2286 for detecting primary and
metastatic lesions in patients with various types of cancer, and we
compared the results with those of 18F-FDG and 68Ga-FAPI-46.

MATERIALS AND METHODS

Participant Enrollment
This is a preliminary report of an ongoing, single-center, prospective

study of the diagnostic accuracy of 68Ga-FAP-2286 for PET/CT imag-
ing of solid tumors. The institutional review board approved the study
(approval 2022KY013), and all subjects gave written informed consent.
The study was registered at ClinicalTrials.gov (NCT05392205). The
inclusion criteria were as follows: adult patients (aged 18 y or older),
patients with newly diagnosed or previously treated malignant tumors
(to avoid the treatment impact on radiotracer uptake, the interval between
the completion of therapy and the PET scan was . 6 mo), and patients
who were able to provide informed consent or assent according to the
guidelines of the Clinical Research Ethics Committee. Exclusion criteria
were as follows: patients with nonmalignant disease; patients who were
pregnant; and patients, their parents, or their legal representatives who
were unable or unwilling to provide written informed consent.

Radiolabeling
FAP-2286 and FAPI-46 were obtained from Yantai Dongcheng

Pharmaceutical Group Co., Ltd., and Jiangsu Huayi Technology Co.,
Ltd., respectively. Both compounds were used for research purposes.
18F-FDG was manufactured according to the standard method of our
laboratory (15,16) using the coincidence 18F-FDG synthesis module
(TracerLab FxFN; GE Healthcare). The FAPI-46 ligands were radio-
labeled with 68Ga according to a previous protocol (17). Briefly,
925–1,110MBq of 68GaCl3 eluted from the 68Ge/68Ga generator (ITG)
were reacted with 25 mg (28.2 nmol) of FAPI-46 in 1 mL of 0.25 M
sodium acetate buffer for 10 min at 100"C and purified before use.
FAP-2286 ligands were radiolabeled with 68Ga in a similar protocol
(925–1,110 MBq of 68GaCl3 reacted with 25 mg [17.0 nmol] of FAP-
2286). The synthesis of the radiopharmaceutical is detailed in the sup-
plemental materials (available at http://jnm.snmjournals.org).

PET/CT Imaging and Evaluation
The dose of intravenously injected 68Ga-FAP-2286 was calculated

according to the participants’ body weight (1.8–2.2 MBq/kg). At 1 h
after intravenous administration, the participants underwent PET/CT
via a hybrid scanner (Discovery MI; GE Healthcare). All obtained
data were transferred to the Advantage Workstation (version AW 4.7;
GE Healthcare) and reconstructed using the Bayesian penalized-
likelihood reconstruction algorithm (Q.clear; GE Healthcare). For
patients with malignant disease, additional 18F-FDG or 68Ga-FAPI-46
PET/CT was performed for comparative purposes, depending on the
patients’ willingness. The PET/CT imaging protocols for 18F-FDG
and 68Ga-FAPI-46 were the same as those for 68Ga-FAP-2286, except

that 6 h of fasting were required before the 18F-FDG PET/CT scan
(the supplemental materials provide details) (18).

All PET images were evaluated by 2 board-certified nuclear medi-
cine physicians, each with at least 10 y of experience in PET/CT
imaging; the 2 physicians were not masked to the study. Disagree-
ments in opinion were resolved via discussion and consensus. In addi-
tion to visual evaluation, lesions were evaluated semiquantitatively by
selection of regions of interest. The SUVmax was calculated automatically

TABLE 1
Patients’ Characteristics (n 5 64)

Characteristic Data

Number of patients 64

Patients with paired 68Ga-FAP-2286
and 18F-FDG PET/CT

63

Days between 68Ga-FAP-2286
and 18F-FDG PET/CT

1–7

Patients with paired 68Ga-FAP-2286
and 68Ga-FAPI-46 PET/CT

19

Days between 68Ga-FAP-2286
and 68Ga-FAPI-46 PET/CT

1–4

Median age (y) 57.5
(range, 32–85)

Sex

Male 38

Female 26

Types of cancer

Head and neck 15

Hepatic 12

Gastric 10

Pancreatic 7

Ovarian 5

Esophageal* 4

Breast 3

Non–small cell lung* 2

Renal 2

Glioblastoma 1

Thymic 1

Colorectal 1

Yolk sac tumor 1

Gastrointestinal stromal tumor 1

Clinical reason for PET/CT

Detection of unknown primary tumor 3

Staging of cancer 39

Evaluation of doubtful lesions 2

Identification of disease recurrence 20

Final diagnosis

Histopathologic confirmation
(via biopsy or surgery)

58

Diagnostic imaging/follow-up 6

*One patient was diagnosed with synchronous double cancer
(esophageal and lung adenocarcinoma).

Data are numbers, unless indicated otherwise.

68GA-FAP-2286 IN VARIOUS CANCERS ! Pang et al. 387



using the Advantage Workstation. Regions with radiotracer uptake higher
than the background activity in primary tumors, lymph nodes, the lungs,
the liver, peritoneal surfaces, and other body parts were considered patho-
logic. Tracer uptake in normal organs (background) was quantified on the
basis of SUVmean, which was delineated with a sphere 1 cm in diameter
(for the small organs, including thyroid, salivary gland, pancreas) to 2 cm

in diameter (for the other organs, including brain,
heart, liver, kidney, spleen, muscle, and bone
marrow) placed inside the organ parenchyma.
The tumor-to-background ratio (TBR)was calcu-
lated as the ratio of the tumor SUVmax to the
background SUVmean. Physiologic uptake of
68Ga-FAP-2286 and 68Ga-FAPI-46 in normal
organs was determined by calculating the
SUVmean of the background measurements in
the heart, liver, spleen, lungs, kidneys, muscles,
prostate, and uterus. Histopathologic results
obtained via surgery or biopsy served as the gold
standard for the final diagnosis. If tissue-based
diagnosis was not possible, comprehensive eval-
uations of multimodal imaging characteristics
were used as the reference standard.

Statistical Analysis
Statistics were analyzed using SPSS, ver-

sion 22.0 (IBM). The Wilcoxon matched-pairs
signed-rank test was used to compare SUVs
derived from 68Ga-FAP-2286, 68Ga-FAPI-46,
and 18F-FDG PET/CT images. The McNemar
test was used to compare the lesion detectability
of different PET scans. The paired-sample t test
was used to evaluate differences in normal-
organ uptake between 68Ga-FAP-2286 and
68Ga-FAPI-46 PET/CT. Statistical significance
was defined as a P value of less than 0.05.

RESULTS

Patient Characteristics
From March 1, 2022, to May 31, 2022,

64 patients with malignant disease (38 men;
median age, 57.5 y; range, 32–85 y) who underwent 68Ga-FAP-2286
PET/CT were enrolled in this prospective study (Table 1). Among
the 64 patients, 44 (9 types of cancer) underwent PET/CT for initial
assessment (lesion detection and staging) and the other 20 (9 types
of cancer) for detection of tumor recurrence and metastases (restag-
ing). The final diagnosis was based on histopathologic results
(n 5 58) and diagnostic radiology (comprehensive considerations
of imaging findings, n 5 6). For comparison, 63 patients under-
went paired 68Ga-FAP-2286 and 18F-FDG PET/CT and 19 patients
underwent paired 68Ga-FAP-2286 and 68Ga-FAPI-46 PET/CT.
Representative images from the 3 types of PET scans are shown in
Figure 1.

Adverse Events and Biodistribution
All patients tolerated the 68Ga-FAP-2286 PET/CT scans. There

were no signs of any drug-related pharmacologic effects or other
adverse physiologic responses. All observed vital signs (including
temperature, blood pressure, and heart rate) were normal at the 4-h
follow-up. No abnormal symptoms were reported by the patients.
The in vivo distribution pattern of 68Ga-FAP-2286 was evaluated

and compared with that of 68Ga-FAPI-46 in 19 patients who under-
went both scans. 68Ga-FAP-2286 exhibited an in vivo distribution
pattern similar to that of 68Ga-FAPI-46, except for a slightly higher
physiologic uptake in the liver and kidneys (Fig. 2). Semiquantitative
analysis demonstrated that 68Ga-FAP-2286 uptake in the kidneys
(5.3 6 1.5 vs. 2.3 6 1.2, t 5 8.959, P , 0.001), liver (2.8 6 1.0 vs.
1.5 6 0.9, t 5 8.582, P , 0.001), and heart (1.9 6 0.4 vs. 1.4 6
0.3, t 5 6.557, P , 0.001) were higher than that of 68Ga-FAPI-46.
In contrast, background uptake of 68Ga-FAP-2286 in the thyroid
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FIGURE 1. Maximum-intensity projections of 18F-FDG, 68Ga-FAP-2286, and 68Ga-FAPI-46
PET/CT imaging in 7 patients with different types of cancer (histologically confirmed). Tumor lesions
are indicated with arrows. Ca 5 carcinoma; HNCUP 5 head and neck carcinoma of unknown pri-
mary; NPC5 nasopharyngeal carcinoma.

FIGURE 2. PET-based biodistribution analysis of 68Ga-FAP-2286 and
68Ga-FAPI-46 in normal organs at 1 h after injection. Results are shown
as means and SDs from 19 patients. *P , 0.05. ***P , 0.001. ns 5 not
statistically significant.
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(1.6 6 0.5 vs. 1.9 6 0.5, t 5 23.537, P 5 0.01), pancreas (1.8 6

0.3 vs. 2.1 6 0.5, t 5 22.559, P 5 0.038), muscles (1.3 6 0.5 vs.
1.5 6 0.5, t 5 22.515, P 5 0.04), and salivary glands (2.5 6 0.6
vs. 3.6 6 1.0, t 5 23.356, P 5 0.012) were lower than that of
68Ga-FAPI-46 (Fig. 2).

68Ga-FAP-2286 and 18F-FDG Uptake in Cancer Patients
Among the 44 patients who underwent paired 68Ga-FAP-2286

and 18F-FDG PET/CT for initial diagnosis, 1 was diagnosed with
a synchronous double cancer (esophageal cancer and lung adeno-
carcinoma) and 1 was diagnosed with multifocal breast cancer
(4 primary tumors in the same breast). In addition, the primary
tumors could not be located in 2 patients with head and neck can-
cers of unknown primary. Thus, in total, 46 primary tumor lesions
(all confirmed by histopathology) were evaluated in this study
(Table 2). All primary tumors were clearly visualized with intense
radiotracer uptake on 68Ga-FAP-2286 PET/CT, whereas 9 of the
46 lesions could not be visualized via 18F-FDG PET/CT. Primary
tumor lesions exhibiting no pathologic uptake on 18F-FDG PET/CT
images were gastric cancer (n 5 3), hepatic cancer (n 5 3),
breast cancer (n 5 2), and pancreatic cancer (n 5 1) (Supple-
mental Fig. 1). The SUVmax of all primary tumor lesions derived
from 68Ga-FAP-2286 PET/CT was significantly higher than that
derived from 18F-FDG PET/CT (11.1 vs. 6.9, P , 0.001). More-
over, lesions exhibited a 3-fold higher TBR on 68Ga-FAP-2286
PET/CT images than they did on 18F-FDG PET/CT images (9.2 vs.
3.0, P , 0.001), thus improving the image contrast for tumor

detection and delineation. Representative images are shown in Sup-
plemental Figure 2.
We investigated tumor uptake over time by performing 68Ga-

FAP-2286 PET at multiple time points (0.5, 1, and 3 h after injection)
in patients 33 and 54. The SUVmax in patient 33 (nasopharyngeal
carcinoma with lymph node and bone metastases) increased from
0.5 to 3 h in the primary tumor (by 72.1%, from 8.6 to 14.8),
involved lymph nodes (by 5.2%–69.1%), and 1 bone metastasis
(by 64.4%) (Fig. 3). Similar results were observed in patient 54
(metastatic colon cancer); the hepatic metastases demonstrated sta-
ble 68Ga-FAP-2286 uptake but an increased TBR from 1 to 3 h
(Supplemental Fig. 3).
Among the 19 patients who underwent paired 68Ga-FAP-2286

and 18F-FDG PET/CT for cancer restaging, 68Ga-FAP-2286 dem-
onstrated significantly higher lesion detection rates than 18F-FDG
PET/CT (100% [9/9] vs. 33% [3/9], P5 0.031) in 9 locally recurrent
tumors (all confirmed by histopathology) (Supplemental Fig. 2B).
Among the 63 patients who underwent paired 68Ga-FAP-2286 and
18F-FDG PET/CT for initial staging or restaging, 107 lymph node
metastases and 171 bone and visceral metastases were evaluated.
Among these, 66 metastatic lesions (12 lymph nodes and 54 bone
and visceral metastases) were confirmed by histopathology, and 212
lesions (95 lymph nodes and 117 bone and visceral metastases) were
confirmed by diagnostic radiology. 68Ga-FAP-2286 yielded signifi-
cantly higher radiotracer uptake (SUVmax, 10.6 vs. 6.2; P , 0.001)
and TBR (9.0 vs. 3.7, P , 0.001) than did 18F-FDG in the metastatic
lymph nodes. Therefore, 68Ga-FAP-2286 PET/CT had a significantly
higher detection rate (98% [105/107] vs. 85% [91/107], P 5 0.001)

than 18F-FDG PET/CT in the diagnosis
of lymph node metastases. Interestingly,
the 18F-FDG uptake was positive and the
68Ga-FAP-2286 uptake was negative in
the enlarged mediastinal lymph nodes in
1 patient with gastric cancer; these lymph
nodes were confirmed to be inflammatory
on endobronchial ultrasound-guided trans-
bronchial needle aspiration (Supplemental
Fig. 2C). Regarding PET/CT imaging of
bone and visceral metastases, 68Ga-FAP-
2286 yielded a greater number of positive
lesions (95% [162/171] vs. 67% [114/171],
P , 0.001) and a higher radiotracer uptake
and TBR than 18F-FDG in most lesions
(hepatic, peritoneal, subcutaneous, and bone
metastases). Interestingly, no significant dif-
ference in hepatic metastasis SUVmax was
observed between 68Ga-FAP-2286 and 18F-
FDG, even though the TBR yielded by
68Ga-FAP-2286 (4.1) was twice that yielded
by 18F-FDG in those lesions (2.2, P ,
0.001).
With the new lymph node and visceral

metastases detected by 68Ga-FAP-2286
PET/CT, TNM staging was upgraded in 3
patients (3/44, 7%), including 1 with gastric
cancer (from IIA to IIB), 1 with esophageal
cancer (from IIIA to IIIB), and 1 with naso-
pharyngeal cancer (from IVA to IVB).
Compared with 18F-FDG, 68Ga-FAP-2286
PET/CT detected a greater number of metas-
tatic lesions or a larger disease extent in

0.5 h 1 h 3 h
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0.5 h 1 h 3 h
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FIGURE 3. A 66-y-old man with nasopharyngeal carcinoma who underwent 68Ga-FAP-2286
PET/CT at different time points after injection. Rapid and stable radiotracer uptake was observed in
both primary and metastatic lesions. Semiquantitative analysis demonstrated SUVmax increase at
0.5–3 h in primary tumor (by 72.1% [from 8.6 to 14.8]), involved lymph nodes (by 5.2%–69.1%), and
1 bone metastasis (by 64.4%). BM5 bone metastasis; LNM5 lymph node metastasis.
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12 patients (12/44, 27%), including 4 with pancreatic cancer, 2
with hepatic cancer, 2 with nasopharyngeal cancer, 1 with esopha-
geal cancer, 2 with ovarian cancer, and 1 with gastric cancer. Among
the other 19 patients in whom recurrence was detected, 68Ga-FAP-
2286 PET/CT detected 18F-FDG–negative locally recurrent tumors
in 6 patients (6/19, 32%) and 18F-FDG–negative metastatic lesions
in 7 patients (7/19, 37%). The patients with new lesions or a larger
disease extent detected by 68Ga-FAP-2286 PET/CT are presented in
Supplemental Table 1.

68Ga-FAP-2286 and 68Ga-FAPI-46 Uptake in Patients
with Cancer
Among the 19 patients who underwent paired 68Ga-FAP-2286

and 68Ga-FAPI-46 PET/CT, 11 did so for initial staging and 8 for
restaging. The 68Ga-FAP-2286–derived SUVmax was comparable
to that derived from 68Ga-FAPI-46 in 13 primary tumor lesions
(13.6 vs. 13.3, P 5 0.53; Table 3), 4 recurrent tumors (11.2 vs.
9.6, P 5 0.47), and 33 metastatic lymph nodes (8.3 vs. 8.2, P 5
0.28). Too few patients with each cancer type underwent paired
analyses with these modalities to allow for comparisons of
radiotracer uptake per tumor type. Regarding visceral and bone
metastases, the quantitative tumor uptake of 68Ga-FAP-2286
was not inferior to that of 68Ga-FAPI-46 in the lung (4.0 vs. 3.9),
liver (4.6 vs. 4.4), peritoneum (9.8 vs. 11.4), or bone (6.9 vs. 5.8)
(all P . 0.05; Table 3). Interestingly, in 1 patient with metastatic
cholangiocarcinoma, the median SUVmax of 68Ga-FAP-2286 was

significantly higher than that of 68Ga-FAPI-46 (8.1 vs. 6.0, P 5

0.022) in the widespread subcutaneous metastases, and 68Ga-FAP-
2286 PET/CT detected a greater number of subcutaneous metasta-
ses than 68Ga-FAPI-46 (25 vs. 16). Representative images are
shown in Figures 4–6.

DISCUSSION

In this study, we conducted clinical investigations using 68Ga-
FAP-2286 for PET/CT imaging in patients with different types of
cancer. We aimed to investigate whether 68Ga-FAP-2286 could be
used for cancer imaging, and we compared it with 18F-FDG and
68Ga-FAPI-46.
The encouraging results from a preclinical study and a first-in-

humans study (12,13) warranted further clinical evaluation of
68Ga-FAP-2286. Therefore, we are in the process of investigating
the diagnostic accuracy of 68Ga-FAP-2286 for the identification of
FAP-positive solid tumors via PET/CT. First, we evaluated the
in vivo distribution pattern of 68Ga-FAP-2286 and compared it
with that of 68Ga-FAPI-46. The physiologic uptake of 68Ga-FAP-
2286 was lower than that of 68Ga-FAPI-46 in the muscles, salivary
glands, thyroid, and pancreas. However, 68Ga-FAP-2286 uptake in
the kidneys, liver, and heart was higher than that of 68Ga-FAPI-
46, thus suggesting that the cyclopeptide structure of FAP-2286
may lead to altered in vivo pharmacokinetics. Cyclic peptides may
have improved biologic properties compared with the small-molecule

TABLE 3
Comparison of SUVmax on FAP-2286 and FAPI-46 PET/CT Images in Primary and Metastatic Lesions

Parameter n Tumor size (cm) Tracer Positive lesions SUVmax P

Primary tumors (total)* 13 3.6 (1.0–6.2) FAP-2286 13.6 (2.5–25.8) 0.53

FAPI-46 13.3 (2.4–21.8)

Recurrence/mets

Recurrent tumor (total)† 4 3.1 (2.6–5.1) FAP-2286 4 11.2 (2.7–14.4) 0.465

FAPI-46 4 9.6 (2.9–13.6)

Lymph node mets (total) 33 1.2 (0.6–4.6) FAP-2286 33 8.3 (3.4–15.6) 0.28

FAPI-46 33 8.2 (4.0–15.4)

Lung mets 2 0.9 (0.8–1.0) FAP-2286 2 4.0 (3.8–4.2) NA

FAPI-46 2 3.9 (3.6–4.2)

Hepatic mets 6 2.0 (0.9–11.8) FAP-2286 6 4.6 (2.7–7.2) 0.345

FAPI-46 6 4.4 (2.9–8.5)

Subcutaneous mets 10 0.8 (0.6–2.0) FAP-2286 10 8.1 (7.4–10.3) 0.022

FAPI-46 10 6.0 (3.6–8.6)

Peritoneal mets 22 NA‡ FAP-2286 22 9.8 (6–15.4) 0.18

FAPI-46 22 11.4 (7.4–19.2)

Bone mets 10 1.3 (0.7–2.5) FAP-2286 10 6.9 (3.9–12.2) 0.074

FAPI-46 10 5.8 (2.9–11.4)

*Primary tumors included head and neck cancer (n5 2), esophageal cancer (n5 1), lung adenocarcinoma (n5 1), hepatic cancer (n5 2),
gastric cancer (n5 1), pancreatic cancer (n 5 4), renal cancer (n5 1), and ovarian cancer (n5 1).

†Including glioblastoma, tongue cancer, hepatic cancer, and gastric cancer.
‡Because peritoneal metastases were statistically analyzed according to peritoneal cancer index score, size of lesions could not be

obtained.
Mets 5 metastases; NA 5 not applicable.
Qualitative data are number; continuous data are median and range.
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FAPI series (19), including stronger receptor selectivity and bind-
ing affinity, because of increased plasma stability and conforma-
tional rigidity. Indeed, 177Lu-FAP-2286 had a long effective half-life
in the first-in-humans study (35 6 9 h in the entire body and 44 6

25 h in bone metastases) (13). Moreover, tumor uptake in our study
increased in one patient and remained stable in the other from 0.5 to
3 h after injection. In preclinical studies, FAP-2286 demonstrated
longer tumor retention than FAPI-46 at later time points (12), and
greater antitumor efficacy was observed in tumor xenografts with
177Lu-FAP-2286 than with 177Lu-FAPI-46. When these results are
taken together, an increased FAP-binding affinity, improved tumor
accumulation, and longer tumor retention are seen to be the main
potential advantages of FAP-2286 compared with other FAPI var-
iants. In our study, the results from PET imaging demonstrated that
tumor uptake of 68Ga-FAPI-46 and 68Ga-FAP-2286 was comparable
at earlier time points, thus indicating that both compounds can be
used for imaging of FAP-positive tumors. Further studies with a larger
patient population are needed to test the role of 68Ga-FAP-2286
among the existing FAPI derivatives.

Another aim of the present study was to compare tumor uptake
and lesion detectability between 68Ga-FAP-2286 and 18F-FDG
PET/CT. With respect to primary tumor lesions, the quantitative
tumor uptake and TBR were significantly higher with 68Ga-FAP-
2286 than with 18F-FDG. This finding corresponds to the results
showing that all primary tumors (46/46) were identified with
68Ga-FAP-2286 whereas 9 were missed with 18F-FDG (Supple-
mental Fig. 1). Consistent with previous FAPI-based imaging
studies (7–9), 68Ga-FAP-2286 PET/CT was superior to 18F-FDG
PET/CT in gastrointestinal malignancies, including gastric, pan-
creatic, and hepatic cancer. This result suggests that 68Ga-FAP-
2286 PET/CT is promising in the diagnosis of these cancer types
for which 18F-FDG PET/CT is inadequate. Regarding the detec-
tion of lymph node and visceral metastases, 68Ga-FAP-2286
yielded a higher radiotracer uptake and TBR than 18F-FDG and an
improved lesion detectability, particularly of hepatic, bone, and
peritoneal metastases. Interestingly, we noted that 1 patient (Sup-
plemental Fig. 2C) with reactive lymph nodes did not exhibit
increased 68Ga-FAP-2286 uptake, whereas false-positive 18F-FDG
uptake was observed in these nodules. Similar findings have been
reported in previous studies (20). Thus, we speculate that 68Ga-
FAP-2286 may be more suitable than 18F-FDG for differentiating
reactive lymph nodes from tumor metastatic lymph nodes. How-
ever, tumor and inflammation differentiation by 68Ga-FAP-2286
PET/CT was not the main aim of this study, although this question
should be investigated in future clinical trials.
Overall, the results from this study suggest that 68Ga-FAP-2286

is a promising FAPI molecule for cancer diagnosis, staging, and
restaging. Therefore, 68Ga-FAP-2286 PET/CT may contribute to
the diagnosis of solid tumors, especially in malignant tumors with
low-to-moderate uptake on 18F-FDG PET/CT. The specific cancer
types that showed 68Ga-FAP-2286 to be superior to 18F-FDG

10 A B

68Ga-FAP-2286 68Ga-FAPI-46
0

FIGURE 4. A 65-y-old woman with metastatic intrahepatic cholangiocar-
cinoma who underwent imaging for cancer restaging. 68Ga-FAP-2286
(A) revealed greater number of metastases and higher uptake than
68Ga-FAPI-46 (B) in widespread subcutaneous metastases (arrows).

10

0

BA

68Ga-FAP-2286 68Ga-FAPI-46

FIGURE 5. A 72-y-old man with newly diagnosed nasopharyngeal carci-
noma who underwent PET/CT for tumor staging. 68Ga-FAP-2286 PET/CT
(A) showed higher radiotracer uptake in primary tumor (SUVmax, 17.4 vs.
12.2; arrows) than 68Ga-FAPI-46 (B).
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include gastric, pancreatic, and hepatic cancers; the respective
findings were in line with those described in previous publications
(7). Specifically, pancreatic and hepatic cancers (especially intra-
hepatic cholangiocarcinoma) are characterized by intense stromal
desmoplastic reactions surrounding cancer cells, and cancer-
associated fibroblast are the main effector cells in the desmoplastic
reaction (21,22). Furthermore, because of the low background
uptake in hepatic parenchyma, FAP imaging was able to detect
hepatic tumors with favorable tumor-to-background contrast. Gas-
tric cancer evokes the production and deposition of activated fibro-
blasts in the submucosa wall (23), resulting in increased 68Ga-FAPI
uptake in gastric tumor lesions. Unlike 18F-FDG, very low 68Ga-
FAPI uptake was observed in the gastric wall and gastrointestinal
tract, which further improved the detectability of gastric cancer.
Taken together, high FAP expression and low background activity
in abdominal organs are the main reasons and explain why 68Ga-
FAP-2286 PET/CT is superior to 18F-FDG in terms of tumor
detectability in these tumor entities. Improved tumor detectability
may lead to changes in clinical staging and optimization of thera-
peutic strategies. Moreover, the favorable TBR may improve delin-
eation of gross tumors in radiotherapy and evaluation of the
effectiveness of therapy (24,25).
Our study was associated with several limitations. First, few

patients underwent paired 68Ga-FAP-2286 and 18F-FDG PET/CT,
rendering subgroup analysis of radiotracer uptake per tumor type
impracticable. Second, as the subcohort of patients who underwent
paired 68Ga-FAP-2286 and 68Ga-FAPI-46 PET/CT was also small
(n 5 19), only a descriptive comparison was possible. Further-
more, as only 2 patients underwent 68Ga-FAP-2286 PET/CT at
multiple time points, we could not fully investigate radiotracer
retention in tumors. Prospective studies with a larger patient popu-
lation are warranted to better explore the role of 68Ga-FAP-2286
in cancer diagnosis and the potential superiority of FAP-2286 with
respect to other FAPI derivatives.

CONCLUSION

68Ga-FAP-2286 is a promising FAPI de-
rivative for safe cancer diagnosis, staging,
and restaging. It may be superior to 18F-
FDG in selected cases, especially for can-
cers that exhibit low-to-moderate uptake of
18F-FDG, including gastric, pancreatic, and
hepatic cancers. In addition, 68Ga-FAP-2286
and 68Ga-FAPI-46 yielded comparable clini-
cal results.
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KEY POINTS

QUESTION: Is 68Ga-FAP-2286 an efficacious alternative for the
imaging of FAP-positive tumors?

PERTINENT FINDINGS: In this preliminary report of a
single-center, prospective study of the diagnostic accuracy of
68Ga-FAP-2286 PET/CT of solid tumors, all 46 primary tumors in
9 types of cancer were identified with 68Ga-FAP-2286, whereas
9 were missed with 18F-FDG. 68Ga-FAP-2286 yielded a higher
radiotracer uptake and TBR than 18F-FDG. 68Ga-FAP-2286 and
68Ga-FAPI-46 yielded comparable clinical results.

IMPLICATIONS FOR PATIENT CARE: 68Ga-FAP-2286 is a
promising FAP-inhibitor derivative for safe cancer diagnosis,
staging, and restaging.
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Predicting Outcomes of Indeterminate Bone Lesions on
18F-DCFPyL PSMA PET/CT Scans in the Setting of
High-Risk Primary or Recurrent Prostate Cancer
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Indeterminate bone lesions (IBLs) on prostate-specific membrane anti-
gen (PSMA) PET/CT are common. This study aimed to define variables
that predict whether such lesions are likely malignant or benign using
features on PSMA PET/CT. Methods: 18F-DCFPyL PET/CT imaging
was performed on 243 consecutive patients with high-risk primary or
biochemically recurrent prostate cancer. IBLs identified on PSMA
PET/CT could not definitively be interpreted as benign or malignant.
Medical records of patients with IBLs were reviewed to determine the
ultimate status of each lesion. IBLs were deemed malignant or benign
on the basis of evidence of progression or stability at follow-up, respec-
tively, or by biopsy results; IBLs were deemed equivocal when insuffi-
cient or unclear evidence existed. Post hoc patient, lesion, and scan
variables accounting for clustered data were evaluated using Wilcoxon
rank-sum and x2 tests to determine features that favored benign or
malignant interpretation. Results: Overall, 98 IBLs within 267 bone
lesions (36.7%) were identified in 48 of 243 patients (19.8%). Thirty-
seven of 98 IBLs were deemed benign, and 42 were deemed malig-
nant, of which 8 had histologic verification; 19 remained equivocal.
Location and SUVmax categorical variables were predictive of IBL inter-
pretation (P5 0.0201 and P5 0.0230, respectively). For IBLs with new
interpretations, 34 of 37 (91.9%) considered benign showed an SUVmax

of less than 5 or exhibited focal uptake without coexisting bone metas-
tases; 37 of 42 (88.1%) deemed malignant demonstrated an SUVmax of
at least 5 or were present with coexisting bone metastases. Logistic
regression predicted IBLs with a high SUVmax (univariable: odds ratio
[OR], 9.29 [P 5 0.0016]; multivariable: OR, 13.87 [P 5 0.0089]) or pre-
sent with other bone metastases (univariable: OR, 9.87 [P 5 0.0112];
multivariable: OR, 11.35 [P 5 0.003]) to be malignant. Conclusion:
IBLs on PSMA PET/CT are concerning; however, characterizing their
location, SUV, and additional scan findings can aid interpretation. IBLs
displaying an SUVmax of at least 5 or present with other bone metasta-
ses favor malignancy. IBLs without accompanying bone metastases
that exhibit an SUVmax of less than 5 and are observed only in atypical
locations favor benign processes. These guidelines may assist in the
interpretation of IBLs on PSMA PET/CT.

Key Words: prostate cancer; PET/CT; PSMA; bone metastases;
indeterminate bone lesions
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Prostate-specific membrane antigen (PSMA) PET/CT is a highly
sensitive and specific diagnostic tool enabling early detection of pri-
mary and metastatic prostate cancer (PCa) (1). PSMA overexpression
is observed in nearly 95% of all cases of primary PCa, and PSMA
expression on histology correlates with tumor aggressiveness (2). The
recent Food and Drug Administration approval of 18F-DCFPyL has
increased the use of PSMA PET/CT in staging and in suspected early
metastatic involvement of patients with high-risk PCa and biochemi-
cally recurrent (BCR) PCa (3). However, 18F-DCFPyL and other
PSMA PET tracers commonly demonstrate nonspecific and indetermi-
nate PSMA uptake in soft tissue or bones with unclear or no anatomic
correlation on CT (4–6). To interpret lesions with PSMA uptake, sev-
eral PSMA PET/CT reporting systems, including the European Asso-
ciation of Nuclear Medicine standardized reporting criteria (E-PSMA),
the PSMA Reporting and Data System (PSMA-RADS), and the Pros-
tate Cancer Molecular Imaging Standardized Evaluation (PROMISE),
were developed with structured categories for lesions that are benign,
likely benign, indeterminate or equivocal, likely malignant, and malig-
nant (7–9). Lesion classification is based on location, size, SUVmax,
relative uptake compared with expected physiologic uptake, number
of lesions with PSMA uptake, and scan-based regional distribution
(7); however, lesions classified as indeterminate require follow-up for
definitive assessment. Since metastatic PCa commonly involves bones,
PSMA uptake in indeterminate bone lesions (IBLs) that are benign
processes, such as fibrous dysplasia, Paget disease, and hemangiomas,
can easily be mistaken for bone metastases and lead to inappropriate
changes in patient management (10–14). On the other hand, IBLs
interpreted as benign when they are true metastases may delay
necessary treatment. Recent PSMA PET/CT imaging studies using
18F-PSMA-1007(5,15,16),68Ga-PSMA-11(6,16–18),and18F-DCFPyL
(4) tracers have investigated indeterminate PSMA-avid uptake in
soft-tissue and bone lesions. Although these studies associate certain
imaging features with IBLs that are usually benign—specifically,
a single IBL located in the rib with subtle PSMA uptake and no
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additional metastases—there lacks consensus regarding features
that predict which IBLs are likelymalignant. In this study, we defined
features of 18F-DCFPyL PET/CT that predict IBLs as benign or
malignant.

MATERIALS AND METHODS

Patient Population
Between July 2017 and October 2021, 18F-DCFPyL PET/CT imaging

was performed on 243 consecutive patients with histologically confirmed
high-risk PCa or BCR PCa without prior evidence of metastatic disease.
All patients gave written informed consent before participating in a pro-
spective clinical trial (NCT03181867). In a post hoc subanalysis, patients
included in this study had at least 1 IBL in the presence or absence of other
soft-tissue or bone lesions suggestive of metastatic PCa on 18F-DCFPyL
PET/CT. Patients without an IBL were excluded.

18F-DCFPyL PET/CT Imaging
18F-DCFPyL was synthesized under good manufacturing practices as

previously described (19). Patients received an intravenous injection of
18F-DCFPyL (mean, 262.7 6 37.9 MBq [7.10 6 1.02 mCi]; range,
167.6–317.8 MBq [4.53–8.59 mCi]) and underwent whole-body PET/CT
after a 2-h uptake period (3 min/bed position) using a 3-dimensional
time-of-flight Discovery MI DR scanner (GE Healthcare) with a 20-cm
coronal and a 70-cm axial field of view. Image reconstruction applied
an attenuation-corrected 3-dimensional iterative maximum-likelihood
expectation-maximization algorithm using 29 subsets, 3 iterations,
time-of-flight, a point spread function regularization parameter of 6.0,
and a gaussian postprocessing filter with a 4.1-cm kernel. A low-dose
unenhanced CT scan (120 kV, 60 mAs) was acquired with each PET
scan for attenuation correction and anatomic coregistration.

Assessment of PSMA-Avid IBLs
18F-DCFPyL PET/CT images were prospectively interpreted by 2 expert

nuclear medicine physicians (both with 5 y of experience reading PSMA
PET/CT images). Scans of patients with at least 1 PSMA-avid IBL, defined
as focal radiotracer uptake in bone without correlative sclerotic or lytic fea-
tures on CT, or not clearly benign—equivalent to the definition of the
PSMA-RADS-3B category (9)—were further analyzed. Two different read-
ers retrospectively reviewed each IBL using medical records until January
2022, including other pre-PSMA and post-PSMA follow-up imaging, thera-
peutic interventions, and laboratory or biopsy-based pathology, to provide an
updated interpretation as benign, malignant, or
equivocal based on the following criteria.

Benign findings were, first, no evidence of
progression (i.e., a stable lesion without mor-
phologic changes) between pre-PSMA and
PSMA imaging for patients without follow-up
or between pre-PSMA and post-PSMA imaging
for patients with follow-up; second, PCa-
negative biopsy findings for the lesion; or third,
stable lesion uptake before therapeutic in-
tervention at follow-up 18F-DCFPyL PET/CT.

Malignant findings were, first, evidence of
progression (i.e., new lesions, sclerotic changes,
or lytic changes) between pre-PSMA and
PSMA imaging for patients without follow-up
or between pre-PSMA and post-PSMA im-
aging for patients with follow-up; second, PCa-
positive biopsy findings for the lesion; or third,
evidence of lesion regression after therapeutic
intervention based on a significantly reduced
SUVmax at follow-up 18F-DCFPyL PET/CT
imaging.

TABLE 1
Clinical Characteristics of Patients with IBLs

Characteristic Data

Patients with IBL 48

Age (y)

Median 66

Range 53–79

PSA (ng/mL)

Median 4.00

Range 0.44–203.8

Disease phase

BCR PCa 35

High-risk PCa 13

TNM stage

Not available 5

T1 10

T2 13

T3 15

T2 N1 1

T3 N1 3

T4 N1 1

Gleason grade group

1 2

2 14

3 10

4 7

5 15

Data are number of events unless otherwise indicated.

Patients imaged by
18F-DCFPyL PET/CT

(n = 243)

Patients with at least 1 IBL
(n = 48)

Total number of IBLs
(n = 98)

Excluded
Soft tissue lesions only

(n = 77)
Intraprostatic uptake only

or negative scan
(n = 115)

Metastatic disease
(n = 3)

No follow-up
(n = 27)

Prior imaging
(n = 27)

Benign
(n = 10)

Malignant
(n = 1)

Equivocal
(n = 16)

Equivocal
(n = 3)

Malignant
(n = 38)

Benign
(n = 22)

Benign
(n = 5)

Malignant
(n = 3)

Follow-up
(n = 71)

Imaging
(n = 63)

Biopsy
(n = 8)

FIGURE 1. Flowchart of patient selection criteria and lesion-level follow-up for patients with at
least 1 IBL. Interpretations (benign, malignant, or equivocal) are shown for IBLs with no follow-up
(prior imaging) and follow-up (imaging or biopsy).
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Equivocal findings were insufficient evidence for either a benign or
a malignant interpretation due to a short follow-up duration or unclear
imaging features.

Statistical Analysis
The association of IBL characteristics with an updated interpretation

was evaluated using the Wilcoxon rank-sum test for clustered data (20) in
continuous variables and the x2 test for clustered data (21) in categorical
variables to account for multiple lesions sampled per patient. The character-
istics evaluated included SUVmax, anatomic location; CT features (including
no CT abnormality in bone sclerotic, lytic, and mixed sclerotic and lytic
bone morphologies; and the presence or absence of other suggestive find-
ings on PSMA imaging (including lymph node or bone uptake). Tests were
repeated considering distribution of benign versus malignant lesion assign-
ments as well as benign versus malignant versus equivocal categorizations.
Logistic regression analysis, using weighted generalized estimation equa-
tions with working independence correlation structure to account for the
correlation of multiple lesions per patient, was performed to evaluate the
association of IBL characteristics with a malignant interpretation. Lesions
with an equivocal clinical or pathologic interpretation were excluded from
logistic regression analysis. Weights were calcu-
lated as 100 3 (1/Np), where Np is the number
of lesions sampled per patient. P values of less
than 0.05 were considered significant for all sta-
tistical analyses. Receiver-operating-characteristic
curve and Youden index ([sensitivity 1 speci-
ficity 2 1]) analyses were evaluated for the
SUVmax of IBLs to be interpreted as benign or
malignant. The SUVmax threshold with the high-
est sensitivity and lowest false positive rate
was selected to differentiate lesions likely to be
malignant.

RESULTS

Incidence and Interpretation of IBLs
Overall, 98 IBLs within 267 total bone

lesions (36.7%) were identified in 48 of 243

patients (19.8%). Patient characteristics are shown in Table 1, and
patient selection criteria with lesion-level follow-up and IBL interpre-
tation based on review are shown in Figure 1. Median patient follow-
up was 7.5 mo (range, 0.0–54.0 mo); median lesion follow-up was
4.8 mo (range, 1.1–54.0 mo) in patients with post-PSMA follow-up
and 9.1 mo (range, 0.0–54.0 mo) in patients with prior imaging
only. Detailed patient follow-up information was used to interpret
each IBL as benign, malignant, or equivocal (Supplemental Fig. 1;
Supplemental Table 1; supplemental materials are available at http://
jnm.snmjournals.org).
The 98 IBLs had a median SUVmax of 3.6 (interquartile range,

2.3–9.8) and were identified in the pelvis (28.6%), spine (21.4%), ribs
(39.8%), or other atypical locations including the scapula, clavicle,
skull, sternum, and extremities (10.2%). Only 8 of 98 (8.2%) IBLs
had biopsy confirmation—3 were malignant (metastatic prostate ade-
nocarcinoma) and 5 were benign (Table 2). At the lesion level, 42 of
98 (42.9%) IBLs were considered malignant, 37 (37.7%) were benign,
and 19 (19.4%) remained equivocal. Most IBLs were assessed as
equivocal (18/19, 94.7%) because of short follow-up (,7 mo). At the

TABLE 2
Histopathologic Assessment of IBL Biopsy Specimens

Location of
biopsied IBL SUVmax CT morphology

Histopathologic result

Finding Features

Fifth rib 4.1 Sclerotic Benign Fibrous replacement of bone
marrow

Third rib 3.6 Sclerotic Benign Trabecular bone with trilineage
hematopoiesis

Sixth rib 2.9 Sclerotic Benign Fragments of bone marrow fibrosis

Ischium bone 17.4 Mixed sclerotic/lytic Malignant Metastatic prostate
adenocarcinoma involving bone
and bone marrow

Iliac bone 1.3 Negative Malignant Metastatic moderately
differentiated prostate
adenocarcinoma

Clavicle bone 3.1 Negative Benign Bone marrow with trilineage
hematopoiesis

Seventh rib 2.8 Sclerotic Benign Bone with hematopoietic bone
marrow

Fifth rib 15.2 Mixed sclerotic/lytic Malignant Metastatic poorly differentiated
prostate adenocarcinoma

FIGURE 2. A 63-y-old patient with BCR PCa and PSA of 0.46 ng/mL. Axial 18F-DCFPyL PET (left),
18F-DCFPyL PET/CT (middle), and CT (right) images show a single area of subtle PSMA-avid uptake
with SUVmax of 2.4 in the right fifth rib and no CT correlate (arrows). This IBL was determined to be
benign based on negative 17-mo follow-up bone scintigraphy findings.
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patient-level, 11 of 48 (22.9%) had a malignant IBL, 24 (50.0%) had
a benign IBL, and 13 (27.1%) had equivocal findings; 1 patient with
multiple IBLs had mixed determinations. Examples are given of
patients with IBLs on 18F-DCFPyL PET/CT which demonstrate
benign (Figs. 2 and 3) or malignant (Fig. 4; Supplemental Fig. 2) char-
acteristics based on their location, SUVmax, and CT morphology.
PSMA PET/CT features in the pelvis (Fig. 3) and spine (Fig. 4) can
show similarity but have different interpretations; thus, additional
follow-up may assist with assessment.

Imaging Features of IBLs That Predict for Malignancy
or Benignancy
Two lesion-based categorical variables were predictors for malig-

nancy or benignancy: lesion location (P 5 0.0201)—categorized
as spine, pelvis, ribs, and other regions (e.g., skull, sternum, and
scapula)—and lesion SUVmax (P 5 0.0230)—categorized as less
than 5 versus 5 or more (Table 3). No other 18F-DCFPyL PET/
CT–based continuous and categorical variables were predictive (Sup-
plemental Table 2). Logistic regression analysis for benign versus
malignant findings (n 5 79) revealed that a high SUVmax (univari-
able: odds radio [OR], 9.29 [95% CI, 3.19–24.75; P 5 0.0016];
multivariable: OR, 13.87 [95% CI, 1.91–100.9; P 5 0.0089]) and
the presence of additional bone metastases on the PSMA PET/CT
scan (univariable: OR, 9.87 [95% CI, 2.00–48.82; P 5 0.0112];
multivariable: OR, 11.35 [95% CI, 3.05–42.25; P 5 0.0030]) were
associated with malignancy (Table 4). Selection of an SUVmax

threshold of at least 5 was based on receiver-
operating-characteristic curve and Youden
index analyses that maximized the sensitivity
(71.4%, 30/42) for predicting IBLs as malig-
nant with the fewest false positives (2.7%,
1/37) (Supplemental Fig. 3). Although this
SUVmax threshold missed 12 of 42 (28.6%)
IBLs with an SUVmax of less than 5 that
were deemed malignant, 7 of these 12 IBLs
were identified in the presence of other
bone metastases. Therefore, a model incor-
porating all 3 18F-DCFPyL PET/CT im-

aging variables that predicted for malignancy or benignancy (n 5

79) was developed to assess the likelihood that an IBL would be
benign or malignant based on a single PSMA PET/CT scan
(Fig. 5). Overall, 89.9% of the model’s predictions agreed with our
assessment, but 10.1% disagreed, including 5 false negatives and 3
false positives (Table 5). Although our model suggests that a single
IBL located in the pelvis or spine with an SUVmax of less than 5 is
probably benign, these are common sites for PCa bone metastases
and represented a greater number of false negatives, such as the
example in Figure 4. Ultimately, the relationship of these predictive
variables may improve IBL interpretation on PSMA PET/CT scans
(Fig. 6).

DISCUSSION

PSMA PET/CT can impact management decisions in patients with
high-risk primary and BCR PCa, and multiple studies have demon-
strated that up to 68% of predetermined interventions can change after
PSMA PET/CT (22,23). Although the PSMA-RADS, PROMISE,
and E-PSMA structured PSMA PET/CT reporting systems have
improved lesion classification and interpretation based on particular
imaging features, several lesions with PSMA uptake categorized as
indeterminate or equivocal have been shown to be false positives
(11–13) whereas some have been shown to be true positives at
follow-up (4,18). A particular issue with PSMA PET/CT is the in-
cidence of indeterminate lesions with mild focal uptake in bone

and unclear or negative anatomic features;
currently, these lesions require biopsy or
follow-up imaging for definitive assessment.
Interpreting such lesions as metastatic without
sufficient evidence can have far-reaching
implications for patients and lead to unneces-
sary interventions that alter a patient’s quality
of life. Understanding specific features that
increase the certainty of interpreting IBLs as
probably benign or probably malignant is,
therefore, of great clinical importance.
Our study demonstrated that 3 PSMA

PET/CT–based features predict IBL inter-
pretation: the presence or absence of other
bone metastases on the scan, IBL SUVmax,
and IBL location. Prior studies investigating
IBLs using a variety of PSMA PET tracers
have mentioned that these particular features
may predict interpretation or are important.
Specifically, a follow-up 18F-PSMA-1007
PET/CT study by Arnfield et al. monitoring
159 IBLs for more than 12 mo in 77 patients
suggested that IBLs were likely benign when

FIGURE 3. A 60-y-old patient with BCR PCa and PSA of 3.9 ng/mL. Axial 18F-DCFPyL PET (left),
18F-DCFPyL PET/CT (middle), and CT (right) images show a single area of subtle PSMA-avid uptake
with SUVmax of 3.9 in left iliac bone and mixed sclerotic and lytic CT features (arrows). This IBL was
stable for 4 mo and negative on 4 other staging modalities; thus, the IBL was interpreted as benign.

FIGURE 4. A 73-y-old patient with BCR PCa and PSA of 4.9 ng/mL. Axial 18F-DCFPyL PET (A),
18F-DCFPyL PET/CT (B), CT (C), pre-PSMA MRI (D), and follow-up MRI (E) images show a single
area of subtle PSMA-avid uptake with SUVmax of 3.3 in left T8 lamina and subtle sclerotic CT fea-
tures (arrows). This IBL became more prominent and enhanced over a 3-y period between retro-
spective MRI (D) and follow-up MRI (E) and was determined to be malignant.
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showing an SUVmax of less than 7.2 in the absence of other definite
bone metastases (15). In contrast, a multicenter 18F-PSMA-1007
PET/CT study analyzing 351 IBLs with an SUVmax of less than 10
determined that SUVmax did not predict interpretation (5). More-
over, a follow-up 68Ga-PSMA-11 PET/CT study by Chen et al.
reported that 61 of 62 patients with primary PCa and a single rib
IBL with a mean SUVmax of 3.0 were benign; however, 1 lesion
showing an SUVmax of 2.2 later proved to be a metastasis (18).
Lastly, a 18F-DCFPyL PET/CT longitudinal follow-up study found
that 3 of 14 IBLs showed changes indicative of malignancy (4).
These prior studies collectively demonstrate that a single IBL in an
atypical location in the absence of metastases is meaningful for pre-
dicting IBLs as benign but that SUVmax is not reliable. In addition,
our findings agree with previous studies that no patient variables
(including age, primary PCa, Gleason grade group, TNM stage, and
serum prostate-specific antigen [PSA]) predict IBL interpretation.
There are some similarities between these prior studies and our

findings regarding which IBLs favor benign outcomes; however, we
expand on the current understanding of imaging features that predict
IBLs for malignancy. First, we suggest that IBLs are likely malignant

in the presence of other bone metastases, independent of SUVmax and
location, but not necessarily with accompanying soft-tissue metasta-
ses. In our cohort, 7 of 48 patients with an IBL had no more than 3
other bone metastases, of which 3 of 7 also had lymph node involve-
ment and 4 of 7 had no PSMA-avid lymph nodes. On the basis of our
predictive model, 3 of the 4 patients with no PSMA-avid lymph nodes
could be classified as oligometastatic and might have had the option
to undergo local PCa interventions. Second, IBLs with an SUVmax of
at least 5 after 2 h of 18F-DCFPyL uptake increased the likelihood
of malignancy. Of the 34 IBLs showing an SUVmax of at least 5, 30
of 34 (88.2%) were deemed malignant, and only 1 of 34 (2.9%) was
a false positive lesion deemed benign whereas 3 of 34 (8.8%) were
equivocal because of insufficient evidence. However, IBLs with an
increased SUVmax can result from inflammatory events such as
trauma or hemangiomas (13), as well as from benign bone remodel-
ing processes such as fibrous dysplasia (10) or Paget disease (24).
Although the SUVmax threshold of at least 5 after 2 h of uptake was
feasible to classify 88.2% of IBLs as malignant for our cohort, this
SUVmax threshold requires validation in separate cohorts receiving
18F-DCFPyL PET/CT. Third, IBLs in typical locations were more

TABLE 3
18F-DCFPyL PSMA PET/CT-Based Variables That Predict IBL Interpretation (n 5 98)

Predictive variable Incidence (n 5 98)

IBL interpretation

P*M (n 5 42) B (n 5 37) E (n 5 19)

Location 0.0201

Spine 28 (28.6%) 16 12 0

Pelvis 21 (21.4%) 12 7 2

Rib 39 (39.8%) 8 14 17

Other 10 (10.2%) 6 4 0

SUVmax 0.0230

,5 64 (65.3%) 12 36 16

$5 34 (34.7%) 30 1 3

*For 3-way assessment (M vs. B vs. E) statistical significance is evaluated using x2 test for clustered data.
M 5 malignant; B 5 benign; E 5 equivocal.

TABLE 4
Logistic Regression Analysis Showing OR at 95% CI for Clinically Relevant 18F-DCFPyL PET/CT-Based Features That

Predict IBLs as Benign vs. Malignant (n 5 79)

18F-DCFPyL PET/CT feature

Univariable analysis Multivariable analysis

OR P OR P

IBL located in pelvis 1.68 (0.48–5.96) 0.516 — —

IBL located in spine 1.42 (0.55–3.65) 0.613 — —

IBL located in ribs 0.38 (0.14–1.03) 0.170 — —

IBL SUVmax 9.29 (3.49–24.75) 0.0016 13.87 (1.91–100.9) 0.0089

Other bone metastases 9.87 (2.00–48.82) 0.0112 11.35 (3.05–42.25) 0.0030

Other lymph node metastases 2.26 (0.62–8.26) 0.315 — —

Data in parentheses are 95% CI. Features significantly associated with malignant interpretation were included in multivariable analysis.
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commonly malignant based on follow-up review, but the association
of lesion location with SUVmax and other PSMA scan bone findings,
particularly whether lesions are solitary, multifocal, or present with
other bone metastases, can improve assessment as displayed in Fig-
ures 5 and 6.
Although these predictors can guide interpretation, follow-up

imaging may be necessary when insufficient evidence is available
or conflicting imaging features are present on other studies. In this
scenario, equivocal interpretation avoids misdiagnosis, and follow-
up imaging can assist with assessment. Of the 19 of 98 (19.4%)
IBLs that remained equivocal in our study, 16 had no available
post-PSMA follow-up records, 2 had short follow-up (,3 mo), and
1 had sufficient follow-up (12 mo) but CT changes were not clear
enough for a definitive interpretation. Overall, most IBLs that were
determined to be equivocal (14/19, 74%) showed an SUVmax of
less than 5 and were located in the ribs without other bone
metastases.
IBLs showing subtle PSMA uptake only outside the pelvis or

spine in the absence of definite bone metastases are likely benign;
however, malignancy is always possible. For example, in the 68Ga-
PSMA-11 PET/CT study mentioned earlier, 1 of 62 (1.6%) single
rib IBLs with an SUVmax of 2.2 in the absence of other metastases
demonstrated evidence of malignancy on follow-up imaging (18).

In our study, only 1 of 42 (2.3%) IBLs
was a single atypical lesion in the scapula
that had a subtle SUVmax of 1.0 and no
coexisting metastases but that nonetheless
showed sclerotic progression consistent with
malignancy. Considering common PSMA
pitfalls, the SUVmax threshold of at least 5
minimized false positives in our study. How-
ever, among PET imaging protocols that
use different uptake times or different
PSMA tracers, there may be significant var-
iation in SUVmax measurements, such as a
higher lesion uptake on delayed scans (19)
or a higher SUVmax for 18F-PSMA-1007
versus 68Ga-PSMA-11 (17). For instance, a
recent 18F-PSMA-1007 PET–guided biopsy
study after 1.5 h of uptake demonstrated
that 10 of 11 IBLs with a mean SUVmax of

12.5 (range, 5.1–26.0) were benign, indicating that several lesions
were not clinically concerning despite exceeding a prior proposed
SUVmax threshold of 7.2–11.1 after 2 h of uptake (15,25). Thus,
standardized imaging protocols for each class of PSMA tracer
are necessary before SUVmax can reliably serve as a predictor of
risk of malignancy. Ultimately, pairing detailed patient history with
these predictive imaging features may increase the predictive value
of IBL categorization among different PSMA agents and scanning
conditions.
Our study had 3 main limitations. First, the follow-up time for

our patients was short (mean, 7.5 mo; range, 0.0–54.0 mo); thus,
nearly 20% of the IBLs remained equivocal because of insufficient
evidence. Second, only a minority of IBLs were biopsied (8%,
8/98) since biopsy was not always safe to obtain or accepted by
patients; however, all biopsy results supported our predictive
model. Despite careful analysis of imaging and clinical findings,
the lack of pathology confirmation may misrepresent the true
nature of some IBLs deemed benign or malignant. Third, our
results are limited to one type of PSMA-targeted PET tracer,
18F-DCFPyL, after 2 h of uptake, and quantitative SUVmax PET
findings may not apply to other tracers scanned under different
conditions. However, other variables such as location and addi-
tional bone findings may still be relevant with other tracers.

IBL identified on
18F-DCFPyL PET/CT

at 2 h uptake

No other bone
metastases

Other bone
metastases Any location

Typical location
(pelvis or spine)

Atypical location
(rib or other)

SUVmax <5

SUVmax <5

SUVmax <5

SUVmax ≥5

SUVmax ≥5

SUVmax ≥5

Probably
benign

Probably
benign

Probably
malignant

Probably
malignant

Probably
malignant

Probably
malignant

FIGURE 5. Model assessing the likelihood that an IBL is benign or malignant based on 18F-DCFPyL
PET/CT imaging variables that predicted for benignancy or malignancy (n5 79).

TABLE 5
Model Predicting the Likelihood That IBLs Identified on 18F-DCFPyL PET/CT at 2 Hour of Uptake Are Benign or

Malignant (n 5 79)

Other PSMA-avid
bone findings IBL location IBL SUVmax

Likelihood of
interpretation Interpretation accuracy

No bone metastases Typical ,5 81.0% benign True positive (n 5 17);
false negative (n 5 4)

No bone metastases Typical $5 94.7% malignant True positive (n 5 18);
false positive (n 5 1)

No bone metastases Atypical ,5 94.4% benign True negative (n 5 17);
false negative (n 5 1)

No bone metastases Atypical $5 100% malignant True positive (n 5 8)

Bone metastases Any ,5 77.8% malignant True positive (n 5 7);
false positive (n 5 2)

Bone metastases Any $5 100% malignant True positive (n 5 4)
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CONCLUSION

IBLs on PSMA PET/CT are concerning in patients with high-
risk primary and BCR PCa; however, IBL location, SUV, and
additional scan findings can aid interpretation. IBLs in any loca-
tion with an SUVmax of at least 5 or with coexisting bone metasta-
ses irrespective of location and SUVmax have an increased risk for
malignancy. Conversely, IBLs with an SUVmax of less than 5 that
are present only in atypical locations such as the ribs without
accompanying bone metastases are likely benign. These predictors
may assist in decreasing the number of bone lesions on PSMA
PET/CT that are truly indeterminate.
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KEY POINTS

QUESTION: Can imaging-based features on PSMA PET/CT
predict the likelihood that an IBL is benign or malignant?

PERTINENT FINDINGS: Categorizing IBL location and SUVmax

can predict for malignancy versus benignancy in 18F-DCFPyL
PET/CT scans. An IBL with coexisting bone metastases or an
IBL with an SUVmax of at least 5 after 2 h of uptake, independent
of location, is suggestive of malignancy. An IBL in an atypical
location such as the rib with an SUVmax of less than 5 after 2 h
of uptake and without accompanying bone metastases is usually
benign.

IMPLICATIONS FOR PATIENT CARE: Considering the
location and SUVmax of IBLs and other findings on PSMA PET/CT
scans can reduce the number of patients with an IBL by
reassigning such lesions to either the benign or malignant
category.
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FIGURE 6. Sankey diagram showing the relationship of multiple predic-
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likely associated with a particular lesion interpretation (right). Pathways
with 1 lesion have been removed for clarity.
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The aim of this retrospective analysis was to determine prostate-
specific antigen (PSA) response, PSA progression-free survival (PFS),
and overall survival (OS) in a large cohort of patients with metastatic
castration-resistant prostate cancer (mCRPC) treated with 177Lu-
PSMA-I&T and to identify clinical and scintigraphic prognostic factors
for outcome. Methods: In total, 301 consecutive mCRPC patients
were included in this analysis. Prognostic factors included clinical
parameters, routine laboratory parameters, and findings on posttreat-
ment scintigraphy. Scintigraphic tumor uptake of 177Lu-PSMA-I&T
was compared with salivary gland uptake and classified as high or
low. The longest extent of skeletal metastatic disease was measured,
and its changes during therapy were used to define scintigraphic pro-
gression, response, and stable disease. A PSA response of at least
50%, PSA PFS, and OSwere calculated.Results: In total, 1,138 cycles
(median, 3 cycles per patient) of 177Lu-PSMA-I&T using a standard
activity of 7.4 GBq were applied intravenously every 4–10 wk (median,
6 wk). Overall, 34% (95% CI, 28%–38%) of patients showed a PSA
response of at least 50%, and the median PSA PFS and OS of the total
patient cohort were 16.0 wk (95% CI, 12.1–19.9) and 13.8 mo (95% CI,
12.4–15.5), respectively. Patients with high scintigraphic tumor uptake
showed a higher PSA response rate of at least 50% (45.7% vs. 10.4%;
P , 0.0001) and a significantly reduced risk of PSA progression
(median event time, 24.9 vs. 9.0 wk; hazard ratio, 0.3; 95% CI, 0.2–0.5;
P , 0.0001). In our data, risk of death was not significantly different
between patients with high scintigraphic uptake and those with low
scintigraphic uptake (median, 14.4 vs. 12.4 mo; hazard ratio, 0.9; 95%
CI, 0.6–1.3; P5 0.6). In a multivariable analysis, the following prethera-
peutic prognostic factors for OS were identified: alkaline phosphatase,
lactate dehydrogenase, and PSA levels; prior chemotherapy; and the
presence of visceral metastases. Scintigraphic response was a strong
prognostic factor for PSA response, PSA PFS, andOS after 1 treatment
cycle. Conclusion: This retrospective analysis of a large group of
consecutive patients corroborates previous clinical experience for
177Lu-PSMA-I&T in mCRPC and establishes previously proposed
prognostic factors. The skeletal tumor extent and its changes were
identified as new potential biomarkers to predict the outcome of therapy
after the first treatment cycle.

KeyWords: 177Lu-PSMA-I&T;metastatic castration-resistant prostate
cancer (mCRPC); prognostic factors; scintigraphic biomarkers; clinical
biomarkers
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Prostate-specific membrane antigen (PSMA)–targeted radioli-
gand therapy (RLT) has increasingly emerged for therapy of patients
with metastatic castration-resistant prostate cancer (mCRPC) who
exhausted approved treatment regimens (1,2). For the PSMA ligand
177Lu-PSMA-617, efficacy and low toxicity have been shown in sev-
eral retrospective analyses and in 2 phase II prospective trials
(1,3,4). Recently, prolonged overall survival (OS) and progression-
free survival (PFS) were proven in a randomized phase III clinical
trial just recently resulting in Food and Drug Administration approval
(5). Further, clinical parameters such as prior chemotherapy, the pres-
ence of visceral metastases, and increased levels of serum lactate
dehydrogenase (LDH) have been found to be negatively correlated
with patient outcome (6).
Another PSMA ligand that has shown promise for therapy of

mCRCP is 177Lu-PSMA-I&T, although clinical experience is more
limited (7). 177Lu-PSMA-I&T is currently being explored in a multi-
center, randomized prospective phase III trial in mCRPC prior che-
motherapy (SPLASH, NCT04647526) after second-line hormonal
treatment, with the first results expected in 2023.
Previously, results on 100 patients who underwent 177Lu-PSMA-

I&T RLT showed mild toxicity and good antitumor activity in late-
stage mCRPC (2). A prostate-specific antigen (PSA) decline of at
least 50% within 12 wk was associated with longer clinical PFS and
OS. A subgroup analysis identified an association of visceral metas-
tasis at baseline and increased LDH with worse outcome.
The first preliminary retrospective analyses indicate that inten-

sity on posttherapeutic 177Lu-PSMA scintigraphy could be predic-
tive for PSA response, suggesting it as a simple, fast, and widely
available imaging biomarker for therapy response (8). However,
data are sparse, and impact on OS has not been evaluated. Our
clinical experience indicates that the extent of disease and, specifi-
cally, infiltration of the appendicular skeleton on posttherapeutic
scans and its change during 177Lu-PSMA RLT also hold promise
to serve as a new and potentially prognostic imaging biomarker.
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Thus, the aim of our retrospective analysis was to update our
clinical experience with 177Lu-PSMA-I&T; to evaluate, especially,
the prognostic value of clinical and laboratory parameters; and to
investigate the use of posttreatment whole-body scintigraphy to
predict patient outcome.

MATERIALS AND METHODS

Patients and 177Lu-PSMA-I&T RLT
This retrospective analysis included 301 consecutive mCRPC patients

receiving at least 2 cycles of 177Lu-PSMA-I&T between December
2014 and July 2020. All patients had previously received second-line
hormonal therapy with abiraterone or enzalutamide and chemotherapy or
were unfit for chemotherapy. Patient characteristics are shown in Table 1.
Before treatment, sufficient PSMA expression was confirmed by PSMA
ligand PET imaging (68Ga-PSMA-11, 18F-PSMA-1007, 18F-rhPSMA-7,
or 18F-rhPSMA-7.3). Only patients with PSMA ligand uptake in
tumor lesions at least as high as liver background uptake were treated.

This patient population includes the 100 patients reported by Heck
et al. but adds new patients and extended follow-up for the first 100
patients (2).

177Lu-PSMA-I&T was prepared according to good manufacturing
practice and the German Medicinal Products Act (arzneimittelgesetz
§13 2b). The institutional ethics committee approved this retrospective
analysis under reference number 115/18S, and all subjects gave writ-
ten informed consent. Patients were treated under the conditions of the
Declaration of Helsinki, article 37, “Unproven Interventions in Clini-
cal Practice.”

Whole-Body Scintigraphy and Image Analysis
Posttherapeutic whole-body scintigraphy (planar anterior and poste-

rior views) was performed approximately 24 h after injection at every
cycle using a Symbia T series camera (Siemens) with a medium-energy
parallel-hole collimator, a scan speed of 20 cm/min, and 113 keV 6

20% and 208 keV 6 12% photopeak windows. All images were evalu-
ated by one nuclear medicine physician in training under the supervision
of one board-certified nuclear medicine physician with more than 7 y of
experience in PSMA-targeted imaging and therapy.

The whole-body scans were analyzed for scintigraphic tumor uptake
and the extent of skeletal metastatic disease. Tumor uptake of 177Lu-
PSMA-I&T on the first posttreatment scan was visually classified as
high when most metastatic lesions exceeded the physiologic uptake of
the salivary glands. If most lesions equaled or were lower than uptake
in the salivary glands, the tumor uptake was classified as low. The
extent of skeletal metastatic disease was assessed by a simple quantita-
tive index, as follows. On the first posttherapy scintigram, the longest
extent of metastatic disease in a single bone (e.g., femur) contributing
to the appendicular skeleton (including clavicle, scapula, humerus,
radius, ulna, and the pelvic bones, except the sacrum, femur, tibia, and
fibula) was identified and its absolute extent was measured with a ruler.
If metastatic bone infiltration was discontinuous in a particular bone, the
extents of each site of metastatic disease were measured and summed.
On the second posttherapy scintigram, the extent of the same metastatic
site was reassessed. The absolute change between the first and second
posttherapeutic scans was calculated and defined as change in infiltration
length. Scintigraphic progression, response, and stable disease were
defined as more than a 0.5-cm increase, more than a 0.5-cm decrease,
and a 60.5-cm change in infiltration length between the first and second
cycles, respectively.

Clinical Parameters, PSA Response, and PSA Progression
The following pretherapeutic parameters were collected: age, alka-

line phosphatase (AP), LDH, hemoglobin, and PSA, as well as their
relative changes between the first and second cycles. PSA response
was defined as a PSA decline of at least 50% from baseline according
to the criteria of Prostate Cancer Clinical Trials Working group 3 (9).
PSA progression was defined either as a PSA increase of at least 25%
and at least 2 ng/mL above the nadir after an initial PSA decline or a
PSA increase of at least 25% and at least 2 ng/mL from baseline in
cases with no PSA decline (9).

Prior systemic therapies (including abiraterone, enzalutamide, first-
and second-line chemotherapy, and 223Ra) and metastatic patterns
(N1/M1a, lymph node only disease; M1b, presence of bone metasta-
ses without visceral metastases; and M1c, presence of visceral metas-
tases) derived from PSMA PET imaging were collected.

Statistical Analysis
Primary outcome measures were PSA response, OS, and PSA PFS.

The Kaplan–Meier method was used to estimate event time distribu-
tions, and log-rank tests were used for group comparisons. To correct
for log-rank test a-error accumulation, significance was assumed
when P values were less than 0.016 (Bonferroni adjustment for impact

TABLE 1
Baseline Patient Characteristics

Characteristic Data

No. of patients 301

Age (y), n 5 301 73 (67–77)

PSA (ng/mL), n 5 297 99.5 (20.4–290.3)

LDH (U/L), n 5 297 263.5 (218–344)

AP (U/L), n 5 297 112 (72–231)

Hemoglobin (g/dL), n 5 297 11.7 (10.3–12.8)

Prior systemic therapies for mCRPC, n 5 301

Docetaxel 213

Cabazitaxel 48

Abiraterone 252

Enzalutamide 183
223Ra 41

Previous chemotherapy 214

No. of prior mCRPC therapies, n 5 301

1 105

2 109

3 68

4 18

5 4

Site of metastasis, n 5 301

Lymph node, overall 216

Lymph node only (N11/M1a) 22

Bone overall 274

Bone (M1b, without visceral
metastases)

215

Visceral, overall (M1c) 64

Liver 26

Lung 31

Adrenal 21

Qualitative data are number and percentage; continuous data
are median and interquartile range.
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of infiltration length on OS and PSA PFS). Frequencies of PSA response
were compared between groups using x2 tests.

Univariable and multivariable Cox regression analyses were performed
to determine the association of pretherapeutic parameters, relative
changes in laboratory parameters, and information from posttherapeutic
scintigraphy (scintigraphic tumor uptake and change in infiltration length)
with PSA PFS and OS. A subgroup analysis in patients without visceral
metastases was performed given the known strong negative association of
visceral metastases with outcome. The corresponding hazard ratios (HRs)
and 95% CIs are presented. A P value of less than 0.05 was considered
statistically significant.

For tumor uptake, as well as classification of scintigraphic response,
stable disease, and progression, the Cohen k-coefficient was calculated
for intrarater reliability. Strength of agreement for k values was inter-
preted according to the Landis and Koch benchmark scale (10).

x2 tests, Kaplan–Meier estimation, log-rank tests, and calculation of
the Cohen k-coefficient were performed using Prism (version 8.4.3;
GraphPad Software) for Mac (Apple). Uni- and multivariable Cox
regression analysis was performed using SPSS Statistics (version 25.0;
IBM Corp.) for Windows (Microsoft).

RESULTS

In total, 301 patients were analyzed, and 1,138 cycles of PSMA
RLT with a median of 3 cycles per patient (range, 2–20) were
applied. The patients received an intravenous treatment using a
standard activity of 7.4 GBq of 177Lu-PSMA-I&T every 4–10 wk
(median, 6 wk), which could be slightly adapted on the basis of,
for example, lab test results and tumor burden. The median time on
treatment was 3 mo. Posttherapeutic scintigraphy and complete labo-
ratory results were not available for 2 and 4 patients, respectively. At
baseline, pelvic lymph nodes, extrapelvic lymph nodes, bone metas-
tases, and visceral metastases were present in 159 (52.8%), 192
(63.8%), 274 (91.0%), and 64 (21.3%) patients, respectively. The
median follow-up was 9 mo (range, 1–63 mo). One hundred one
(34%; 95% CI, 28%–38%) patients achieved a PSA response after
PSMA-targeted RLT. In the total patient cohort, median OS was
13.8 mo (95% CI, 12.4–15.5 mo) and median PSA PFS was 16.0 wk
(95% CI, 12.1–19.9 wk). At the time of analysis, 226 patients had
shown PSA progression and 182 patients had died.

Impact of Scintigraphic Tumor Uptake on PSA Response,
PSA PFS, and OS
High (.salivary gland level) and low (#salivary gland level)

scintigraphic tumor uptake was observed in 202 (67.6%) and 97
(32.4%) patients, respectively. The classification as high or low
uptake achieved substantial agreement for intrarater reliability (k 5

0.796). PSA response was achieved in 91 (45.7%) patients with high
uptake versus 10 (10.4%) patients with low uptake (P , 0.0001;
Fig. 1). Examples of patients with high and low uptake are presented
in Figure 2.
PSA PFS in patients with high uptake was significantly longer

than in those with low uptake (median, 24.9 vs. 9.0 wk; HR, 0.3;
95% CI, 0.2–0.5; P , 0.0001; Fig. 3A). OS did not significantly
differ between patients with high uptake and those with low
uptake (median, 14.4 vs. 12.4 mo; HR, 0.9; 95% CI, 0.6–1.3; P 5

0.6; Fig. 3B). In the subgroup of patients without visceral metasta-
ses, higher rates of PSA response (50.3% vs. 12.5%) were achieved,
and PSA PFS and OS were significantly longer in patients with high
uptake (median, 26.7 vs. 9.0 wk; HR, 0.3; 95% CI, 0.2–0.4; P ,

0.0001) than in those with low uptake (15.5 vs. 11.4 mo; HR, 0.6;
95% CI, 0.4–1.0; P5 0.03) (Figs. 3C and 3D).

Impact of Infiltration Length on PSA Response, PSA PFS,
and OS
The median extent of metastases on the first and second posttreat-

ment scans was 9.8 cm (range, 1.2–76.9 cm) and 10.3 cm (range,
0.0–78.4 cm), respectively. In 4 patients, the extents of metastatic dis-
ease in the femur and the tibia/fibula were summed because of a lack
of delimitation of the infiltration path. No significant correlation
between quartiles of the extent of disease and PSA PFS (P 5 0.4) or
OS (P 5 0.2) was observed (Supplemental Fig. 1; supplemental
materials are available at http://jnm.snmjournals.org).
Overall, 46 (24.7%), 65 (34.9%), and 75 (40.3%) patients showed

scintigraphic response, stable disease, and progression, respectively.
The classification of scintigraphic response, stable disease, and pro-
gression achieved substantial agreement for intrarater reliability
(weighted k 5 0.711). A PSA response was achieved in 64.4%

FIGURE 1. Waterfall plot showing response to treatment as measured
by serum PSA. Best PSA response is defined as smallest increase or
greatest decrease in PSA from baseline compared with color-coded
177Lu-PSMA ligand uptake in posttherapeutic whole-body scintigraphy.
First 21 columns represent patients with increase of .100% as best PSA
response. Red 5 patients with low scintigraphic uptake on posttherapeu-
tic scintigraphy; green 5 patients with high scintigraphic uptake on post-
therapeutic scintigraphy.

FIGURE 2. A 69-y-old patient with bone metastases presenting with
high scintigraphic uptake (A) and a 76-y-old patient with bone and lymph
node metastases presenting with low scintigraphic uptake (B) on postther-
apeutic whole-body scintigraphy at first cycle of 177Lu-PSMA-I&T. PSA
PFS and OS were 58 wk and 24 mo, respectively, in patient A and 17 wk
and 10 mo, respectively, in patient B.
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(n 5 29) of patients with a scintigraphic response, whereas only
29.7% (n 5 19) with scintigraphically stable disease and 8.1%
(n 5 6) with scintigraphic progression achieved a PSA response
(P, 0.0001; Fig. 4). An example of a patient who showed a scinti-
graphic response is presented in Figure 5.
The distribution of PSA PFS and OS in patients with a scinti-

graphic response, stable disease, and progression significantly dif-
fered (median, 33.1 vs. 16.0 vs. 9.0 wk [P , 0.0001] and 16.5 vs.
11.6 vs. 7.4 mo [P , 0.0001], respectively; Figs. 6A and 6B).

Uni- and Multivariable Analysis of Prognostic Factors
for Outcome
Univariable Cox regression analysis revealed that rising levels

of AP, LDH, PSA, as well as prior chemotherapy and the presence
of visceral metastases at baseline, were potential negative prognos-
tic factors for OS, whereas the presence of lymph node–only
metastases was a significant positive prognostic factor for OS
(Table 2). In multivariable analysis, only rising levels of AP,
LDH, and PSA and the presence of visceral metastases were iden-
tified as significant prognosticators (Table 2).
High tumor uptake was not associated with OS (P 5 0.3) but

was associated with longer PSA PFS in both the univariable and
the multivariable analyses (P , 0.0001 for each) (Supplemental
Table 1). Furthermore, scintigraphic progression was negatively
associated with OS on both univariable and multivariable analyses
(P , 0.0001 for each) (Table 3).

DISCUSSION

177Lu-PSMA-I&T is the second most commonly used PSMA-
targeted radiopharmaceutical for palliative treatment of mCRPC;
however, significantly fewer data have been published for 177Lu-
PSMA-I&T than for 177Lu-PSMA-617 so far (11). Our retrospec-
tive analysis of 301 patients treated with 177Lu-PSMA-I&T
substantially expands clinical knowledge about it, underlines its

effectiveness, and establishes previously
proposed prognostic parameters until the
results from the multicenter, randomized
prospective phase III trial are published.
One important prospective study to which
its results might be compared is the
SPLASH study (NCT04647526), despite
the slight difference in inclusion criteria
between that study and ours. Most of our
patients also received chemotherapy in
addition to second-line hormonal therapy
(abiraterone or enzalutamide), contrary to
those in SPLASH, who previously
received only a single novel androgen
receptor axis–targeted therapy but no
chemotherapy.
In addition, our analysis underlines the

value of PSMA ligand uptake as a noninva-
sive prognostic imaging biomarker. Specifi-
cally, we observed high scintigraphic tumor
uptake resulting in a significantly higher
PSA response rate and a lower risk of PSA
progression. Further, scintigraphic response
(defined as a decrease in skeletal infiltration
length between 2 cycles) significantly prog-
nosticated a better outcome, with longer
PSA PFS and OS.

The number of patients with a 50% PSA decline in our analysis
(34%) is well in line with data reported in the literature and, espe-
cially, our previous report for 177Lu-PSMA-I&T. A large variation
in PSA response rates has been found in the literature, ranging from
20% to 60%, with an estimated PSA response rate of 46% of patients
in a recent metaanalysis (11). The lower number of PSA responders
in our cohort is most likely explained by differences in the patient
population. More than two thirds of the patients in our analysis had
received chemotherapy before RLT. In univariable analysis, previ-
ous exposure to chemotherapy resulted in a 1.5-fold increased risk of
death when compared with patients who had not previously received
chemotherapy. In the recent metaanalysis by Sadaghiani et al. (11),

FIGURE 3. Kaplan–Meier survival curves for PSA PFS and OS stratified by high and low uptake on
posttherapeutic scintigraphy: PSA PFS (A) and OS (B) in total patient cohort, and PSA PFS (C) and
OS (D) in patients without visceral metastases.

FIGURE 4. Waterfall plot showing response to treatment as measured
by serum PSA. Best PSA response is compared with color-coded change
in infiltration length on posttherapeutic scintigraphy. First 16 columns rep-
resent patients with increase of .100% as best PSA response. Green 5

patients with response (.0.5 cm decrease in infiltration length between
first and second cycles); yellow5 stable disease (60.5-cm change in infil-
tration length); red5 progression (.0.5 cm increase).
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the rate of pretreatment with chemotherapy varied between 0% and
80%. Our data compare well with a retrospective analysis using
177Lu-PSMA-617 RLT in 104 mCRCP posttaxane patients and
reporting PSA response in 33% of patients and a median OS of
14 mo (95%CI, 12.6–15.4mo) (12).
Recently, the VISION trial, an international, open-labeled, phase

3 trial evaluating 177Lu-PSMA-617 in patients presenting with
mCRPC, was published (5). OS was significantly prolonged in
patients receiving 177Lu-PSMA-617 as compared with standard care
alone (median, 15.3 vs. 11.3 mo; P , 0.001). Median OS in our
patient cohort receiving 177Lu-PSMA-I&T was slightly shorter, at
13.8 mo (95% CI, 12.4–15.5 mo). However, a substantial number of
patients (253/551) in the VISION trial undergoing 177Lu-PSMA-617
RLT had also received androgen-receptor–pathway inhibitors with
enzalutamide, abiraterone, or apalutamide as part of the standard of
care, which might have some additive effect. In our clinical practice,

177Lu-PSMA-I&T was applied in addition to standard application of
gonadotropin-releasing hormone analog but without a combination
with other active agents.

In addition, discrepancies between treatment outcome in
compassionate-use programs and prospective trials might be further
explained by an inconsistency in the applied inclusion criteria. The
recently published multicenter, randomized prospective phase II
trial TheraP reported a significantly higher treatment response in
patients receiving 177Lu-PSMA-617 than in patients receiving caba-
zitaxel (4). However, on the basis of the strict selection criteria, only
patients with high 68Ga-PSMA-11 tumor uptake and the absence
of 18F-FDG–positive/PSMA ligand–negative lesions were treated.
These criteria led to exclusion of 28% of the initially screened patients,
with visceral metastases being present in only 7% of the included
patient cohort (as compared with 21% of patients in our analysis). The
PSA response rate was 66%, compared with 34% in our study.
Our analysis of potential prognostic factors indicated a signifi-

cant relationship between baseline laboratory parameters (LDH,
AP, and PSA) and PSA PFS, and OS, as is in line with previous
smaller studies (13). However, these findings still remain contro-
versial, and a variety of other reports lack clear associations in
multivariable analyses (14).
Finally, prior therapy with 223Ra was not associated with a worse

outcome of 177Lu-PSMA-I&T therapy. One could assume that
b-emitting 177Lu-PSMA-I&T is less effective in tumors that have
already progressed after a-emitter treatment, with a much higher
linear energy transfer than for 177Lu. However, 223Ra may affect pre-
dominantly the tumor stroma because it accumulates in the bone
matrix surrounding the cancer cells (15). Conversely, 177Lu-PSMA-
I&T accumulates directly in prostate cancer cells.
Our data also demonstrate a potential prognostic value of routine

posttreatment scintigraphy, as patients with high scintigraphic tumor
uptake more frequently achieved PSA response and presented with a
reduced risk of PSA progression (PSA PFS, 24.9 vs. 9.0 wk; HR,
0.3; 95%CI, 0.2–0.5; P, 0.0001). This finding corroborates a recent
retrospective analysis of 50 mCRPC patients showing that high scin-
tigraphic uptake on posttherapeutic scintigraphy was a significant
predictor of PSA decline of at least 50% from baseline (OR, 11.77;
P 5 0.003) and PSA PFS (OR, 0.2029; P5 0.0111) (16). Similarly,
Rathke et al. described intense scintigraphic tumor uptake (.salivary
gland level) as a significant predictor of partial remission in univari-
able analysis (OR, 18.0; 95% CI, 2.230–145.3119; P 5 0.0067) and
multivariable analysis (OR, 60.265; 95% CI, 5.038–720.922; P 5
0.001) (8). Tumor response in this analysis was defined by a visual
decrease in uptake by metastatic lesions during later treatment
cycles, and no correlation with independent clinical outcome para-
meters (e.g., PSA PFS, and OS) was available. Our analysis adds
further data on the potential of scintigraphic tumor uptake to predict
OS: no significant reduction in risk of death for patients with high
scintigraphic tumor uptake was observed (14.4 vs. 12.4 mo; HR, 0.9;
95% CI, 0.6–1.3; P 5 0.6). Similar results have recently been pub-
lished by Hotta et al. (17) demonstrating significantly shorter PSA
PFS in patients who did not fulfill the VISION criteria but still
underwent 177Lu-PSMA-RLT than in those who did fulfill the
VISION criteria (2.1 vs. 4.1 mo; HR, 1.6; P 5 0.0025). Median OS
was shorter (9.6 vs. 14.2 mo; HR, 1.4; P5 0.16) but not to a statisti-
cally significant extent. One potential confounder could be the pres-
ence of visceral metastases, which are one of the strongest predictors
for OS (18). When excluding patients with visceral metastases from
our analysis, median OS was significantly longer for high tumor

FIGURE 5. (A) An 81-y-old patient with bone, lymph node, and liver
metastases presenting with metastatic disease in right femur with extent
of 10.8 cm on posttherapeutic whole-body scintigraphy at first cycle of
177Lu-PSMA-I&T. (B) Same patient with decrease in infiltration length to
3.0 cm at second cycle of 177Lu-PSMA-I&T. Change in infiltration length
was 27.8 cm, and classification was therefore scintigraphic response.
PSA PFS and OS were 24 wk and 22 mo, respectively.
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uptake than for low tumor uptake (15.5 vs. 11.4 mo; HR, 0.6; 95%
CI, 0.4–1.0; P5 0.03).
Pretherapeutic PSMA ligand PET/CT is usually performed to

assess whether the patient is eligible for PSMA RLT. Depending
on the logistic workflow, there may be a potentially substantial

difference in the time to the start of PSMA RLT. Posttherapeutic
scintigraphy, usually performed 24 h after injection, offers an
intratherapeutic assessment of the disease state and has potential
for longitudinal assessment of its changes over time, with no bias
due to disease progression in between. Evaluation of posttherapeutic

TABLE 2
Uni- and Multivariable Analysis for Association of Baseline Variables with OS

Univariable analysis Multivariable analysis

Variable No. of patients HR 95% CI P HR 95% CI P

High scintigraphic uptake 295

No 96 Reference

Yes 199 0.9 0.6–1.2 0.3 0.8 0.6–1.1 0.2

Age, continuous 295 1.0 1.0–1.0 0.3 1.0 1.0–1.0 0.6

AP per 50 U/L increase, continuous 295 1.0 1.0–1.1 0.0001* 1.0 1.0–1.1 0.02*

LDH per 50 U/L increase,
continuous

295 1.0 1.0–1.1 ,0.0001* 1.0 1.0–1.1 0.001*

Hemoglobin, continuous 295 1.0 1.0–1.0 0.7 1.0 1.0–1.0 0.4

PSA per 50 ng/mL increase,
continuous

295 1.0 1.0–1.0 0.0001* 1.0 1.0–1.0 0.01*

$2 pretreatments 295

No 98 Reference

Yes 197 1.4 1.0–1.9 0.1 1.3 0.8–2.0 0.3

Previous 223Ra 295

No 254 Reference

Yes 41 1.0 0.7–1.5 0.9 0.8 0.5–1.2 0.3

Previous chemotherapy 295

No 84 Reference

Yes 211 1.5 1.1–2.2 0.02* 1.1 0.7–1.7 0.7

Bone metastases (M1b, without
visceral metastases)

211 Reference Reference

Lymph node only metastases
(N1/M1a)

21 0.3 0.1–0.7 0.007* 0.4 0.2–1.0 0.05

Visceral metastases (M1c) 63 1.5 1.1–2.0 0.03* 1.5 1.0–2.1 0.02*

*Statistically significant.

FIGURE 6. Kaplan–Meier survival curves stratified by scintigraphic response (.0.5-cm decrease in infiltration length between first and second cycles),
scintigraphically stable disease (60.5-cm change in infiltration length), and scintigraphic progression (.0.5-cm increase) for PSA PFS (A) and OS (B).
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scintigraphy is easy to apply and has the potential to yield a useful
imaging biomarker for prognosticating treatment outcome.
Finally, we present the extent of disease in the appendicular

skeleton on posttherapeutic scintigraphy and its change between
the first and second treatment cycles as a potential simple and
quickly assessable new biomarker. Patients with a scintigraphic
response (defined as a decrease in skeletal infiltration length between
2 cycles) presented with a significantly higher likelihood for a PSA
response (64.4%), a significantly longer median PSA PFS (33.1 wk),
and a longer median OS (16.5 mo). Moreover, whereas whole-body
posttreatment scans allow detection of suggestive tumor uptake from
head to toe and therefore enable a potentially powerful and inexpen-
sive way to monitor tumor response, pretherapeutic PET/CT imaging
is usually performed from skull base to mid thigh (skull and extremi-
ties are not included routinely) and is not suitable for routine assess-
ment of the extent of disease in the appendicular skeleton.
Our study had several limitations, including the retrospective

nature of the analysis. Qualitative evaluation of scintigraphic uptake
and quantitative measurement of skeletal involvement are prone to
potential error. However, all posttherapeutic scintigrams were ana-
lyzed and measured by the same reader, providing consistency within
our patient cohort. Nevertheless, future studies also analyzing inter-
reader agreement are warranted. Finally, the proposed biomarker of
scintigraphic response as defined in this analysis is applicable only to
patients with metastases in the appendicular skeleton and should be
expanded to other organ systems in the future.

CONCLUSION

Our retrospective analysis of a large cohort of consecutive
mCRPC patients undergoing 177Lu-PSMA-I&T corroborates pre-
vious clinical data on treatment efficacy. It establishes known clini-
cal and laboratory prognostic factors, such as the presence of visceral
metastases, elevated LDH, and elevated AP. The clear association
between PSA PFS and OS and posttreatment scintigraphic tumor
uptake underlines the value of PSMA expression as a prognostic indi-
cator. Finally, we propose skeletal tumor extent on posttherapeutic
scintigraphy as a potential novel and simple prognostic imaging bio-
marker that should be explored in further prospective studies.
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KEY POINTS

QUESTION: Is it possible to predict patient outcome using clinical
and laboratory parameters and newly proposed posttreatment
whole-body scintigraphy parameters updating our experience in a
large number of consecutive mCRPC patients?

PERTINENT FINDINGS: Our retrospective analysis on a large
number of mCRPC patients undergoing 177Lu-PSMA-I&T
corroborated previous reports on 177Lu-PSMA-617 considering
PSA response, PSA PFS, and OS. Moreover, it significantly
established known prognostic factors, such as the presence of
visceral metastases, elevated LDH, and elevated AP, and
introduced tumor extent in the appendicular skeleton on
posttherapeutic scintigraphy as a significant imaging biomarker
predicting patient outcome.

IMPLICATIONS FOR PATIENT CARE: Our retrospective analysis
might pave the way for widespread use and better patient
selection of 177Lu-PSMA-I&T in mCRPC patients and potentially
introduces a simple and inexpensive imaging tool for tumor
response assessment.
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177Lu-PSMA SPECT Quantitation at 6 Weeks (Dose 2)
Predicts Short Progression-Free Survival for Patients
Undergoing 177Lu-PSMA-I&T Therapy
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177Lu-PSMA is an effective treatment in metastatic castration-resistant
prostate cancer (mCRPC). Our ability to assess response rates and
adjust treatment may be improved using predictive tools. This study
aimed to evaluate change in 177Lu-PSMA SPECT quantitative param-
eters to monitor treatment response. Methods: One hundred
twenty-seven men with progressive mCRPC previously treated with
androgen-signaling inhibition (99%) and chemotherapy (71%) received
a median of 3 (interquartile range [IQR], 2–5) 8-GBq (IQR, 8–8.5 GBq)
doses of 177Lu-PSMA-I&T. Imaging included 68Ga-PSMA-11 PET/CT
(SUVmax . 15 at a single site and . 10 at all sites . 2 cm), diagnostic
CT, and 177Lu SPECT/CT from vertex to mid thigh (24 h after treatment).
177Lu SPECT/CT quantitative analysis was undertaken at cycles 1 (base-
line) and 2 (week 6) of treatment. Clinical and biochemical results were
assessed to evaluate prostate-specific antigen (PSA) progression-free
survival (PFS) and overall survival (OS). Results: A PSA reduction of
more than 50% was seen in 58% (74/127). The median PSA PFS was
6.1 mo (95% CI, 5.5–6.7), and OS was 16.8 mo (95% CI, 13.5–20.1). At
the time of analysis, 41% (52/127) were deceased. At baseline and week
6, 76% (96/127) had analyzable serial 177Lu SPECT/CT imaging. SPECT
total tumor volume (TTV) was reduced between baseline and week 6 in
74% (71/96; median,2193; IQR,2486 to241). Any increase in SPECT
TTV between baseline and week 6 was associated with significantly
shorter PSA PFS (hazard ratio, 2.5; 95% CI, 1.5–4.2; P 5 0.0008) but
not OS. Median PSA PFS in those with an increase in SPECT TTV was
3.7 mo (95% CI, 2.8–6.8), compared with 6.7 mo (95% CI, 5.8–10.6) in
those with no increase in SPECT TTV. An increase in SPECT TTV greater
than 20% was also associated with PSA PFS (hazard ratio, 1.9; 95% CI,
1.2–3.0; P5 0.008) but less significantly than any change in SPECT TTV.
There was a significant difference in PSA PFS between patients with
both increased PSA and SPECT TTV and patients with reduced SPECT
TTV andPSA (median, 2.8 vs. 9.0mo;P, 0.0001).Conclusion: Increas-
ing PSMA SPECT TTV on quantitative 177Lu SPECT/CT predicts short
progression-free survival and may play a future role as an imaging
response biomarker, identifying when to cease or intensify 177Lu-PSMA
therapy.

Key Words: metastatic prostate cancer; SPECT; lutetium-PSMA;
response biomarker
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In metastatic castration-resistant prostate cancer (mCRPC), 177Lu-
PSMA is an effective therapy, although treatment resistance and short
response duration remain common (1–4). The ability to monitor early
responses to 177Lu-PSMA therapy may improve patient outcomes by
enabling treatment escalation, change in treatment, or a treatment
“holiday,” dependent on imaging results. Interim and serial 68Ga-
HBEDD-PSMA-11 PET/CT (68Ga-PSMA) have recently been found
predictive of progression-free survival (PFS) with prostate-specific
membrane antigen (PSMA)–targeted radionuclide therapy (5). Quanti-
tative 177Lu SPECT/CT imaging after each 177Lu-PSMA dose may
also be valuable in response monitoring in addition to providing dosi-
metric information. Increased tumor volume on 177Lu SPECT/CT at
dose 3 (week 12) has been shown to predict early disease progression
with 177Lu-PSMA therapy (6). This study aimed to determine if quan-
titative parameters on the week 6 177Lu SPECT imaging 24 h after
177Lu-PSMA therapy predicted treatment response and PFS.

MATERIALS AND METHODS

Men with mCRPC treated clinically with 177Lu-PSMA-I&T were
enrolled into a retrospective registry. Enrolled men were treated at a sin-
gle center with 177Lu-PSMA-I&T at 6-wk intervals until disease pro-
gression or treatment was changed. Information on prior treatment,
years since diagnosis, and biochemical and hematologic parameters was
collected. Patients were followed up after treatment to document pros-
tate-specific antigen progression-free survival (PSA PFS) and overall
survival (OS). 177Lu SPECT/CT 24 h after each treatment was under-
taken for quantification of disease burden. The institutional review board
of St. Vincent’s Hospital approved this retrospective study (Human
Research Ethics Committee approval 2022/ETH00924) and waived the
requirement to obtain informed consent.

Screening
Men underwent screening 68Ga-PSMA PET/CT; bone scan; and CT of

the chest, abdomen, and pelvis. They were eligible if they had an SUVmax

greater than 15 on 68Ga-PSMA PET at one or more sites, an SUVmax

greater then 10 at all measurable sites of disease not impacted by partial
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voluming, and no sites of soft-tissue disease on contrast-enhanced CT
without corresponding 68Ga-PSMA uptake. Patients with an Eastern
Cooperative Oncology Group (ECOG) performance status of 1–3 were
eligible for treatment. A minimum estimated glomerular filtration rate of
35 mL/min, hemoglobin of more than 70 g/L, and platelets of more than
70 (109/unit) were required.

Treatment
Men received treatment with 177Lu-PSMA-I&T at 6-wk intervals

(median number of doses, 3; interquartile range [IQR], 2–5) between
May 2018 and April 2022. A median of 8 GBq (IQR, 7.5–8GBq) of
177Lu-PSMA-I&T was administered via slow intravenous injection.
Dexamethasone, 8 mg orally, was administered on day 1 for each dose
to minimize pain flare and vomiting (7,8). Blood work was routinely
performed at 3-wk intervals to assess toxicity, adverse events, and bio-
chemical response. Prior treatments and the date of diagnosis were
documented, as was PSA PFS and OS. The clinical protocol included
6 doses of 177Lu-PSMA at 6-week intervals, with a multidisciplinary
clinical decision dictating the duration of treatment based on evidence
of disease progression or exceptional response. Patients were followed
up after cessation of treatment to confirm clinical outcomes.

177Lu-PSMA-I&T PSMA-I&T precursor (ABX/Huayi) in sodium ace-
tate buffer was added to non–carrier-added 177Lu-LuCl3 according to the
institutional production protocol. Radiochemical purity was determined
using high-pressure liquid chromatography and thin-layer chromatography.

Imaging Procedures and Analysis
Screening 68Ga-PSMA PET/CT was performed on all patients

before consideration for treatment. All treated patients had 177Lu
SPECT/CT (vertex to mid thighs) acquired 24 h after 177Lu-PSMA-
I&T injection, with the 24-h time point determined on the basis of the
TheraP trial protocol (8). SPECT imaging was undertaken with a Dis-
covery 670 system (GE Healthcare) and a Tandem NM/CT 870 DR
(GE Healthcare) with the following parameters: medium-energy colli-
mators, 3 bed positions, 60 projections over 360" with an acquisition
time of 10 s per frame, 128 3 128 matrix, and 4.42 3 4.42 mm pixel
size. An energy window centered on 208 keV6 10% with a 165keV6

6.5% scatter window was used. An unenhanced low-dose CT scan
was obtained immediately afterward, using the following parameters:
pitch of 1, tube voltage of 120 kV, automatic mAs control (reference
mAs, 90), slice thickness of 3.7 mm, matrix of 512 3 512, and field
of view of 40 cm. For quantitation, the required SPECT calibration
was performed on both cameras with a cylindric phantom (for deter-
mination of sensitivity factor and conversion from counts to units
of activity), and CT attenuation correction was performed using a
CIRS CT-data–to–electron-density phantom by MIM Software Inc.
For images acquired on the Discovery 670, SPECT projection images
were reconstructed with an iterative ordered-subset expectation-
maximum algorithm with 4 iterations and 10 subsets using SPEC-
TRA Quant (MIM Software, Inc.). No pre- or post-reconstruction
filters were applied. CT-based attenuation correction, dual-energy-
window scatter correction, collimator-based resolution recovery, and
quantitative conversion to SUV were performed during the recon-
struction. Images acquired on the Tandem NM/CT 870 DR were pro-
cessed using the same reconstructive parameters on a GE Healthcare
SmartConsole for quantitation. Diagnostic contrast CT chest, abdo-
men and pelvis was undertaken at each treatment cycle to assess for
non–PSMA-avid visceral disease progression.

Quantitative Analysis
177Lu SPECT/CT images were analyzed semiquantitatively using

MIM (LesionID; MIM Software Inc.) software and a standardized semi-
automated workflow to delineate regions of interest with a minimum
SUVmax cutoff of 3 and lesion size of at least 0.5 mm. All lesions

identified quantitatively were manually reviewed and physiologic activ-
ity removed. Whole-body quantitation was used to derive total tumor
volume (TTV), SUVmax, and SUVmean (9).

Statistical Analysis
We measured PSA decline from baseline ($50% [PSA50]) at any

time point; PSA PFS, as defined by Prostate Cancer Working Group
3 (PCWG3) criteria (with PSA progression defined as a PSA rise of
$ 2); and OS (10,11). The Kaplan–Meier method was used to charac-
terize time-to-event endpoints and to estimate medians (presented with
95% CIs). We correlated changes in SPECT TTV, SPECT PSMA
intensity, and clinical and biochemical parameters with time-to-event
outcomes, using univariable and multivariable Cox proportional-
hazards regression models (12,13). Variables included increase in
SPECT TTV, SUVmax, SUVmean, PSA, and radiographic progression.
P values below 5% were considered significant. Analyses were per-
formed using R (version 4.0.5).

RESULTS

Patient Characteristics
Between May 2019 and April 2022, 127 men underwent 177Lu-

PSMA-I&T therapy. All had mCRPC, 99% (126/127) had received
prior androgen-signaling inhibitor (ASI) treatment, and 70%
(89/127) had received prior docetaxel. The mean age was 75 y
(IQR, 70–80 y) (Table 1). Patients received a median of 3 doses up
to a maximum of 10 (IQR, 2–5). Seven percent (9/127) had
received prior 177Lu-PSMA-617 on trial. Fifty-eight percent
(74/127) had a PSA reduction of more than 50% (PSA50). Median
PSA PFS was 6.1 mo (IQR, 4.9–8.4 mo; 95% CI, 5.5–6.7 mo), and
median OS was 16.8 mo (IQR, 6.3–14.9 mo; 95% CI, 13.5–20.1
mo). At the time of analysis, 41% (52/127) were deceased.

TABLE 1
Patient Characteristics (n 5 127)

Characteristic Data

Age (y) 75 (70–80)

Years since diagnosis 6 (3–9)

Prior systemic treatments

LHRH agonist/antagonist 100% (127/127)

Chemotherapy 70% (89/127)

Docetaxel 70% (89/127)

Cabazitaxel 35% (44/127)

Androgen-signaling inhibitor (ASI) 99% (126/127)

PSA (mg/L) 76 (26.7–258.5)

LDH (units/L) 242 (211–301)

Platelets (109/unit) 220 (177–271)

Hemoglobin (g/L) 116 (103–127)

Sites of disease

Bone 97% (93/96)

Lymph nodes 47% (45/96)

Viscera 20% (19/96)

LHRH 5 luteinizing hormone-releasing hormone; LDH 5 lactate
dehydrogenase.

Qualitative data are percentage and number; continuous data
are median and interquartile range (IQR).
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SPECT Quantitation
Seventy-six percent (96/127) of men had analyzable 177Lu

SPECT/CT data at baseline and week 6. 177Lu SPECT/CT quanti-
tation measures at baseline and week 6, including SPECT TTV,
SUVmax, and SUVmean, are summarized in Table 2. On the base-
line 177Lu SPECT/CT, median SUVmean was 8.8 (IQR, 7–12),
median SUVmax was 60 (IQR, 35–88), and median SPECT TTV
was 411 cm3 (IQR, 128–1,169 cm3). SPECT TTV was reduced
between baseline and week 6 in 74% (71/96; median, 2193 cm3;
IQR, 2486 to 241 cm3) and increased in 25% (24/96; median,
103 cm3; IQR, 42–196 cm3). SUVmax was
increased in 24% (23/96), and SUVmean

was increased in 22% (21/96).

Patient Outcomes
177Lu SPECT/CT. At baseline, SPECT

TTV (dose 1) was not significantly associated
with PSA PFS or OS (Table 2). SUVmean

measured on dose 1 177Lu SPECT/CT was
significantly associated with PSA PFS as a
continuous variable (hazard ratio [HR], 0.90;
95% CI, 0.85–0.96; P5 0.0009) but not with
OS (HR, 0.94; 95% CI, 0.9–1.0). When strati-
fied by an SUVmean of more than 7 on dose 1
177Lu SPECT/CT, patients with an SUVmean

of more than 7 had a median PSA PFS of
6.8mo (95% CI, 6–9 mo), versus 3.0 mo
(95% CI, 2.6–6 mo) in those with an SUVmean

of less than 7. An SUVmean of more than 7
was significantly associated with longer PSA
PFS (HR, 2.7; 95% CI, 1.6–4.4; P , 0.001)
and OS (HR, 2.1; 95% CI, 1–4; P5 0.03).
Any increase in SPECT TTV between

baseline and week 6 was associated with sig-
nificantly shorter PSA PFS (HR, 2.5; 95%
CI, 1.5–4.2; P5 0.0008) but not OS. Median
PSA PFS in those with an increase in SPECT
TTV was 3.7 mo (95% CI, 2.8–6.8 mo),
compared with 6.7 mo (95% CI, 5.8–10.6
mo) in those with no increase in SPECT
TTV (Fig. 1). An increase in SPECT TTV
greater than 20% was also associated with
PSA PFS (HR, 1.9; 95% CI, 1.2–3.0; P 5
0.008), but less significantly than any change

in SPECT TTV. Increases in SUVmax and SUVmean were both associ-
ated with PSA PFS (respectively: HR of 1.8 and 95% CI of 1.0–3.1
[P5 0.04] and HR of 2.1 and 95% CI of 1.2–3.8 [P 5 0.01]) but not
OS (Table 3).
Biochemical. Twenty-three percent (22/96) of patients demon-

strated a rise in PSA by week 6. A PSA rise was associated with
significantly shorter PSA PFS (HR, 4.0; 95% CI, 2.3–6.9; P ,
0.0001) and worse OS (HR, 2.4; 95% CI, 1.1–5.1; P 5 0.02). A
baseline lactate dehydrogenase level of more than 1.5 times the
upper limit of normal was associated with worse PSA PFS

TABLE 2
Baseline Predictive Biomarkers

Biomarker

PSA PFS OS

HR 95% CI P HR 95% CI P

SPECT SUVmean 0.90 0.85–0.96 0.0009 0.94 0.9–1.0 0.06

SPECT SUVmean , 7 2.7 1.6–4.4 0.00003 2.1 1–4 0.03

SPECT TTV 1.0 0.99–1.0 0.17 1.0 0.99–1.001 0.1

Hemoglobin (.100) 0.59 0.32–1.1 0.09 0.92 0.39–2.1 0.83

ALP (.1.5 ULN) 1.8 1.1–3.0 0.03 2.2 1.1–4.5 0.04

LDH (.1.5 ULN) 2.3 1.3–4.1 0.006 1.8 0.85–4.0 0.12

ALP 5 alkaline phosphatase; ULN 5 upper limit of normal; LDH 5 lactate dehydrogenase.

FIGURE 1. (A and B) Reduction between SPECT TTV from baseline (A) to week 6 (B) in patient
with PSA PFS at 14 mo. (C and D) Patient with increased SPECT TTV at 6 wk (C) and PSA PFS at
2.0 mo (D).
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(HR, 2.3; 95% CI, 1.3–4.1; P 5 0.006), and an alkaline phospha-
tase level of more than 1.5 times the upper limit of normal was
associated with both worse PSA PFS and worse OS (respectively:
HR of 1.8 and 95% CI of 1.1–3.0 [P 5 0.03] and HR of 2.2 and
95% CI of 1.1–4.5 [P 5 0.04]). Baseline hemoglobin was associ-
ated with neither PSA PFS nor OS (Table 2).
Combination Biomarkers. Of the 25 patients with SPECT TTV

progression at week 6, 44% (11/25) had no concurrent PSA pro-
gression (median PSA PFS, 3.7 mo; 95% CI, 2.8–4.7), and 14
men had both PSA and SPECT TTV progression at week 6
(median PSA PFS, 2.8 mo; 95% CI, 1.4–4.7) (Fig. 2). PSA PFS in
patients with increased PSA and SPECT TTV differed signifi-
cantly from that in patients with reduced SPECT TTV and PSA
(median, 2.8 mo vs. 9.0 mo; P , 0.0001).
Seventy-one men had reduced SPECT TTV by week 6. Eleven

percent (8/71) of men had a reduction in SPECT TTV and PSA

progression (median PSA PFS, 2.7 mo; 95% CI, 1.4–4.8). Of
these, 2 of 8 had new PSMA-negative hepatic lesions identified on
diagnostic CT, and 2 of 8 had new small-volume lesions identified
on SPECT, despite a drop in SPECT TTV.
SPECT Multivariable Analysis. Both a baseline SPECT SUVmean

of more than 7 and a change in SPECT TTV were found to be inde-
pendently predictive for PSA PFS, whereas a change in SUVmean or
SUVmax was not (Table 4).

DISCUSSION

This study demonstrated that a change in tumor volume on
177Lu SPECT/CT between baseline and 6 wk of 177Lu-PSMA-617
therapy is predictive of short PFS. Furthermore, the combination
of increased SPECT TTV and a PSA rise at 6 wk identified a sub-
group of men at high risk of a poor response to 177Lu SPECT/CT
therapy who may benefit from either a change in therapy or the

addition of combination treatments that
may have a synergistic benefit in conjunc-
tion with 177Lu-PSMA. Identifying effec-
tive response biomarker combinations such
as early PSA rise and SPECT TTV, which
provide strong information as early as 6 wk
into treatment, is a big step toward being
able to tailor treatment strategies to individ-
ual patients, thereby improving outcomes.

177Lu-PSMA has proven an effective ther-
apy for mCRPC, with randomized trials
demonstrating improved OS and high PSA
response rates compared with standard-of-
care therapies (2,3). However, responses can
be heterogeneous, and a proportion of men
with suitable 68Ga-PSMA PET screening reults
may have limited treatment responses. At the
same time, combination trials with 177Lu-
PSMA are under way to investigate whether
combining 177Lu-PSMA with other agents may
deepen and prolong responses (NCT04419402,
NCT03658447, NCT03874884) (7,14). Im-
aging biochemical and clinical interim response
biomarkers will be critical in personalizing
treatments to optimize longer-term responses to
PSMA-targeted radionuclide therapy and, con-
versely, in stopping treatment early to mitigate
opportunity cost if other treatment options are
available.

TABLE 3
Univariable Analysis of Response Biomarkers (Baseline to 6-Week SPECT)

Parameter

PSA PFS OS

HR 95% CI P HR 95% CI P

D SPECT TTV 2.5 1.5–4.2 0.0008 1.2 0.6–2.7 0.57

D SPECT SUVmean 2.1 1.2–3.8 0.01 1.7 0.7–4.0 0.2

D SPECT SUVmax 1.8 1.0–3.1 0.04 1.3 0.6–2.8 0.6

D PSA 4.0 2.3–6.9 0.0001 2.4 1.1–5.1 0.02

D 5 change in parameter.

FIGURE 2. Kaplan–Meier curves for PSA PFS in patients with any increase vs. reduced SPECT
TTV (A), rise in PSA at 6 wk vs. reduced PSA at 6 wk (B), and combination of reduced SPECT TTV
with reduced PSA, rising PSA with reduced SPECT TTV, rising SPECT TTV with reduced PSA, and
rising PSA with rising SPECT TTV (C).
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The response evaluation criteria in PSMA PET/CT (RECIP) have
recently been proposed for response assessment using a 12-wk PSMA
PET scan (5). RECIP uses PET/CT quantification to derive volume and
intensity scores applying a combination of a 20% increase in PSMA
PET TTV and new lesions to determine disease progression. A recent
analysis of the LUPIN trial has found that 177Lu SPECT/CT at week 12
is also predictive of treatment response (6). This study has confirmed
this predictive value, also finding that 177Lu SPECT/CT predicts PFS
earlier in treatment (6 wk) without the need for an additional 68Ga-
PSMA PET scan. This finding has significant cost and availability
advantages worldwide, with few countries having approved 68Ga-
PSMAPET/CT for response assessment. Additionally, the current anal-
ysis found that only 4 of 96 patients had new lesions not identified by
an increase in SPECT TTV, 2 of 4 of these being new PSMA-negative
hepatic lesions not evident on PSMA SPECT/CT. More work is
required to determine whether the presence of new lesions on PSMA
imaging should be a requirement in classifying disease progression or
whether increased tumor volume in conjunction with biochemical para-
meters is sufficient.
Currently accepted response biomarkers in mCRPC include a

sequential rise in PSA (15) and RECIST/PCWG3 criteria progres-
sion on diagnostic CT and bone scan (16). Heterogeneity of PSA
expression in mCRPC may limit its predictive value in a propor-
tion of men (17). This possibility is reflected by the fact that 25%
of the men in this study who had an increase in SPECT TTV did
not have a concurrent PSA rise at 6 wk. This percentage is similar
to the 21% identified in a previous SPECT TTV study and the
14% demonstrating 68Ga-PSMA PET progression before PSA pro-
gression by Gafita et al. (5,6). RECIST progression requires serial
imaging to determine progression using PCWG3 criteria, limiting
its value as an early response biomarker for treatment adjustment.
Ongoing evaluation is required to determine whether response
evaluation criteria should be modified to include 177Lu
SPECT/CT, although diagnostic CT will remain important in iden-
tifying PSMA-negative progression.
Screening PSMA and 18F-FDG PET parameters have demon-

strated strong prognostic value for 177Lu-PSMA therapy (18,19).
In the TheraP trial, patients with a high PSMA SUVmean of more
than 10 have an excellent PSA50 response rate (18). SUVmean is
an indirect measure of PSMA expression heterogeneity, which
impacts treatment effectiveness but cannot assess radiation sensi-
tivity. However, change in SPECT TTV may provide individual
information on radiation sensitivity, measuring tumor volume
reduction after treatment. This study found that both the
screening SUVmean (SPECT) and the change in SPECT TTV were

independently predictive of PSA PFS, raising the possibility of
developing effective imaging response nomograms as early as 6
wk into treatment.
Previous work has identified baseline PSMA and biochemical

parameters that predict early treatment failure for patients undergoing
177Lu-PSMA therapy (13). A novel component of our study is the
evaluation of baseline PSMA SPECT parameters in addition to the
change in SPECT between baseline and after 6 wk of therapy. This
study demonstrates that baseline PSMA predictive biomarkers can
be derived from SPECT in addition to baseline PET imaging. This
ability may be valuable when PSMA PET is not widely available.
This study relied on quantitation of SPECT data rather than

visual assessment. This reliance on quantitation for effective pre-
dictive and response biomarkers in molecular imaging is increasing,
including the highly valuable SUVmean on screening 68Ga-PSMA
PET for 177Lu-PSMA therapy (18–20). However, quantitation is
not the standard of care and is time-intensive. Further work is
needed to streamline quantitation for widespread adoption into rou-
tine practice (9).
There were several limitations to this study, a single-center ret-

rospective analysis of a clinical treatment program. Although PSA
and survival data were rigorously collected, obtaining routine
RECIST/PCWG3 bone scan criteria for radiographic progression
was not possible. Additionally, 177Lu SPECT/CT quantitative
measures can vary significantly between centers and systems, and
these findings require validation in other clinical databases and
quantitative programs (21). This study evaluated only the first 2
SPECT data time points quantitatively, and examination of subse-
quent time points could provide more comprehensive information
on the value of 177Lu SPECT/CT. Finally, further research with
larger patient numbers and outcome data is necessary to better
define appropriate volume cutoffs for a significant increase in
SPECT TTV that should be used to identify disease progression.

CONCLUSION

Increasing PSMA-SPECT-TTV on quantitative 177Lu SPECT/
CT predicts short PFS and may play a future role as an imaging
response biomarker, identifying when to cease or intensify 177Lu-
PSMA therapy.
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KEY POINTS

QUESTION: Is there value in SPECT imaging of patients after
177Lu-PSMA therapy?

PERTINENT FINDINGS: A change in tumor volume on 177Lu
SPECT/CT at week 6 is predictive of short PFS and may have
potential as a response biomarker.

IMPLICATIONS FOR PATIENT CARE: 177Lu SPECT/CT has
potential as an imaging response biomarker and may assist in the
management of men with mCRPC undergoing 177Lu-PSMA
therapy.
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Ultrasensitive, high-resolution, extended-field-of-view total-body (TB)
PET using the first-of-its-kind 194-cm axial-field-of-view uEXPLORER
may facilitate the interrogation of biologic hallmarks of hitherto
difficult-to-evaluate low-signal vessel wall pathology in cardiovascular
disease. Methods: Healthy volunteers were imaged serially for up to
12h after a standard dose of 18F-FDG (n515) or for up to 3h after
injection of a very low dose (about 5% of a standard dose; n515). A
cohort undergoing standard 18F-FDG PET (n515) on a conventional
scanner with a 22-cm axial field of view served as a comparison
group. Arterial wall signal, crosstalk with hematopoietic and lymphoid
organs, and image quality were analyzed using standardized tech-
niques. Results: TB PET depicted the large vessel walls with excellent
quality. The arterial wall could be imaged with high contrast up to 12h
after tracer injection. Ultralow-dose TB 18F-FDG images yielded a ves-
sel wall signal and target-to-background ratio comparable to those of
conventional-dose, short-axial-field-of-view PET. Crosstalk between
vessel wall and lymphoid organs was identified with better accuracy
in both TB PET cohorts than in conventional PET. Conclusion: TB
PET enables detailed assessment of in vivo vessel wall biology and its
crosstalk with other organs over an extended time window after tracer
injection or at an ultralow tracer dose. These initial observations sup-
port the feasibility of serial imaging in low-risk populations and will
stimulate future mechanistic studies or therapy monitoring in athero-
sclerosis and other vessel wall pathologies.

Key Words: vessel wall; PET; total-body imaging; inflammation;
atherosclerosis
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Biologic activity of the vessel wall has emerged as an attrac-
tive target for noninvasive molecular imaging because of its key
role in atherosclerosis (1) but also in other vascular pathologies
such as vasculitis or aneurysm (2,3). Specifically, atherosclerosis
is recognized today as an inflammatory disease of the arterial wall,
for which progression is linked to a tight interplay with the hema-
topoietic system and various other systemic factors (4).
PET has provided translationally relevant insights into plaque

biology; into the crosstalk between vessel wall, hematopoietic

system, and other systemic factors; into the importance of biologic
systems activation for disease progression; and into the response
to pharmacologic intervention (5–12). The application of PET in
atherosclerosis has still, however, been limited mostly to single or
dual time points in an individual, because of the radiation expo-
sure derived from standard tracer doses (13). Limited sensitivity
for the detection of weak signal from the relatively small vessel-
wall target region is considered another challenge, as is the need
for sequential imaging of body regions that are not covered by the
limited axial field of view of a standard PET scanner.
Total-body (TB) PET is a recent technologic innovation charac-

terized by an extended axial field of view that covers the entire
body simultaneously and provides an up to 15–68 times higher
detection sensitivity than current conventional PET systems, along
with the highest spatial resolution (#3.0 mm) of any current clinical
whole-body PET scanner (14). The performance characteristics
of the first-of-its-kind 194-cm-long TB PET scanner, the uEX-
PLORER (United Imaging Healthcare), have recently been reported
(15,16). Its capabilities for imaging of the vessel wall, however,
have not yet been investigated. Here, we report the usefulness of
TB PET for vascular molecular imaging at high contrast and a very
low dose and for simultaneous assessment of systemic interaction
with the hematopoietic and lymphoid systems.

MATERIALS AND METHODS

This is a condensed version of the methods; the full version is in
the supplemental materials, available at http://jnm.snmjournals.org.

Study Design and Data Collection
This prospective study included 3 different cohorts (total n5 45)

(Table 1). The first cohort (n5 15) included healthy subjects imaged
with a standard dose (3726 17 MBq) of 18F-FDG on the uEXPLORER
TB PET scanner at the University of California, Davis, at 1.5, 3, and
12 h after injection, to determine the feasibility of an extended time
window for imaging of the vessel wall. The second cohort (n5 15)
included healthy subjects imaged with an ultralow dose (19.66
1.7MBq) of 18F-FDG using the same scanner at 1.5 and 3 h after injec-
tion, to determine the potential for disease screening and repeat imaging
with minimal radiation to the patient. The third cohort (n5 15) included
a sex-matched patient group imaged with a standard dose (3076
12MBq) of 18F-FDG using a conventional PET scanner (Fig. 1) with a
22-cm axial field of view (Biograph mCT flow; Siemens Healthineers).
Cardiovascular risk factors and medication were documented (17,18).
The study protocol complied with the Declaration of Helsinki and
was approved by the institutional review boards of the University of
California, Davis (approval 1341792), and Hannover Medical School
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(approval 8774_BO_S_2019). All patients at the University of Califor-
nia, Davis, and Hannover Medical School provided written informed
consent.

PET Image Acquisition and Reconstruction
TB PET. Ultralow-dose TB CT scans (5 mAs; 140 kVp; tube cur-

rent modulation on; effective dose, #1 mSv) or low-dose TB CT scans
(50 mAs; 140 kVp; tube current modulation on; effective dose,
#10mSv) were acquired for attenuation and scatter correction. The CT
matrix size was 512 3 512 3 828 with 0.977 3 0.977 3 2.344mm
voxels. A static PET scan of the entire body without bed motion was
obtained for 20 min starting 90, 180, and 720 min (standard dose only)
after injection. The administered dose of 18F-FDG was 3726 17MBq
for the standard-dose cohort (n5 15) and 19.66 1.7 MBq for the low-
dose cohort (n5 15). Blood glucose was less than 160 mg/dL in all sub-
jects before injection. Studies were reconstructed from list-mode data
with vendor-provided software using an iterative algorithm (20 subsets,
4 iterations) incorporating time-of-flight information but no point-spread

function correction. The reconstruction matrix was 256 3 256 3 828
with isotropic voxels of 2.344 mm. Studies were corrected for attenua-
tion, scatter, randoms, and dead time. No smoothing was applied to the
reconstructed images.
Conventional PET. Low-dose whole-body CT (25 mAs, refer-

ence; 120 kV; CARE Dose4D [Siemens Healthcare]; 5-mm slice
thickness; pitch, 1.4) was performed. Using continuous bed motion to
cover the entire body, a static PET scan was obtained at 60–90 min
after administration of 3076 12 MBq (range, 291–329 MBq) of 18F-
FDG. Blood glucose was less than 120 mg/dL in all patients before
injection. Attenuation-corrected studies were reconstructed using Ultra
HD (Siemens Healthcare), an iterative algorithm combined with time-
of-flight and point-spread function information (2 iterations; 21 sub-
sets; matrix, 200; zoom, 1.0; gaussian filter, 5.0 mm).

Image Analysis
Vessel wall 18F-FDG signal in major arteries (19) was analyzed as

described previously using the average SUVmax and the arterial target-
to-background ratio (20), yielding a measure for assessment of global

TABLE 1
Characteristics of Conventional and TB PET Cohorts

Parameter Conventional PET cohort

TB PET cohorts

Standard dose Ultralow dose

Subjects (n) 15 15 15

Sex (%)

Male 40 40 53

Female 60 60 47

Age (y)

Mean 6 SD 59.0 6 10.4 49.7 6 14.7 45.0 6 11.1

Range 33–72 26–78 26–62

Body mass index (kg/m2)

Mean 6 SD 25.3 6 3.1 29.1 6 5.7 25.8 6 3.4

Range 19.9–28.7 19.4–37.0 20.4–32.3

Cardiovascular risk factors

Arterial hypertension (n) 7 (47%) 3 (20%) 1 (7%)

Hypercholesterolemia (n) 3 (20%) 5 (33%) 4 (27%)

Diabetes mellitus (n) 2 (13%) 0 0

History of smoking (n) 9 (60%) 1 (7%) 1 (7%)

Pack-years*

Mean 6 SD 44 6 22 15 20

Range 10–80

Prior myocardial infarction (n) 4 (27%) 0 0

Prior stroke (n) 1 (7%) 0 0

Prior cardiovascular intervention (n) 5 (33%) 0 0

Family history of IHD (n) 4 (27%) 4 (27%) 5 (33%)

Statin medication (n) 7 (47%) 2 (13%) 2 (13%)

Injected dose 3 (20%) 1 (7%)

Mean 6 SD 307.2 6 11.5 372.4 6 17.0 19.6 6 1.7

Range 291.1–328.6 337.3–393.8 17.2–23.5

*There was only 1 subject with history of smoking within each of these 2 cohorts; there is no SD and range is equal to the mean.
SD 5 standard deviation; IHD 5 ischemic heart disease.
Cardiovascular risk factors were available for 11 subjects in standard-dose cohort and 12 subjects in ultralow-dose cohort and in all

patients of conventional cohort.
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vascular activity for comparison with other surrogate markers of car-
diovascular disease (21). Likewise, calcified plaque was assessed
(17,19). For characterization of systemic interactions between arterial
wall signal and activity of hematopoietic and lymphoid organs (10),
spleen signal, bone marrow signal, and lymph node signal were deter-
mined. Image noise was assessed using the coefficient of variation of
normal liver parenchyma (22).

Statistical Analyses
One-way ANOVAwith #S$ıd$ak multiple-comparisons testing, repeated-

measures ANOVA with the Geisser–Greenhouse correction and #S$ıd$ak
multiple-comparisons testing, paired t tests, and Pearson correlation
coefficients were used for analyses. Statistical significance was estab-
lished for P values of less than 0.05. Analysis
was performed using Prism (version 9.0; Graph-
Pad Software) for Microsoft Windows.

RESULTS

Subjects in the TB PET cohorts exhibited
a significantly lower number of calcified vessel
wall lesions than patients in the conven-
tional PET cohort (P5 0.011 for standard-
dose cohort; P5 0.002 for ultralow-dose
cohort), consistent with a lower cardiovascu-
lar risk profile (Supplemental Tables 1–3;
Table 1). However, a clear-cut vessel wall
signal was identified by TB PET in these
cohorts despite their lower risk profile.

TB PET Allows for High-Contrast Vessel
Wall Imaging by Enabling Imaging Much
Later After Tracer Injection
Standard-dose TB PET images yielded

excellent image quality up to the final time

point of 12h after 18F-FDG injection (Fig. 2).
For both the aortic wall and other arterial
walls, SUVmax as a measure of vessel wall
signal strength was comparable between early
standard-dose TB PET and conventional PET
(Supplemental Table 4), albeit the conven-
tional cohort had a higher risk profile. Arterial
wall signal (SUVmax) increased significantly
at very late imaging (1.5 vs. 12 h after injec-
tion: SUVmax, P, 0.0001) in standard-dose
TB PET, whereas there were only minor
changes in arterial wall signal between 1.5
and 3 h after injection in both TB cohorts.
Importantly, blood-pool signal signifi-
cantly decreased over time (P, 0.0001 in
all cases), leading to a significant increase
in the target-to-background ratio as a mea-
sure of vessel wall contrast (P, 0.0001 in
all cases). Image noise increased at later
imaging time points, particularly (and expect-
edly) on 12-h delayed images (Supplemental
Table 4).

TB PET Imaging of the Vessel Wall
Is Feasible Using Ultralow
Radiotracer Doses
Ultralow-dose TB PET images were of

good quality, providing clear visualization
of the vessel wall (Fig. 3). Expectedly, there was more noise than
for standard-dose images, but the arterial wall signal strength was
comparable, and the target-to-background ratio demonstrated the
same temporal evolution toward an increase over time (Fig. 4; Sup-
plemental Table 4).

TB PET Improves Analysis of Interorgan Immune Crosstalk
Signal from spleen and bone marrow (Figs. 5 and 6) did not sig-

nificantly differ between cohorts (lymph node signal was higher in
the ultralow-dose cohort). Regarding intraindividual imaging time
points, spleen signal decreased over time (P # 0.0143), whereas
bone marrow signal consistently increased over time (standard
dose, P # 0.0017; ultralow dose, P5 0.0014) in both TB PET

A

Total-Body PET

Conventional PET

B

Conventional PET, SD, 1.5 h p.i.

1.5 h p.i.

0

8

S
U
V

8

0

S
U
V

PET PET/CTPET MIP

18
F-

FD
G

PE
T/

C
T

FIGURE 1. Exploring arterial wall biology using ultrasensitive TB PET. (A) Graphical illustration of
TB PET scanner vs. conventional short-axial-field-of-view PET scanner. Axial field of view (FOV) of
TB PET scanner is 194 cm, providing simultaneous coverage of all tissues and organs in body, with
overall increase in effective sensitivity of more than 15- to 68-fold. Axial FOV of conventional PET
scanner is typically less than 25 cm. (B) Sample 18F-FDG PET maximum-intensity-projection image
and cross-sectional PET and PET/CT images acquired using conventional high-end scanner in
66-y-old man. MIP5maximum-intensity projection; p.i.5 after injection; SD5 standard dose.
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FIGURE 2. Sample TB 18F-FDG PET maximum-intensity-projection images and cross-sectional
PET/CT images at different time points using standard radiotracer dose (#370 MBq), ranging from
1.5 h after injection to 12 h after injection. TB PET imaged aortic wall with excellent quality and high
contrast, which improved with time. MIP5 maximum-intensity projection; p.i.5 after injection; SD 5

standard dose.
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cohorts (Supplemental Table 5). Importantly, arterial wall signal
and activity in lymphoid organs correlated more frequently and
more strongly for TB PET than for standard PET (Supplemental
Table 6; Fig. 7), particularly in high-quality early images.

DISCUSSION

PET has been used in the past as a powerful tool for noninvasive
interrogation of vessel wall biology in vivo. For this use, it has pro-
vided valuable insights into disease mechanisms and responses to
therapeutic interventions (5–12). However, the arterial wall repre-
sents a thin target structure, where target
molecules and cell types of interest are more
difficult to identify than in larger organs and
tissues (10). Using standard PET scanners,
robust signal detection remains challenging
and is often restricted to large vascular struc-
tures or requires high-end motion correction
and extended acquisition techniques (23).
Our study supports the notion that the
recently reported 15- to 68-fold sensitivity
gain for TB PET, when compared with cur-
rent standard systems (15), can be used for
improved vessel wall imaging. Intriguingly,
the sensitivity of TB PET enables delayed
and longitudinal imaging after many half-
lives of the radionuclide. For the first time,
to our knowledge, we have evaluated the
evolution of the arterial wall signal up to
12 h after injection of 18F-FDG, equivalent
to about 6.5 half-lives of 18F. The vessel
wall signal increased significantly over time.
And because blood pool continuously
clears over time, the vessel wall target-to-
background ratio improves further,

providing superior contrast. Delayed imag-
ing with optimized contrast is therefore one
option resulting from the use of ultrasensi-
tive TB PET. Although the target-to-
background ratio increased over time, the
time point with the highest SUV in arterial
wall imaging could not be determined from
this study. Images were acquired not contin-
uously but at certain time points.
Another feasible option supported by our

study is the use of ultralow-dose imaging.
Radiation exposure may be seen as an ob-
stacle to the application of vascular PET
imaging, especially in low-risk popula-
tions or for serial observations (13,24).
The effective dose from a standard activity
of 370 MBq of 18F-FDG is about 7 mSv, but
using ultralow-dose TB PET, we showed that
imaging of the vessel wall is feasible using
doses of as low as 5% of a standard dose for
up to 3h after injection, with good image
quality and comparable signal strength and
vascular contrast compared with standard
techniques, although the conventional PET
cohort had a higher risk profile, likely associ-
ated with a higher true wall signal (12). The

effective dose of 0.4 mSv for the 20MBq of 18F-FDG in the ultralow-
dose protocol is less than 15% of the natural annual radiation expo-
sure, supporting the feasibility of longitudinal studies or broader
cross-sectional applications of this technique. Although additional
radiation exposure will originate from the CT scan obtained for ana-
tomic coregistration, we expect that there will be solutions for fur-
ther dose reduction here, too. We note that with the 5-mAs CT
protocol used for TB PET in this study, the estimated dose was only
1 mSv. Given the excellent anatomic detail in the stand-alone TB
PET images, it may, for example, be conceivable to perform PET-
only studies using artificial intelligence–derived maps for
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FIGURE 3. Sample TB 18F-FDG PET/CT images at 1.5 and 3 h after injection using very low radio-
tracer dose (#5% of standard dose). Clear vessel wall signal can be obtained using very low radio-
tracer doses. MIP5 maximum-intensity projection; p.i.5 after injection; ULD5 ultralow dose.

FIGURE 4. Multiple-time-point imaging of arterial wall signal. (A) Arterial wall SUVmax increased
significantly at very late imaging (12 h after injection, P , 0.0001) on standard-dose TB PET,
whereas there were only minor changes in arterial wall signal between 1.5 and 3 h after injection in
both TB cohorts. (B) By contrast, blood pool SUVmax significantly decreased at later imaging time
points on TB PET (standard dose, P , 0.0001; ultralow dose, P , 0.0001). (C) Result was increase
in target-to-background ratio over time (standard dose, P , 0.0001; ultralow dose, P , 0.0001).
* 2 ,0.05; ** 2,0.01; *** 2,0.001; **** 2,0.0001. ns 5 not statistically significant; p.i. 5 after
injection; SD 5 standard dose; ULD 5 ultralow dose.
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attenuation correction of PET images (25). Last, further reduction of
injected activity was not tested in our study but appears possible if
early imaging time points are used. Nevertheless, a detailed analysis
of distinct plaques would likely require a higher CT image quality
(and dose) for an appropriate analysis of individual plaque structure.
Furthermore, we assessed the global vascular activity (21) but not
the activity of individual plaques. Analysis of distinct arterial pla-
ques is particularly difficult—and may be less reliable—in the pres-
ence of image noise. Importantly, there was more noise using
ultralow radiotracer doses than for the standard-dose images in this
study, highlighting the need for higher tracer doses when analyzing
distinct plaques.
Unlike conventional PET, which is

acquired with sequential bed positions alter-
nating between image acquisition and
patient table motion, TB PET allows for
simultaneous imaging of the entire body,
providing a superior measurement tech-
nique without changes in tracer distribution
due to varying imaging time points for dif-
ferent parts of the body. This not only
enables accurate and complete coverage of
the whole vascular tree but also provides
simultaneous information from other organs
and tissues that may be interconnected. Our
study showed that TB PETmay provide more
robust information on the relationship
between vessel wall signal and activated lym-
phoid system than standard PET. Simulta-
neous coverage of the entire body may
therefore be superior for analysis of systems-
based interactions. The complex, multifaceted
systemic interactions between cardiovascular
disease and other organs or tissues have
gained increasing interest and fostered the

emergence of novel interdisciplinary clinical
subspecialities such as neurocardiology, car-
diorheumatology, and cardiooncology
(8,26,27). An example is that the local
inflammatory tissue response after acute
myocardial infarction not only may result in
a systemic inflammatory response with exac-
erbated vessel wall inflammation (28) but
also induces neuroinflammation as a potential
precursor to cognitive dysfunction (29). TB
PET holds the key to providing further and
deeper insights into these interorgan interac-
tions at the crossroads between cardiovascu-
lar medicine and other fields.
The potential of TB PET for vascular

imaging may grow even further. The ultra-
high sensitivity will enable ultrafast im-
aging (30,31), which can be used to obtain
parametric images after pixelwise kinetic
modeling (32) and may enable real-time
motion correction of moving structures such
as the coronary arteries. Dynamic TB im-
aging allows for generation of parametric
images using voxel-based Patlak graphical
analysis, such as of the metabolic rate of
18F-FDG. Absolute quantification of arterial

wall signal and hematopoietic and lymphoid organ signal may show
further improved characterization of systemic organ interactions
compared with standard SUV images (33). Such advanced technical
developments are expected to yield an even further increase in con-
trast and accuracy. Additionally, it is important to recognize that
although 18F-FDG was used as a tracer example in this study, the
methods can be transferred to any other PET tracer. 18F-FDG has
been validated as a marker of plaque inflammation (34) but has also
been shown to have specificity limitations (7). Other clinically feasi-
ble tracers, such as 18F-sodium fluoride (7,17) or 68Ga-pentixafor
(19,23), may benefit equally from the advantages of TB PET.
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FIGURE 5. Dissecting multiorgan immune crosstalk. (A) Assessment of arterial wall uptake in
different large arteries using regions of interest in sample conventional PET. For each arterial locali-
zation, uptake was evaluated in 10 slices and then averaged (left panel, PET maximum-intensity-
projection image; middle and right panels, transaxial PET/CT images). (B) Sample TB 18F-FDG PET
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FIGURE 6. Dissecting multiorgan immune crosstalk. Spleen and bone marrow signal did not signif-
icantly differ between conventional PET and TB PET cohorts. Regarding intraindividual imaging time
points, spleen signal decreased over time (e.g., standard-dose TB PET at 12 h after injection [P ,

0.0001]), whereas bone marrow signal increased with time (standard dose, P # 0.0017; ultralow
dose, P 5 0.0014) in both TB PET cohorts. Lymph node signal increased significantly at 12 h after
injection (P , 0.0001). * 2 ,0.05; **2,0.01; ***2,0.001; **** 2,0.0001. ns 5 not statistically sig-
nificant; p.i.5 after injection; SD5 standard dose; ULD5 ultralow dose.
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Some limitations of our work should be acknowledged. First, the
sample size in the different cohorts was limited, and the TB PET
cohorts comprised healthy volunteers with a predominantly low
cardiovascular risk profile, precluding a meaningful analysis of the
association between arterial wall signal and cardiovascular risk fac-
tors in the context of low statistical power to detect such associa-
tions. Although imaging of large cohorts of volunteers remains
challenging, future analyses may comprise larger clinical samples of
patients scanned with TB PET, once the technology has been more
broadly applied. Biologic (e.g., the different accepted blood glucose
values at the time of PET) and technical factors affecting SUVs may
have influenced the study results to some extent but reflect different
clinical practices at different sites contributing patients to this study.
However, the aim of this study was to demonstrate both principal
novel applications and the improved characterization of biologic
processes using TB PET. Future studies may also demonstrate an
improved relation between PET signal and histopathologic ground
truth, that is, inflammation in cases of 18F-FDG (34) or with other
inflammatory biomarkers such as C-reactive protein. In particular,
correlation with biomarkers may improve at later acquisition
times (e.g., at 12 h after injection) and with an optimized target-to-
background situation, which might be worthwhile exploring. We
provided a first indication of such an improved characterization of
biologic processes, given the better correlation between vessel wall
signal and hematopoietic and immune organ activity such as spleen
and regional lymph nodes in TB PET. Finally, this work focused on
demonstrating the initial feasibility of vessel wall imaging using the
uEXPLORER scanner, but it was not designed as a controlled trial,
such as to monitor the effects of a specific pharmacologic interven-
tion. Our work provides the technologic basis for such studies and
should be seen as a stimulus for future more expansive efforts.

CONCLUSION

The first human vessel wall imaging studies using the ultrasen-
sitive, high-resolution TB PET uEXPLORER system highlight the

opportunities for extended-time-window im-
aging, ultralow-dose imaging, and systems-
based analysis of interorgan interaction.
Future work will focus on further advances
in TB PET data analysis, on additional vessel
wall– targeted radiopharmaceuticals, and on
clinical feasibility studies using TB PET for
such applications as atherosclerosis screening
with a global disease activity score,
imaging-based stratification for therapy,
and repeat imaging in treatment
monitoring.
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KEY POINTS

QUESTION: Does TB PET improve imaging of vessel wall activity
in patients with atherosclerosis?

PERTINENT FINDINGS: TB PET enabled detailed assessment of
in vivo vessel wall biology and its crosstalk with other organs, over
an extended time window after tracer injection or at an ultralow
tracer dose.

IMPLICATIONS FOR PATIENT CARE: TB PET may influence the
present clinical practice of cardiovascular PET imaging. These
initial observations support the feasibility of serial imaging in
low-risk populations, and they will stimulate future mechanistic
studies or therapy monitoring in atherosclerosis and other vessel
wall pathologies.
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Today, there is a lack of clinically available imaging techniques to detect
and quantify specific immune cell populations. Neutrophils are one of
the first immune cells at the site of inflammation, and they secrete the
serine protease neutrophil elastase (NE), which is crucial in the fight
against pathogens. However, the prolonged lifespan of neutrophils
increases the risk that patients will develop severe complications, such
as acute respiratory distress syndrome (ARDS). Here, we evaluated
the novel radiolabeled NE inhibitor 11C-GW457427 in a pig model of
ARDS, for detection and quantification of neutrophil activity in the
lungs. Methods: ARDS was induced by intravenous administration of
oleic acid to 5 farm pigs, and 4 were considered healthy controls. The
severity of ARDS was monitored by clinical parameters of lung function
and plasma biomarkers. Each pig was studied with 11C-GW457427
and PET/CT, before and after pretreatment with the NE inhibitor
GW311616 to determine in vivo binding specificity. PET image data
were analyzed as SUVs and correlated with immunohistochemical
staining for NE in biopsies. Results: The binding of 11C-GW457427
was increased in pig lungs with induced ARDS (median SUVmean, 1.91;
interquartile range [IQR], 1.67–2.55) compared with healthy control pigs
(P , 0.05 and P 5 0.03, respectively; median SUVmean, 1.04; IQR,
0.66–1.47). The binding was especially strong in lung regions with high
levels of NE and ongoing inflammation, as verified by immunohisto-
chemistry. The binding was successfully blocked by pretreatment
of an NE inhibitor drug, which demonstrated the in vivo specificity of
11C-GW457427 (P, 0.05 and P5 0.04, respectively; median SUVmean,
0.60; IQR, 0.58–0.77). The binding in neutrophil-rich tissues such as
bone marrow (P , 0.05 and P 5 0.04, respectively; baseline median
SUVmean, 5.01; IQR, 4.48–5.49; block median SUVmean, 1.57; IQR,
0.95–1.85) and spleen (median SUVmean, 2.14; IQR, 1.19–2.36) was
also high in all pigs. Conclusion: 11C-GW457427 binds to NE in a
porcine model of oleic acid–induced lung inflammation in vivo, with a
specific increase in regional lung, bone marrow, and spleen SUV. 11C-
GW457427 is a promising tool for localizing, tracking, and quantifying
neutrophil-facilitated inflammation in clinical diagnostics and drug
development.

KeyWords: inflammation; PET; neutrophil elastase; ARDS
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The acute respiratory distress syndrome (ARDS) is a life-threat-
ening condition characterized by lung injury, infiltration of immune
cells, increased permeability, and decreased pulmonary function (1).
Inflammation damages the thin-walled alveoli and the alveolar–capil-
lary unit, determining lung edema, decreased lung compliance, and
hypoxemia, eventually resulting in the need for mechanical ventila-
tion (2). Different direct (e.g., pneumonia or pulmonary injury) or
indirect (e.g., sepsis) mechanisms can lead to ARDS, and despite
improvement in treatment, the condition is associated with high mor-
tality (3).
There are several inflammatory biomarkers associated with

ARDS, such as cytokines, demonstrating that immune cell recruit-
ment and accumulation are an important path of the pathology (4).
Inflammatory processes may affect all major organs and, unre-
solved, may lead to development of fibrosis and finally organ fail-
ure. Even in ARDS induced by intrapulmonary causes such as
injurious mechanical ventilation, activation of the inflammatory
cascade and mediators carried by the blood circulation can reach
remote organs and contribute to multiorgan failure (5).
In this process, immune-active cells such as leukocytes play a key

role, and neutrophils are the most abundant leukocytes in the circula-
tion. They are part of the innate immune system, acting as a first line
of defense in the immune response, and are recruited to the site of
damage within minutes after trauma or acute inflammation. Neutro-
phils are produced from stem cells in the bone marrow, and they are
highly mobile not only in the bloodstream but also in the marginated
intravascular pools in the lungs, spleen, and liver (6,7). The lifespan
of neutrophils in healthy humans is short, as inactivated neutrophils
survive only around 8 h (8). However, the activated neutrophils can
prolong their existence up to 5 d (9). The extended life of activated
neutrophils promotes chronic inflammation and inflammation-related
morbidity in several lung diseases, including ARDS (7,10). On acti-
vation, neutrophils can increase the permeability of the blood vessels
to proteins and migrate through them into interstitium. Neutrophils
can defend the host from invaders by phagocytosis, secretion, and
release of antimicrobials (degranulation) and formation of neutrophil
extracellular traps (11). One of the biomarkers linked with ARDS is
neutrophil extracellular traps, whose purpose is to physically trap
microorganisms on the DNA strands to prevent the spread and to
disarm pathogens using antimicrobial proteins such as neutrophil
elastase (NE) (2).
NE is a serine protease stored in the primary granules of neutro-

phils and released on neutrophil activation by degranulation and
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neutrophil extracellular traps. Thus, NE has a key role in mediating
tissue remodeling, but it can also damage the lung parenchyma and
the airway walls. NE inhibitors such as sivelestat have been investi-
gated as a treatment for acute lung injury and ARDS, with mixed
results and no proven efficacy (12). This could potentially be
explained by insufficient dosing, exposure, or duration of treatment.
No quantitative molecular imaging modality such as PET and a
selective PET tracer targeting NE has been used to verify the inter-
action between drug and drug target and quantify the degree of
elastase inhibition in vivo. Thus, monitoring the potential of these
novel therapeutic strategies requires improved understanding and
techniques to monitor disease progression noninvasively.
Currently, the NE activity in vivo can be monitored by intravital

microscopy, which is limited in depth and field of view and is
therefore suitable mainly for preclinical use on small animals
(6,13). Clinically, in vitro NE levels can be analyzed from sputum
and plasma samples; however, the sputum samples are unreliable
and plasma samples are not tissue-specific to lungs.
In vivo imaging of NE activity has also been attempted by

radiolabeling of a peptide with high affinity for NE (14). The
resulting tracer, 99mTc-mercaptoacetyltriglycine-EPI-human neu-
trophil elastase inhibitor 2, could visualize inflammation in tissue
in nonhuman primates, demonstrating the feasibility of NE in vivo
imaging by SPECT.

11C-GW457427 (0.44 kDa) is a novel small-molecule PET tracer
targeting NE. We have recently reported good-manufacturing-
practice–ready production, toxicology, dosimetry, metabolite analy-
sis, and in vivo binding data on mice for 11C-GW457427 (15), as
well as a pilot clinical study on patients with coronavirus disease
2019 (COVID-19) (16).
The aim of this study was to validate 11C-GW457427 as a PET

marker for NE in a translationally relevant large-animal model of
ARDS. Porcine and human neutrophils behave similarly and have
comparable respiratory mechanics and gas exchange in the lungs
(17,18). This makes the pig a relevant model for preclinical studies
of NE in ARDS.

MATERIALS AND METHODS

Radiosynthesis of 11C-GW457427
11C-GW457427 was synthesized as described in detail previously

(15,16). 11C-GW457427 (n 5 17) was generated with radiochemical
purity of more than 95%.

Animal Handling
The animal experiments were authorized by the Animal Ethics

Committee of the Swedish Animal Welfare Agency and performed
according to the ARRIVE and institutional guidelines (“Uppsala Uni-
versity Guidelines on Animal Experimentation,” UFV 2007/724).

Induction of ARDS in Pig
On the morning of the study day, pigs (n 5 9; weight, 22–27 kg;

Swedish landrace; mean age, 2 mo) were transported to Uppsala Univer-
sity and anesthetized initially by intramuscular administration of tilet-
amine-zolazepam. Swedish Landrace pigs were chosen because they are
a common pig strain in Sweden. Their health is strictly controlled by the
veterinarian authorities, but the strain is not genetically modified or the
result of inbreeding. The selected age of the pigs was primarily due to
logistics, as Swedish Landrace pigs are around 25–30 kg in weight at
the age of 2 mo, which is large enough to be suitable for the spatial reso-
lution of the clinical PET scanner used (3–5 mm) but small enough to
handle and transport under anesthesia.

Anesthesia was maintained with intravenous ketamine, fentanyl,
and midazolam as previously described (19). The experiment was con-
ducted with the animal supine to mimic a patient’s position on the
intensive care bed. The animals were ventilated in volume-controlled
mode, with an inspired oxygen fraction of 0.5, positive end-expiratory
pressure of 5 cm H2O, tidal volume of 6 mL/kg, and respiratory rate
of 20/min. Minute volume was adjusted to maintain normocapnia
during the experiment by titrating the respiratory frequency. Acute
lung damage was induced in 5 pigs by injection of oleic acid (cis-9-
octadecenoic acid, OA) as described previously in detail (20,21).
Approximately a 0.1 mL/kg dose of OA-ethanol solution (1:1 by vol-
ume) was given. OA-ethanol solution was administered through a cen-
tral venous catheter in repeated boluses of around 0.5 mL. Particular
attention was paid to obtaining a complete dispersion of the OA into
the infusate, avoiding large droplets. Administration of OA was sus-
pended if O2 saturation fell below 80%. Any fall in systemic arterial
pressure during OA injection was countered using epinephrine, in
boluses of 0.01 mg.

Of the 9 pigs in this study, 5 had induced lung inflammation and 4
were untreated. The lung function and severity of the ARDS were
evaluated by repeatedly monitoring ventilator readouts (in particular
lung compliance) and the partial pressure of arterial blood gases
together with the oxygen saturation of arterial hemoglobin and the
ratio between partial pressure of oxygen in arterial blood and inspired
oxygen fraction. The measurements were conducted before the ARDS
induction (baseline), directly after ARDS (T1), after the first injection
of 11C-GW457427 (T2), and after the administration of blocking com-
pound (T3).

Whole-blood and plasma samples were also acquired at these time
points, for analysis of standard peripheral markers at the hospital clini-
cal chemistry core lab. Blood samples were also acquired for throm-
boelastography analysis of coagulation efficiency. The viscoelastic
properties were analyzed using the TEG 6s platform (Haemonetics)
(22), analyzing coagulation in citrated whole blood, generating the
parameters reaction time (R-time), angle, maximal amplitude, and per-
centage lysis at 30 min.

11C-GW457427 PET/CT Imaging of Pigs with ARDS
An attenuation CT scan (100 kV; 80–400 mA; noise index, 10; rota-

tion, 1.27 cm [0.5 in]; full spiral; slice thickness, 3.75 mm; pitch, 0.98:1;
reconstructed diameter, 50 mm) was initially attained using a digital
4-ring, 64-slice scanner with a 198-mm axial field of view. Afterward,
11C-GW457427 (10 MBq/kg, corresponding to around 3–5 mg of sub-
stance) was injected, and a 60-min dynamic PET (Discovery MI; GE
Healthcare) scan (4-mm spatial resolution; 30 frames: 12 3 10 s, 6 3

30 s, 53 2 min, 53 5 min, and 23 10 min) was simultaneously started
over the lungs. A 30-min static scan over the spleen was immediately
started after the dynamic study. Both scans were repeated after intrave-
nous pretreatment with a 1 mg/kg dose of NE inhibitor GW311616
(a 1 mL/kg dose of a 1 mg/mL concentration of GW311616 in 0.9%
NaCl), administered as a slow bolus 20 min before the tracer, approxi-
mately 2 h after the first injection. The dose of inhibitor (1 mg/kg) was
based on the dosing used previously in mice (15) and was around 5,000
times higher than the tracer mass dose (in the range of 0.1–0.2 mg/kg).

The baseline scan was started approximately 2.5 h and the blocking
scan 4.5 h after the OA treatment was initiated. Radioactivity in arte-
rial plasma and whole blood was determined during the dynamic scans
at 5, 30, and 60 min after injection with a g-well counter. Lastly, a
contrast-enhanced CT scan was acquired by late arterial (17 s) and
venous phase contrast-enhanced CT (70 mL of iohexol [Omnipaque;
GE Healthcare], 350 plus 40 mL of NaCl, 3.5 mL/s, bolus tracking on
the descending aorta, threshold of 100 Hounsfield units [HUs]). The
PET images were reconstructed using an iterative VPFX-S algorithm
(GE Healthcare; ordered-subsets expectation maximization, time of
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flight, resolution recovery: 3 iterations, 16 subsets, 3-mm postprocess-
ing filter, and 256 3 256 matrix).

After the PET scans, each pig was euthanized by intravenous KCl
under deep anesthesia. Biopsies were taken from the lung (right and
left, apical and basal parts), spleen, and liver, both for snap freezing
and for fixation in formalin for immunohistochemical staining.

PET/CT Pig Image Data Analysis
The volumes of interest were manually segmented over the lungs as

previously described in detail (23), on SUV-corrected coronal projec-
tions using PMOD software (PMOD Technologies LLC). No further
kinetic modeling of PET data was performed, because of the lack of
assessment of arterial metabolites in the pigs. The HU values over the
lungs were obtained from CT images using the same segmentations. In
addition, bone and muscle volumes of interest were delineated on
dynamic images, and time–activity curves were defined on all organs.
The data were summarized and illustrated on Prism (GraphPad Software
Inc.) and presented as median and interquartile range (IQR). Baseline,
blocking, and control groups were tested for normality by Shapiro–Wilk
testing, and since not all groups were normally distributed, the relation-
ship among groups was assessed by Mann–Whitney U testing, where
P values of less than 0.05 were considered significant.

Histology of Pig Biopsies
Postmortem formalin-fixed and paraffin-embedded biopsy samples of

the lungs and spleen were acquired after the PET studies and processed
into 6-mm sections. Sections were immunostained for NE using an anti-
NE antibody (ab68672, rabbit polyclonal; Abcam) in a concentration of
1 mg/mL. Bound antibody was visualized by Dako EnVision and diami-
nobenzidine-based substrate (K4065, Agilent) according to the manufac-
turer’s instructions. Sections were counterstained with hematoxylin,
dehydrated, mounted, and analyzed by light microscopy (Leica). Pig
spleen sections were used as positive controls, and negative controls had
the primary antibody replaced by buffer. Consecutive sections from pig
lung and spleen were also stained by sirius red and hematoxylin and
eosin according to the routine at the local hospital pathology department
(Uppsala University Hospital).

RESULTS

Visual 11C-GW457427 Uptake in ARDS Pigs Compared
with Control
NE infiltration was assessed using 11C-GW457427 on pigs after

lung damage, in comparison with healthy animals. PET/CT images
(from 30 to 60 min after administration), as well as time–activity
curves, displayed distinct uptake of 11C-GW457427 in the lungs
of pigs with induced ARDS (Figs. 1A and 1E), which was abol-
ished in the second scan by pretreatment with an NE inhibitor
(Figs. 1B and 1F). Conversely, lung uptake in control pigs was
negligible (Figs. 1C, 1D, 1G, and 1H). Binding of 11C-GW457427
in the lung was consistent with positive immunostaining for NE in
the lung from pigs with induced ARDS (Supplemental Fig. 1; sup-
plemental materials are available at http://jnm.snmjournals.org).
Binding of 11C-GW457427 in the bone marrow was visible in
both ARDS and control pigs, and the binding could be blocked by
pretreatment with an NE inhibitor (Figs. 1A–1H).

Lung Binding of 11C-GW457427 and ARDS
Severity Assessment
On the more damaged dorsal parts, uptake of 11C-GW457427

was significantly higher at baseline (median SUVmean, 1.91; IQR,
1.67–2.55) than after preblocking (P , 0.05 and P 5 0.04, respec-
tively; median SUVmean, 0.60; IQR, 0.58–0.77) or in control pigs
(P , 0.05 and P 5 0.03, respectively; median SUVmean, 1.04;

IQR, 0.66–1.47) at 60 min after injection (Fig. 2A). The uptake on
the ventral parts was also significantly higher at baseline (median
SUVmean, 0.76; IQR, 0.63–0.98) than with blocking (P , 0.05 and
P 5 0.04, respectively; median SUVmean, 0.32; IQR, 0.27–0.47)
but not between ARDS and healthy control pigs (P 5 0.41;
median SUVmean, 0.66; IQR, 0.47–0.89) (Fig. 2A). The successful
induction of ARDS was confirmed by continuous monitoring of
lung function (Fig. 2B; Supplemental Table 1). The ratio between
partial pressure of oxygen in arterial blood and inspired oxygen
fraction decreased with time, dropping below 100 mm Hg at T2,
confirming the presence of severe ARDS according to the Berlin
definition (1). Oxygen saturation dropped longitudinally, being
significantly different between baseline and T3 (P , 0.05 and
P 5 0.02, respectively) (Fig. 2B). The damage was also evident in
the quantitative analysis of the CT scans (Fig. 2C), with the most
dorsal parts of the lungs exhibiting an average density of 263.52
HU, compared with the control dorsal (2495.52 HU), baseline
ventral (2528.00 HU), and control ventral (2652.20 HU) parts.
Common clinical chemistry laboratory markers were also measured
in repeated blood samples from each pig, where changes in peripheral
markers were inconclusive (Supplemental Fig. 2). Thromboelastogra-
phy results under the experiment’s duration showed no evidence of
coagulopathy, with no significant differences between the ARDS
group and control at baseline (Supplemental Fig. 3). Histologic
staining for NE, hematoxylin and eosin, and sirius red in tissue
biopsy samples taken after death further demonstrated severe
inflammation in the lung of the ARDS group, as well as NE-posi-
tive cells in the spleen (Supplemental Fig. 1).

The plasma–to–whole-blood ratio for 11C-GW457427 was ex-
amined in all pigs throughout the dynamic studies. The plasma-to-
blood ratio was below 1 in both ARDS-induced pigs and control
pigs after injection of tracer alone and decreased over time (Sup-
plemental Fig. 4A). After preblocking with a pharmacologic dose
of an NE inhibitor, the ratio was instead above 1 and was stable
over the course of the PET scan in both ARDS and control pigs.
This finding indicates more 11C-GW457427 available in plasma
for tissue distribution after pretreatment with the inhibitor.

Whole-Body Distribution and Binding of 11C-GW457427
The biodistribution seen in the static whole-body scans from 60

to 90 min after 11C-GW457427 injection supported the finding for
the dynamic PET scan. Strong 11C-GW457427 binding was seen
on both maximum-intensity projections (Figs. 3A–3B) and coronal
projections (Supplemental Figs. 4B–4C) in hemopoietic tissues
with a known presence of neutrophils, including spleen, peripheral
blood (here measured as heart ventricle), and bone marrow. Impor-
tantly, binding in these tissues was decreased after inhibition of
NE (Figs. 3B–3C; Supplemental Fig. 4C). The presence of NE in
pig spleen (median SUVmean, 2.14; IQR, 1.19–2.36) was also veri-
fied by immunohistochemistry of paraffin-embedded biopsy sam-
ples (Supplemental Fig. 1). For example, uptake in the bone
marrow was significantly blocked (P , 0.05 and P 5 0.04,
respectively; baseline median SUVmean, 5.01; IQR, 4.48–5.49;
block median SUVmean, 1.57; IQR, 0.95–1.85) in the ARDS
model, and binding to bone marrow in control animals (baseline
median SUVmean, 3.89; IQR, 2.49–4.23) was similar in magnitude
to that in ARDS pigs. Muscle uptake remained unchanged at the
background level (baseline median SUVmean, 0.29; IQR, 0.27–0.34).
Uptake in kidneys, liver, and muscle was unaffected, consistent
with nonspecific uptake due to excretion or background blood con-
tribution to the signal.
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DISCUSSION

In this study, we validated use of the
novel radiotracer 11C-GW457427 for tar-
geting NE in a large-animal model of lung
inflammation and ARDS. Neutrophils are
the first cells migrating to the lungs during
inflammation, and their activation changes
the lung pathology by releasing inflamma-
tory mediators and molecules, such as NE.
We demonstrated that uptake of 11C-
GW457427 in an oleic acid– induced lung
inflammation pig model was strong, specific,
and reproducible.
In both healthy and ARDS-induced pigs,

uptake of 11C-GW457427 was heteroge-
neously distributed and higher in the more
damaged dorsal (gravitationally dependent
during the experiment) parts of the lungs.
The spread of damage follows the distribu-
tion of lung circulation (24) and is supported
by HU analysis and histology. In fact, both
oleic acid and neutrophils are carried pre-
dominantly to the dependent, better-perfused
areas of the lung, where it is possible to ob-
serve the multifocal and heterogeneous alter-
ations typical of ARDS (25,26). Since the
lung injury models also cause permeability
changes and vessel leakage, the risk for non-
specific uptake gathering in the lungs is al-
ways present. However, in this study wewere
able to block uptake of 11C-GW457427, indi-
cating the specificity of the binding and mak-
ing us conclude that the dependent, dorsal
areas of the lung are the real battleground
where the inflammatory reaction takes place.
The used tidal volumes, falling in the range
of the so-called protective ventilation (27),
make us exclude a role of ventilator-induced
lung injury (28) in the present experiment.
In addition to the lungs, other organs of

interest in this study consisted of hemopoietic

FIGURE 1. (A–D) Representative coronal PET/CT images of ARDS (A and B) and control (C and D)
pigs after administration of 11C-GW457427 alone or after pretreatment with NE inhibitor GW311616.
Arrows indicate lungs, and SUV scale bar is from 0 to 7. PET images are summed frames from 30 to
60 min after tracer administration. (E–H) Averaged time–activity curves showing distribution and
binding of 11C-GW457427 in pigs with induced ARDS (E and F) and control pigs (G and H).

FIGURE 2. (A) Binding of 11C-GW457427 in lung regions in ARDS and control pigs. (B) Lung function over time in ARDS group before ARDS induction
(baseline), directly after ARDS induction (T1), after injection of 11C-GW457427 (T2), and after administration of blocking (T3). (C) Damage in lungs in ARDS
model was clearly visible on CT and was further confirmed by quantifying lung tissue density by CT.
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tissues such as bone marrow and spleen. Since neutrophils are pro-
duced in the bone marrow, we expected to see uptake there as well
as in the spleen because of the previously described accumulation
in the marginated intravascular pools. Uptake was similar in ARDS
and control pigs and could be abolished, to a large extent, by pre-
treatment with the selective NE inhibitor GW311616.
Furthermore, we noticed binding in the blood pool, both by ob-

serving the signal in the heart ventricle (estimation of blood concen-
tration) and by measuring the plasma and whole-blood content of
radioactivity in blood samples. During the baseline scan, when only
11C-GW457427 was administered, there was a plasma–to–whole-
blood ratio lower than 1, which decreased with time. This means
that more 11C-GW457427 was present in the cellular components
than was free in plasma. After preblocking with GW311616, the
plasma– to–whole-blood ratio increased to above 1 and was stable
during the PET examination, indicating more tracer available in the
plasma component. This was apparent both in the ARDS and in the
control groups. We hypothesize that these observations are due to
binding of 11C-GW457427 to intracellular NE in circulating neutro-
phils. The sum of data in hemopoietic tissue spleen, bone marrow,
and peripheral blood thus indicates that 11C-GW457427 can cross the
cell membrane of both activated and quiescent neutrophils and bind
the intracellular pool of NE stored in granules. Such an NE-specific
binding in circulating neutrophils could also explain the weakly
blockable signal observed also in the lung of control pigs, for exam-
ple; this signal is at least partially due to neutrophils continually pass-
ing though the tissue via the blood.
Analysis of time-dependent uptake in tissues from the dynamic

scan showed that uptake remained stable in the lungs in ARDS but
increased slowly in bone marrow during the scan. NE in circulat-
ing quiescent neutrophils and in the bone marrow is stored in
highly condensed granules and is less accessible for binding to
11C-GW457427 than is NE that has been released extracellularly
to the tissue after activation or degranulation of the neutrophils
at the site of inflammation. The kinetics of binding of 11C-
GW457427 to extracellular, easily accessible NE will likely be
significantly faster than the kinetics of binding of 11C-GW457427
to stored intracellular NE. To bind intracellular NE, 11C-GW457427
must diffuse through 2 membranes (both the cell and the granule
membranes); in addition, accessibility to the active site of NE might

be reduced by packing or storage of the enzyme in the granules.
This hypothesis would explain the difference in uptake kinetics
(time–activity curve) of radioactivity in lung from that in bone mar-
row. Additionally, the observation of increased whole-blood–to–
plasma ratio with time, in the baseline scans, also fits this hypothe-
sis. Furthermore, we have preliminary data demonstrating that
11C-GW457427 binds NE both in intact and in homogenized
neutrophils (Puuvuori et al., unpublished data, March 1, 2022).
Thus, 11C-GW457427 will bind both to extracellular activated
NE and to inactivated NE inside neutrophils at the site of inflam-
mation. This is important information for correct interpretation of
clinical 11C-GW457427 PET images, as it will be challenging to
separate extracellular NE from neutrophils at sites of inflammation.
Further development to decrease the ability of 11C-GW457427 to
diffuse across the cell membrane, such as by increasing hydrophi-
licity, may lead to a PET tracer more specific for extracellular NE.
In lungs affected by ARDS and inflammation, uptake is rapid

and steady—in accordance with a fast on-rate of binding due to
the accessibility of NE. In the bone marrow, on the other hand,
overall kinetics are slower and increase during the scan, as is in
accordance with an apparent slower on-rate of binding driven by
the lower intracellular accessibility of the target enzyme.
Previously, 18F-FDG was proposed as a potential marker to assess

neutrophilic recruitment in the lungs in inflammatory conditions. Even
though neutrophils contribute to the increased uptake of 18F-FDG in
lung inflammation, 18F-FDG is inherently nonspecific and will also
accumulate in other activated immune cells with increased metabo-
lism, such as macrophages, lymphocytes, and eosinophils. The struc-
tural cells in the lungs also increase glucose consumption throughout
inflammation, contributing to the increased 18F-FDGuptake.Therefore,
18F-FDG imaging represents the combined inflammatory response dur-
ing lung inflammation and cannot reliably be used to measure changes
in specific immune cell populations, such as neutrophilic accumulation
in response to, for example, antiinflammatory treatments (29,30).
11C-GW457427 belongs to a class of selective NE inhibitors originally
developed as immunomodulatory drugs. NE is highly specific for neu-
trophils, and 11C-GW457427 is thus likely to bind to other types of
immune cells, such asmacrophages.
The performance of 11C-GW457427 in a large-animal model of

ARDS is in accordance with previous data on rodents (15). In that

A B C

FIGURE 3. Representative images from whole-body scan acquired from 60 to 90 min after 11C-GW457427 administration. (A and B) Maximum-inten-
sity projections for baseline (A) and blocking (B) scans of same pig. Red arrow indicates lung, purple arrow indicates spleen, and blue arrow indicates
bone marrow. (C) Bar graph showing binding of 11C-GW457427 in tissues in both ARDS and control pigs during baseline scan or after blocking. Dis-
placeable binding was found in spleen, heart ventricle, and bone marrow.
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study, strong lung binding of 11C-GW457427 was seen in mice after
lipopolysaccharide induction of lung inflammation, which could be
blocked by coinjection of a 1 mg/kg dose of unlabeled GW457427.
Elevated signal was also found in the spleen and bone marrow,
although not to the same extent as in pigs. The pig data presented
here are furthermore in line with the first-in-humans results of 11C-
GW457427, with strong binding in inflammatory lesions in the lungs
of individuals with COVID-19 but not controls (16). Additionally,
strong binding was seen in the spleen and bone marrow in both
groups, as in pigs. The pig model has the added benefit of allowing
intervention by preadministration of an NE inhibitor to demonstrate
the specificity of 11C-GW457427. Thus, the in vivo data presented
here expand on previous preclinical studies and assist in interpreta-
tion of available and future clinical studies on 11C-GW457427.
Limitations of the current study were related mainly to the

experimental design and to the restrictions on logistics imposed by
the pig model. The strength of the experimental design is that it
allows direct comparison between binding of the PET tracer in
lung before and after blocking with an NE inhibitor, in each indi-
vidual. The drawback is instead that postmortem assessment is
available only after administration of inhibitor. Furthermore, the
complexity and cost of the model, and its combination with the
PET scanning, mean that the number of repeated examinations in
each group is relatively low (n 5 3–5). Finally, the pigs are rela-
tively young and thus may not accurately recapitulate all aspects
of the immune response in human adult ARDS.
In the future, 11C-GW457427 might potentially be used to demon-

strate the pathophysiology of damage distribution during ventilation-
induced lung injury and patient self-induced lung injury (which is
still lacking direct morphofunctional proofs) (31) or to monitor the
response to neutrophil-targeting therapeutics during acute inflamma-
tion, such as COVID-19 treatments in drug development (32). In
fact, the recently reported first-in-humans clinical study using 11C-
GW457427 did indeed demonstrate strong binding in the lung of
individuals with active COVID-19, indicating that NE inhibitors
may be a potential treatment strategy given the ample amount of NE
in the inflammatory lesions. Neutrophils have also been found to
accumulate in several types of tumors, making 11C-GW457427 a
potentially attractive noninvasive technique to further elucidate the
role of neutrophils and NE in immune oncology (33,34).

CONCLUSION

11C-GW457427 showed significantly higher uptake in a pig
model of ARDS lung inflammation than in healthy pigs in vivo
using PET. The specificity of 11C-GW457427 binding to NE was
verified by blocking studies with an NE inhibitor. 11C-GW457427
is a promising and noninvasive tool for localizing, tracking, and
quantifying neutrophil-mediated inflammation in clinical diagnos-
tics and drug development.
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KEY POINTS

QUESTION: Can 11C-GW457427 be used to image NE in a
large-animal model?

PERTINENT FINDINGS: The preclinical evaluation of
11C-GW457427 uptake in a pig lung inflammation model was
consistent, reproducible, and specific. Uptake in lung in pigs with
ARDS was significantly increased compared with healthy control
animals and could be abolished by preblocking.

IMPLICATIONS FOR PATIENT CARE: 11C-GW457427 is a novel
PET tracer for in vivo imaging of NE—a crucial part of the innate
immune system—in inflammatory diseases.

REFERENCES

1. Ranieri VM, Rubenfeld GD, Thompson BT, et al.; ARDS Definition Task Force.
Acute respiratory distress syndrome: the Berlin definition. JAMA. 2012;307:2526–
2533.

2. Matthay MA, Zemans RL, Zimmerman GA, et al. Acute respiratory distress syn-
drome. Nat Rev Dis Primers. 2019;5:18.

3. Bellani G, Laffey JG, Pham T, et al; LUNG SAFE Investigators; ESICM Trials
Group. Epidemiology, patterns of care, and mortality for patients with acute respi-
ratory distress syndrome in intensive care units in 50 countries. JAMA. 2016;315:
788–800.

4. Matthay MA, Ware LB, Zimmerman GA. The acute respiratory distress syndrome.
J Clin Invest. 2012;122:2731–2740.

5. Pl€otz FB, Slutsky AS, van Vught AJ, Heijnen CJ. Ventilator-induced lung injury
and multiple system organ failure: a critical review of facts and hypotheses. Inten-
sive Care Med. 2004;30:1865–1872.

6. Silvestre-Roig C, Hidalgo A, Soehnlein O. Neutrophil heterogeneity: implications
for homeostasis and pathogenesis. Blood. 2016;127:2173–2181.

7. De Filippo K, Rankin SM. The secretive life of neutrophils revealed by intravital
microscopy. Front Cell Dev Biol. 2020;8:603230.

8. Summers C, Rankin SM, Condliffe AM, Singh N, Peters AM, Chilvers ER. Neu-
trophil kinetics in health and disease. Trends Immunol. 2010;31:318–324.

9. Gramegna A, Amati F, Terranova L, et al. Neutrophil elastase in bronchiectasis.
Respir Res. 2017;18:211.

10. Williams AE, Chambers RC. The mercurial nature of neutrophils: still an enigma
in ARDS? Am J Physiol Lung Cell Mol Physiol. 2014;306:L217–L230.

11. Klopf J, Brostjan C, Eilenberg W, Neumayer C. Neutrophil extracellular traps and
their implications in cardiovascular and inflammatory disease. Int J Mol Sci. 2021;
22:1–17.

12. Iwata K, Doi A, Ohji G, et al. Effect of neutrophil elastase inhibitor (sivelestat
sodium) in the treatment of acute lung injury (ALI) and acute respiratory distress
syndrome (ARDS): a systematic review and meta-analysis. Intern Med. 2010;49:
2423–2432.

13. Fisher DT, Muhitch JB, Kim M, et al. Intraoperative intravital microscopy permits
the study of human tumour vessels. Nat Commun. 2016;7:10684.

14. Rusckowski M, Qu T, Pullman J. at al. Inflammation and infection imaging with a
99mTc-neutrophil elastase inhibitor in monkeys. J Nucl Med. 2000;41:363–374.

15. Estrada S, Elgland M, Selvaraju RK, et al. Preclinical evaluation of [11C]GW457427
as a tracer for neutrophil elastase. Nucl Med Biol. 2022;106–107:62–71.

428 THE JOURNAL OF NUCLEAR MEDICINE ! Vol. 64 ! No. 3 ! March 2023



16. Antoni G, Lubberink M, S€orensen J, et al. In vivo visualization and quantification
of neutrophil elastase in lungs of COVID-19 patients: a first-in-human positron
emission tomography study with 11C-GW457427. J Nucl Med. June 9, 2022 [Epub
ahead of print].

17. Br$ea D, Meurens F, Dubois AV, et al. The pig as a model for investigating the role
of neutrophil serine proteases in human inflammatory lung diseases. Biochem J.
2012;447:363–370.

18. Monteiro A, Smith RL. Bronchial tree architecture in mammals of diverse body
mass. Int J Morphol. 2014;32:312–318.

19. Perchiazzi G, Rylander C, Derosa S, et al. Regional distribution of lung compliance
by image analysis of computed tomograms. Respir Physiol Neurobiol. 2014;201:
60–70.

20. Matute-Bello G, Frevert CW, Martin TR. Animal model of acute lung injury. Am J
Physiol Lung Cell Mol Physiol. 2008;295:L379–L399.

21. Perchiazzi G, Rylander C, Pellegrini M, Larsson A, Hedenstierna G. Monitoring of
total positive end-expiratory pressure during mechanical ventilation by artificial
neural networks. J Clin Monit Comput. 2017;31:551–559.

22. Dias JD, Haney EI, Mathew BA, Lopez-Espina CG, Orr AW, Popovsky MA.
New-generation thromboelastography: comprehensive evaluation of citrated and
heparinized blood sample storage effect on clot-forming variables. Arch Pathol
Lab Med. 2017;141:569–577.

23. Puuvuori E, Liggieri F, Velikyan I, et al. PET-CT imaging of pulmonary inflamma-
tion using [68Ga]Ga-DOTA-TATE. EJNMMI Res. 2022;12:19.

24. Glenny RW, Robertson HT. Spatial distribution of ventilation and perfusion: mech-
anisms and regulation. Compr Physiol. 2011;1:375–395.
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Spontaneous intracranial hypotension due to spinal cerebrospinal
fluid (CSF) leakage causes substantial disease burden. In many
patients, the course is protracted and refractory to conservative treat-
ment, requiring targeted therapy. We propose PET of the CSF space
with 68Ga-DOTA as a state-of-the-art approach to radionuclide cis-
ternography (RC) and validate its diagnostic value. Methods: This
study is a retrospective analysis of patients with suspected intracra-
nial hypotension due to spinal CSF leaks and who underwent whole-
body PET/CT at 1, 3, and 5 h after intrathecal lumbar injection of
68Ga-DOTA. Two independent raters unaware of the clinical data
analyzed all scans for direct and indirect RC signs of CSF leakage.
Volume-of-interest analysis was performed to assess the biologic
half-life of the tracer in the CSF space and the ratio of decay-
corrected activity in the CSF space at 5 and 3 h (simplified marker of
tracer clearance). Comprehensive stepwise neuroradiologic work-up
served as a reference; additional validation was provided by surgical
findings and follow-up. Results: Of 40 consecutive patients, 39
patients with a working diagnosis of intracranial hypotension due to a
spinal CSF leak (spontaneous, n5 31; postintervention, n 5 8) could
be analyzed. A spinal CSF leak was verified by the neuroradiologic
reference method in 18 of 39 patients. As the only direct and indirect
diagnostic signs, extrathecal tracer accumulation at the cervicotho-
racic junction (67% sensitivity and 90% specificity) and lack of ac-
tivity over the cerebral convexities (5 h; 94% sensitivity and 67%
specificity) revealed a high diagnostic value for spinal CSF leaks.
Their combination provided little improvement (71% sensitivity and
95% specificity). Additional quantitative analyses yielded no benefit
(94% sensitivity and 53% specificity for biological half-life; 94% sen-
sitivity and 58% specificity for the ratio of total radioactivity within the
CSF space at 5 and 3 h). The location of direct signs (extrathecal
tracer accumulation) did not correlate with verified sites of spinal CSF
leakage. Conclusion: We propose CSF PET with 68Ga-DOTA as a
novel, fast, and convenient approach to RC for verification but not
localization of spinal CSF leaks with high sensitivity and specificity.
CSF PET may fulfill an important gatekeeper function for stratifying
patients toward escalation (ruling in) or deescalation (ruling out) of
diagnostic and therapeutic measures. Further prospective studies
are needed to validate the present results and determine the potential
of the methods to reduce the burden to patients.

Key Words: radionuclide cisternography; spontaneous intracranial
hypotension; PET
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Spontaneous intracranial hypotension (SIH) is an increasingly
recognized condition caused by spinal leakage of cerebrospinal
fluid (CSF) (1). The clinical situation can be very diverse, espe-
cially in individuals with chronic disease, making the diagnosis of
SIH difficult (2). Despite its name, it has been reported that only
34%–50% of patients show a low opening pressure on lumbar punc-
ture (2,3). Postural headache and either the presence of stereotypical
imaging signs or an opening pressure of ,6 cm of H2O is required
for the diagnosis (4). Despite conservative therapy (bed rest, caffeine)
and epidural blood patches (EBP), symptoms persist in 10%–30%
of patients. This situation warrants verification and localization of
leakage to allow for targeted treatment (2,5). Typical diagnostic
algorithms propose a combination of different imaging modalities,
including often repetitive digital subtraction myelography (1), which
misses a substantial fraction of leaks (45%–74%) (3). Considering
the invasive nature of and possible extensive radiation exposure
with these modalities (6), it is desirable to select patients with a
high likelihood for a leak before escalating the diagnostic work-up.
The unsurpassed measurement sensitivity of radionuclide im-

aging techniques and the ability to repeat imaging for hours with-
out causing additional radiation burden underscore the potential of
radionuclide cisternography (RC) in this setting. After seminal
reports (e.g., Dichiro (7)) and the introduction of 111In-labeled
diethylenetriaminepentaacetic acid (DTPA) (8) and 99mTc-DTPA
(9), RC gained rapid acceptance in the field, being considered the
diagnostic gold standard for the proof and localization of CSF
leaks over the years (10–13). Common criticisms of RC, however,
include poor image quality and spatial resolution, low sensitivity
and specificity, lack of standardization, and long examination
(up to 48 h). Despite methodologic improvements, such as cross-
sectional imaging with SPECT (14) and hybrid SPECT/CT (15)
and quantitative analysis (10,13,16,17), RC was removed from the
International Classification of Headache Disorders, third edition,
as a diagnostic imaging tool (4). To date, RC is still commonly
performed as planar scintigraphic imaging without taking advan-
tage of state-of-the-art imaging, such as PET/CT, which offers
improved sensitivity, spatial resolution, and quantification. In fact,
CSF PET (e.g., using 68Ga-labeled ethylenediaminetetraacetic acid)
was proposed 40 y ago (14) but has only rarely been applied, in
single cases (18).
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Against this background, in the present study we propose a con-
venient CSF PET methodology and validate its diagnostic value
for the presence and localization of spinal CSF leakage.

MATERIALS AND METHODS

Patients
The University of Freiburg institutional review board approved this

study, and all subjects gave written informed consent to the examina-
tion and the retrospective analysis. Forty consecutive patients referred
for CSF PET because of suspected intracranial hypotension due to a
spinal CSF leak between May 2020 and March 2021 were eligible,
and 39 could be included (see the Results section).

Reference Standard
Patients underwent a standard work-up, including often repeated

cranial and spinal MRI, gadolinium MR myelography, and digital sub-
traction myelography/CT myelography (supplemental materials, avail-
able at http://jnm.snmjournals.org).

Demonstration of a spinal CSF leak by comprehensive neuroradio-
logic imaging defined the positivity of the target condition (spinal CSF
leak) and its localization. This process involved a stepwise approach
aimed at localizing or excluding a spinal CSF leak by dynamic digital
subtraction myelography followed by dynamic CT myelography in the
prone or lateral decubitus position (1). The result served as a reference
for the definition of true-positive, true-negative, false-positive, and
false-negative results of various PET outcome measures for the pres-
ence or absence of a spinal CSF leak (index test). In patients with veri-
fied CSF leaks, localizations provided by the reference method and
PET (direct signs) were directly compared. Surgical findings (genuine
gold standard, applicable only in those with a positive target condi-
tion) and clinical follow-up data were also assessed.

PET Acquisition
PET/CT scans (with low-dose or ultra–low-dose CT) covering the

entire CSF space were acquired on a fully digital PET/CT system (Ver-
eos; Philips Healthcare) at 1, 3, and 5 h after lumbar intrathecal injec-
tion of 68Ga-DOTA (45–50 MBq in 0.5–1.0 mL of saline solution).
The preparation of 68Ga-DOTA and the acquisition protocol are
described in detail in the supplemental materials.

Visual PET Readings
Two experienced nuclear medicine physicians, unaware of all other

clinical and diagnostic data as well as the results of quantitative PET
analyses, evaluated all 68Ga-DOTA PET scans independently. Using
the 1-, 3-, and 5-h PET/CT datasets, visual readings of direct and indi-
rect RC signs were done and a summary rating was assigned using a
3-step scale (0, none; 1, questionable/mild signal; 2, strong signal)
(the supplemental materials provide details).

Direct signs of a spinal CSF leak included uni- or bilateral extrathe-
cal tracer accumulation, witnessed at least at 1 time point and local-
ized according to 28 spinal segments. Extrathecal tracer accumulations
in multiple consecutive segments were rated in combination, assuming
that they stemmed from the same process.

Indirect signs of a spinal CSF leak included radiotracer accumula-
tion in the bladder (1 h) and radiotracer accumulation in the basal cis-
terna and over the cerebral convexities. In addition, iatrogenic tracer
extravasation at the injection site was assessed.

Finally, a 3-step summary rating was independently recorded by each
rater for each individual case (0, 1, and 2 for no, questionable/possible,
and probable CSF leakage, respectively). After discussion of discrepant
cases, the raters reached a consensus.

Quantitative PET Analysis
The time course of total radioactivity within the CSF space was

characterized in terms of biologic half-life (t1/2,biol) and, as a simplified
approach, using the ratio of total radioactivity within the CSF space at
5 and 3 h (R5/3; decay-corrected data). Volume-of-interest analyses
were performed after coregistration of all 3 PET/CT scans in each
patient (supplemental materials).

Statistical analyses are provided in the supplemental materials.

RESULTS

Patient Characteristics
Forty consecutive patients (age, 46.2 6 14.1 y, 32 women and

8 men) were eligible. Thirty-two patients were diagnosed with
SIH (4) (in 1 patient, spinal puncture failed, leaving 31 patients),
4 had a possible persistent/relapsing CSF leak after previous open
surgical treatment for SIH, and 4 had questionable SIH; in the latter,
a former lumbar puncture or peridural anesthesia was assumed by
the referring doctor to be causal. For 37 of 39 included patients
(95%), data from a follow-up at 3.6 6 2.5 mo were available. CSF
PET was well tolerated by all patients. There were no side effects,
except for those commonly associated with lumbar puncture.
In 18 of 39 patients (46%), stepwise neuroradiologic imaging

localized a spinal CSF leak at C7–T3 (n 5 6) or T7–L1 (n 5 12)

FIGURE 1. Normal CSF PET in patient without verified spinal CSF leak.
(A) Maximum-intensity projections of PET images (posterior view; scaled
for optimal display) at 1, 3, and 5 h after injection of 68Ga-DOTA and sagit-
tal PET/CT fusion image (at 5 h; far right). (B) Transaxial PET slices at level
of centrum semiovale at 1, 3, and 5 h and PET/CT fusion image (far right).
Note time-dependent cephalad ascent of tracer with normal accumulation
of activity over cerebral hemispheres. Patient (no. 38) was treated with epi-
dural blood patch, without response.
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(Suppl. Fig. 1) (supplemental materials are available at http://jnm.
snmjournals.org). CSF leaks were only verified in patients with
SIH but without previous surgery or alternative causes (detection
rate, 18/31 [58%]). A ventral dural tear was found in 12 patients
(coinciding with a microspur on surgery in 9 patients), whereas a lat-
eral leak and a direct CSF venous fistula were diagnosed in 3 patients
each. Except for 1 patient, who refused surgery and was successfully
treated with untargeted EBP, all patients with proven leaks underwent
surgery; symptom improvement (n 5 10) or resolution (n 5 6) was
seen in 16 of 17 patients (94%). In the remaining patient, a 60-y-old
man with long-standing symptoms, cerebral MRI findings of SIH
markedly improved while symptoms remained unchanged.
Of the 21 patients in whom no leak could be identified, 15 were

treated with EBP. Follow-up data, which were available for 14 of
these 15 patients (27 EBP in total), showed an improvement or
resolution of symptoms in only 2 patients each (response rate,
4/14 [29%]). The remaining patients either refused treatment or
received alternative diagnoses and treatments. Taken together, the
clinical outcomes strongly support the validity of the neuroradiolo-
gic reference standard.

Visual PET Readings
Visual readings (examples are shown in Figs. 1–3 and Suppl.

Fig. 2) of direct signs of a spinal CSF leak were highly consistent
between both raters (agreement in 86% of ratings; supplemental
materials). Supplemental Figure 1 summarizes the sites of extra-
thecal tracer accumulation. The findings clustered at the craniocer-
vical and cervicothoracic junctions (Fig. 3), over the lower thoracic
spine, and in the lumbosacral region (Suppl. Fig. 1). To further
analyze the data, we sorted all sites of extrathecal tracer accu-
mulation in these regions (selecting the most prominent if .1
site) (Table 1). Extrathecal tracer accumulation at the craniocer-
vical and cervicothoracic junctions showed no significant depen-
dence on scan time, whereas that in the lower thoracic spine and
lumbosacral region decreased significantly with time (supplemental
materials).
Mean ratings (across raters and scans) of direct signs at the

lower thoracic spine and in the lumbosacral region did not differ
between patients without and patients with verified spinal CSF
leaks, whereas in the cervicothoracic junction there was a highly
significant difference between the groups. This finding allowed for
an accurate diagnostic separation of groups (receiver operating

FIGURE 2. CSF PET with iatrogenic extrathecal tracer accumulation in
patient without verified spinal CSF leak. (A) Maximum-intensity projec-
tions of PET images at 1, 3, and 5 h (posterior view and, at 1 h, lateral
view as well; scaled for optimal display) after injection of 68Ga-DOTA.
(B and C) Transaxial PET and PET/CT fusion images at levels of L3–L4
(1 h; B) and centrum semiovale (5 h; C). Although strong iatrogenic
egression of tracer that was observed in trajectory of injection needle
(filled arrow) and to right side at levels of L3–L4 (open arrows) vanished
with time, cephalad ascent of tracer was normal, with tracer accumula-
tion over cerebral convexities. Patient (no. 15) was treated with epidural
blood patch, without response.

FIGURE 3. Pathologic CSF PET in patient with verified spinal CSF leak.
(A) Maximum-intensity projections of PET images at 1, 3, and 5 h (poste-
rior view; scaled for optimal display) after injection of 68Ga-DOTA. (B)
Transaxial PET and PET/CT fusion images at levels of C7–T1 and C2 (3 h),
respectively. Compatible with surgically verified, lower thoracic lateral
CSF leak, there were moderate and mild extrathecal tracer accumulations
at level of cervicothoracic junction (open arrows) and in upper cervical
region (filled arrows), respectively. There was a lack of tracer accumulation
over cerebral convexities (asterisk). Patient (no. 27) was treated by sur-
gery, with improvement of symptoms.
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characteristic [ROC] area under the curve [AUC], 0.81; 67% sen-
sitivity; 90% specificity; cutoff, 0.33; i.e., mild extrathecal tracer
accumulation in at least 1 scan) (Table 1). Extrathecal tracer accu-
mulation at the craniocervical junction was rarely observed (3/39
patients) and occurred only in patients with verified spinal CSF
leaks (P 5 0.055). There was no obvious association between the
location of verified spinal CSF leaks and extrathecal tracer accu-
mulation on PET. In fact, sites of extrathecal tracer accumulation
usually extended over multiple segments and overlapped the site
of a verified leak in only 3 of 18 patients (locations differed by
only 1 segment in 3 patients and by .1 segment in 12 patients)
(Suppl. Fig. 1).
Ratings of indirect signs of CSF leakage and tracer extravasa-

tion at the injection site were also highly consistent between obser-
vers (agreement on 80%–85% of ratings; supplemental materials).
Ratings for the basal cisterna and tracer accumulation over the
cerebral hemispheres showed a significant increase with time and
dependence on the presence or absence of a spinal CSF leak,
whereas tracer extravasation at the injection site decreased signifi-
cantly with time (supplemental materials).
The only indirect sign that showed a highly significant differ-

ence between patients without and patients with verified spinal
CSF leaks was a lack of tracer accumulation over the cerebral
hemispheres on the 5-h scan. This finding allowed for an accurate
diagnostic group separation (ROC AUC, 0.79; 94% sensitivity; 67%

specificity; cutoff, .1.0; i.e., more than only mild tracer accumula-
tion over the cerebral hemispheres at 5 h) (Table 1).
Considering all direct and indirect signs, both raters also filed a

summary score that was highly consistent between raters (agree-
ment in 77% of cases; Supplement). The consensus rating of both
raters yielded a highly significant group difference between patients
without and patients with verified spinal CSF leaks (0.43 6 0.68
vs. 1.39 6 0.78; P 5 0.0006; ROC AUC, 0.80; 83% sensitivity;
67% specificity; cutoff, 1) (Table 1).
Similar results were obtained when analyses were restricted to

patients with SIH but without previous surgery or alternative
causes (Suppl. Table 1).

Quantitative PET Analysis
Quantification was omitted in 2 patients because of partial epidu-

ral tracer injection and out-of-field-of-view artifacts (both scans were
still read visually). As expected, t1/2,biol and R5/3 were highly corre-
lated (rho, 0.94; P, 0.0001). t1/2,biol and R5/3 showed no significant
association with age, sex, body weight, or body height, either in the
entire group or in the patients with and the patients without verified
spinal CSF leaks. However, t1/2,biol and R5/3 were significantly
lower in patients with than in patients without spinal CSF leaks
(Table 1). This finding allowed for a diagnostic group separation
(for t1/2,biol: ROC AUC, 0.70; 94% sensitivity; 53% specificity; cut-
off, ,7.9 h; and for R5/3: ROC AUC, 0.78; 94% sensitivity; 58%
specificity; cutoff,,0.82).

TABLE 1
Results of Visual and Quantitative PET Analyses

Parameter*
Patients without CSF leak

(n 5 21)†
Patients with CSF leak

(n 5 18)† P‡ ROC AUC§

Bladder activity at 1 h 1.21 6 0.68 1.42 6 0.55 NS

Basal cisterna at:

1 h 1.31 6 0.64 1.53 6 0.62 NS

3 h 1.83 6 0.37 1.74 6 0.56 NS

5 h 1.81 6 0.37 1.71 6 0.56 NS

Cerebral convexities at:

1 h 0.02 6 0.11 0.03 6 0.12 NS

3 h 0.71 6 0.49 0.50 6 0.59 NS

5 h 1.43 6 0.83 0.50 6 0.56 0.0016 0.79

Craniocervical (SO–C1) 0.00 6 0.00 0.19 6 0.47 (0.055) (0.58)

Cervicothoracic (C6–T2) 0.06 6 0.20 0.68 6 0.58 0.0001 0.81

Lower thoracic (T7–T12) 0.32 6 0.63 0.44 6 0.64 NS

Lumbosacral (L2–S2) 0.75 6 0.74 0.79 6 0.81 NS

Consensus summary reading 0.43 6 0.68 1.39 6 0.78 0.0006 0.80

PET quantification

t1/2,biol (h) 9.47 6 7.03 4.54 6 2.45 0.0043 0.70

R5/3 0.79 6 0.16 0.63 6 0.18 0.0023 0.78

*Anatomic localizations refer to sites of tracer accumulation (spinal segments). SO 5 suboccipital.
†Except for PET quantification (continuous data), all data represent 3-step ordinal scales given as mean values 6 SDs across

interpreters and times (if not separated) or consensus of raters.
‡For statistical comparisons of patients without and patients with spinal CSF leak. P values in parentheses indicate trend effects.

NS 5 not significant.
§Reported only for significant and trend (in parentheses) effects.
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Combination of Qualitative and Quantitative Analyses
We used stepwise forward regression, including aforementioned

significant parameters with the exception of t1/2,biol (highly correlated
to R5/3), to explore which combined parameters best predicted a spi-
nal CSF leak. A minimum Akaike information criterion (36.3) was
reached by retaining extrathecal tracer accumulation at the cervi-
cothoracic junction and a lack of tracer accumulation over the cere-
bral hemispheres (for the resulting multinomial logistic regression
model: ROC AUC, 0.88; 71% sensitivity; 95% specificity).

DISCUSSION

We propose CSF PET with 68Ga-DOTA as a novel, state-of-the-art
approach to RC that provides several possible advantages over con-
ventional RC. By using a very rigorous diagnostic reference standard
in an exceptionally large cohort of patients, we were able not only to
validate the diagnostic accuracy of CSF PET for verifying—although
not localizing—spinal CSF leakage but also to unravel several mis-
conceptions and controversies concerning RC.
PET provides better spatial resolution (2–3 times higher) and sen-

sitivity (2–3 magnitudes higher) than scintigraphy and SPECT (19),
allowing the detection and quantification of the slow cephalad ascent
of CSF even with short-lived radionuclides. The entire examination
is completed within 5–6 h; in contrast, conventional RC often takes
up to 48 h. In addition, individual PET scans are acquired within
20–30 min—thus comparing favorably with whole-body SPECT/CT
examinations, which may take up to 1 h. The estimated dose for
CSF PET with 68Ga-DOTA is approximately 1.24 mGy/MBq for
the spinal cord (highest organ dose), and the effective dose equiva-
lent is 0.16 mSv/MBq; these doses are slightly higher than those for
111In-DTPA (0.95 mGy/MBq and 0.14 mSv/MBq, respectively,
assuming the same biokinetic model for both tracers [normal t1/2,biol]
and accounting for differences in energy transfer and physical half-
lives) (20). Thus, for a typical injected dose of 37 MBq of 68Ga-
DOTA, the estimated effective dose is 5.9 mSv. CT scans add about
3–4 mSv, which may be further reduced with dose-sparing techni-
ques. The fast decay of 68Ga-DOTA (as opposed to 111In-DTPA)
also implies that there is no relevant radiation exposure to medical
personnel if patients undergo spinal surgery shortly after diagnostics
(often on the following day at our institution). The synthesis and qual-
ity control of 68Ga-DOTA are also very simple and readily available
at most larger centers (at least in Europe), rendering it a convenient
alternative to 111In-DTPA. Finally, the high image quality of PET/CT
scans renders CSF PET with 68Ga-DOTA much more appealing and
convincing than conventional RC—factors that, in our experience,
strongly improve the acceptance of RC in clinical routines.
The average t1/2,biol for patients without verified leakage (9.5 6

7.0 h) is somewhat lower than but still in line with that in the liter-
ature (13.5 6 4.5 h) (10), considering that this group possibly
includes patients with missed or iatrogenic leaks. We propose R5/3
as a simpler estimate of tracer clearance, circumventing the need
for a 1-h scan and exponential fitting, with slightly higher diagnostic
performance. However, quantitative analyses provided no additional
benefit over visual readings, in line with findings for conventional
RC (21). Still, we routinely perform quantification as a simple
adjunct to visual reading, an approach that may be particularly
valuable for follow-up assessments (10).
A particular strength of the present study is the use of a rigorous

neuroradiologic reference standard that was additionally validated
by surgical findings and outcomes. To the best of our knowledge,
no previous study on RC included more patients with appropriate

verification (e.g., in the seminal work by Schievink et al. (22), cor-
relation of RC with CT myelography and surgery was available
for only 8/11 and 4/11 patients, respectively), with earlier studies
often using response to EBP as a reference (10,16,23,24). How-
ever, given the uncertainty about the efficacy and mechanism of
action of EBP (e.g., success sometimes only after several attempts,
targeted vs. nontargeted EBP, often only short-term efficacy, pos-
sible placebo effects) (25) as well as the current, improved under-
standing of SIH pathophysiology (see later text) (3,26–28), we are
convinced that the reference standard in current use is the most
appropriate. We were able to verify a spinal CSF leak in 18 of
31 patients (58%) with SIH but without previous surgery or alter-
native causes. Although a few spinal leaks may have been missed
(see later text), this fraction is in line with those in the literature
(3) and underscores the uncertainty associated with the clinical
diagnosis of SIH, which does not require verification of a leak (4).
We made several important observations. First, the site of extra-

thecal tracer accumulation on CSF PET was not related to the
actual location of leakage—something that has not been systemati-
cally shown before. We do not believe that this finding is related
to the tracer used (e.g., later detection of actual sites of leakage
with longer-lived isotopes) but assume that it represents a general
shortcoming of RC. In fact, patterns observed in the present study
and described in the literature are very similar. However, unlike
investigators in earlier studies, we used a rigorous diagnostic refer-
ence standard that was a prerequisite for detecting this mismatch.
Second, 68Ga-DOTA PET, like conventional RC (10,12,13,17,24),
may show several sites of extrathecal tracer accumulation—which,
however, do not indicate that there are multiple leaks but rather
that the tracer leaves the spinal epidural space at multiple loca-
tions. This notion is in line with the current concept that spontane-
ous spinal CSF leaks most commonly occur in the lower cervical
spine and thoracic spine (22,26), frequently being caused by well-
defined singular lesions (e.g., dural tears due to diskogenic micro-
spurs) (3,26,27). Thus assumption is also reflected by current
excellent surgical outcomes. Third, lumbar/lumbosacral extra-
thecal tracer accumulations are very rarely (if ever) indicative of
leaks in that region but are usually of iatrogenic origin instead,
although frequently being reported in the RC literature (10,23).
Fourth, early bladder activity as an indirect sign possesses little (if
any) diagnostic value, in contrast to early RC reports (11) but in
agreement with more recent studies (17,21). Fifth, the term direct
sign for extrathecal tracer accumulation in the paraspinal space in
RC is most likely misleading. In fact, the only direct signs associ-
ated with verified leaks in the present study were probably RC
equivalents of cervicothoracic extrathecal fluid accumulation on
x-ray myelography, commonly referred to as false localizing signs
(29). We assume that this finding is simply due to anatomic rea-
sons (e.g., more flexible spinal alignment). To the best of our
knowledge, no other systematic studies have provided a detailed
(segmental) comparison of neuroradiologic or surgical and RC
findings. Even in the aforementioned seminal work (22), anatomic
description of CT myelography or RC findings did not pinpoint
locations of actual leaks but only provided approximate segmental
heights or ranges of extrathecal findings. Given rapid epidural
spread and the uncertain mechanism of action of EBP (see earlier
text), a therapeutic response to EBP can hardly be taken as a con-
firmation of an apparent leak localization given by RC, as has fre-
quently been done in the literature (22–24).
CSF PET shows high diagnostic performance in a particularly

challenging clinical situation. Extrathecal tracer accumulation at
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the cervicothoracic junction provides a high diagnostic specificity
(90%) but only a moderate sensitivity (67%) for the verification of
spinal CSF leaks. The latter fits the observation that direct signs of
CSF leakage on conventional RC might be absent in a highly vari-
able fraction of patients with SIH (10%–70%) (13,22–24). In turn,
indirect signs of CSF leakage on conventional RC are found in the
vast majority (.90%) of patients (11,13,22,24). A lack of tracer
appearance over the cerebral convexities on a 5-h scan provides a
very high sensitivity (94%) at a moderate specificity (67%). A very
high sensitivity of this sign was also suggested by conventional RC
studies (13,17,21). The summary rating of both raters was motived
by clinical practice with conventional RC and comprised all direct
and indirect signs (including those of no or little value), with weight-
ing left to the discretion and experience of the rater. Thus, it is not
surprising that this consensus reading was not superior to a combina-
tion of both aforementioned features by logistic regression.
Given the considerable rate of negative findings of CT and MR

myelography in SIH (45%–74%) (3), it is interesting that 4 of
14 patients (29%) with negative neuroradiologic imaging results
and treated with EBP showed a clinically relevant response to
EBP. All 4 patients fell into the groups of patients who were
judged to show “questionable/possible” and “probable” (2 patients
each) signs of a spinal CSF leak but in whom no leak could be
verified (Suppl. Figs. 1 and 2). Aside from direct and indirect signs
suggestive of spinal CSF leaks (in 3 patients and 1 patient, respec-
tively), all 4 patients also showed below-threshold t1/2,biol and
R5/3 values. Thus, it is tempting to speculate that these patients
represented false-negative cases on neuroradiologic imaging, lead-
ing to an underestimation of the true sensitivity of CSF PET.
In light of these observations, the clinical role of CSF PET is

clearly not to localize the site of a spinal CSF leak. CSF PET may,
however, play an essential role in verifying spinal CSF leakage
with high sensitivity (to rule out) or specificity (to rule in), depend-
ing on clinical need. For instance, extrathecal tracer accumulation
at the cervicothoracic junction is most likely associated with a spi-
nal CSF leak (90% specificity) and may prompt additional exami-
nations. In turn, sufficient tracer accumulation over the cerebral
convexities strongly argues against a spinal CSF leak (.90% sen-
sitivity), leading to a defensive approach (see also Mokri (21)).
One motivation would clearly be to minimize the exposure to ion-
izing radiation in a predominately young and female population.
Patients have a long disease history of months to years and have
already undergone a plethora of diagnostic and therapeutic actions.
In the present study, on average, 2 combined digital subtraction
myelography/CT myelography procedures were performed per
patient at our institution only. The resulting median radiation expo-
sure in the present study can be estimated to be about 52.6 mSv
per patient (6) or, in other words, enough to cause 1 additional
radiation-induced cancer death in 250–500 patients (30). This risk
may be substantially reduced by including a gatekeeper examination.
The limitations of the present study include its retrospective

nature, which warrants prospective validation. In particular, a direct
comparison of CSF PET with conventional RC would be desirable
(e.g., by coinjection of tracers). Furthermore, the limited number of
cases did not allow for detailed statistical contemplation of interest-
ing subgroups (e.g., SIH vs. non-SIH, type of leakage). Finally, the
present study summarized the data for the first patients examined
with this novel methodology that was developed in parallel. By ret-
rospectively analyzing the data for this set of patients at once in a
strictly masked fashion, we minimized possible effects of the
raters’ learning curves and bias. However, optimal technical

aspects, such as measures to avoid iatrogenic extrathecal tracer
accumulation, still need to be defined. Moreover, although an ear-
lier study showed that upright positioning or exercise does not
affect CSF circulation under normal conditions (7), a preliminary
report of 2 cases suggested that a sitting position may improve the
rate of detection of spinal CSF leaks (31). Further studies are
needed to explore whether such efforts or other technical refine-
ments can increase the rate of detection of CSF leakage and possi-
bly improve the localization of spinal CSF leaks by PET.

CONCLUSION

We propose CSF PET with 68Ga-DOTA as a novel, fast, and
convenient approach to RC for verification but not localization of
CSF leaks with high sensitivity and specificity. CSF PET may ful-
fill an important gatekeeper function for stratifying patients toward
escalation (ruling in) or deescalation (ruling out) of diagnostic and
therapeutic measures. Further prospective studies are needed to val-
idate the present results and determine the potential of the methods
to reduce the burden to patients.
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KEY POINTS

QUESTION: Is CSF PET with 68Ga-DOTA a valid method for
the diagnosis of spinal CSF leakage when compared with
comprehensive, stepwise neuroradiologic imaging?

PERTINENT FINDINGS: The present retrospective study included
39 consecutive adults with suspected intracranial hypotension
and who underwent 68Ga-DOTA CSF PET. Extrathecal tracer
accumulation at the cervicothoracic junction (67% sensitivity and
90% specificity) and lack of activity over the cerebral convexities
(5 h; 94% sensitivity and 67% specificity) revealed a high diagnos-
tic value for spinal CSF leaks.

IMPLICATIONS FOR PATIENT CARE: CSF PET with 68Ga-DOTA
may serve as a gatekeeper for stratifying patients toward escalation
or deescalation of further diagnostic and therapeutic measures and,
thus, reducing the burden to patients.
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Both plasma tau phosphorylated at threonine-181 (pTau181) and tau
PET show potential for detecting Alzheimer’s disease (AD) pathology
and predicting clinical progression. In this study, we performed a
head-to-head comparison between plasma pTau181 and tau PET
along the AD continuum.Methods:We included participants from the
Amsterdam Dementia Cohort who underwent 18F-flortaucipir (tau)
PET and had a plasma sample biobanked within 12 mo from tau PET.
Fifty subjective cognitive decline (SCD) participants (31 Ab-negative
and 19 Ab-positive) and 60 Ab-positive participants with mild cogni-
tive impairment (MCI) or dementia due to AD were included. A subset
had 2-y longitudinal plasma pTau181 and tau PET available (n 5 40).
Longitudinal neuropsychological test data covering 3.2 6 2.7 y from
both before and after tau PET were available. Plasma pTau181 and
tau PET were compared in their accuracies in discriminating between
cognitive stage (MCI/AD vs. SCD) and preclinical Ab status (SCD Ab-
positive vs. SCD Ab-negative), their associations with cross-sectional
and longitudinal neuropsychological test performance, and their longi-
tudinal changes over time. Results: When discriminating between
preclinical Ab status, the area under the curve (AUC) for plasma
pTau181 (0.83) and tau PET (entorhinal, 0.87; temporal, 0.85; neocorti-
cal, 0.67) were equally high (all DeLong P. 0.05), but tau PET outper-
formed plasma pTau181 in discriminating MCI/AD from SCD (AUC for
plasma pTau181: 0.74; AUCs for tau PET: entorhinal, 0.89; temporal,
0.92; neocortical, 0.89) (all P , 0.01). Overall, tau PET showed stron-
ger associations with cognitive decline and was associated with a
wider variety of cognitive tests than plasma pTau181 (plasma
pTau181, 20.02 . b , 20.12; tau PET, 20.01 . b , 20.22). Both
plasma pTau181 and tau PET increased more steeply over time in
MCI/AD than in SCD (P , 0.05), but only tau PET annual changes
were associated with cognitive decline. Conclusion: Our results sug-
gest that plasma pTau181 and tau PET perform equally well in identi-
fying Ab pathology but that tau PET better monitors disease stage
and clinical progression.
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Neurofibrillary tau tangles consist of hyperphosphorylated tau
(pTau) and are a pathologic hallmark of Alzheimer’s disease (AD)
(1). Tau pathology in AD is closely associated with clinical symp-
toms and disease severity (2,3). As such, in vivo assessment of tau
is expected to provide both accurate diagnostic and accurate prog-
nostic information. Biomarkers for detecting in vivo tau pathology
include pTau measurements in cerebrospinal fluid (4), imaging of
tracer binding to tau paired helical filaments using PET (5), and,
since a few years ago, pTau measurements in blood (6–8). Blood-
based biomarkers have major advantages, including easy accessibil-
ity, wide applicability, relative noninvasiveness, and low costs and
can therefore easily be repeated over time, whereas PET biomar-
kers, although expensive, have the advantage of providing spatial
information on tracer binding throughout the brain.
Studies have shown that plasma tau phosphorylated at threonine-181

(pTau181) can discriminate AD dementia from both non-AD dementias
and Ab-negative cognitively unimpaired older adults (7–10), and can
predict cognitive decline (11,12) and progression to mild cognitive
impairment (MCI) or dementia (13,14). Tau PET can also discriminate
between AD dementia and both non-AD dementias and cognitively
unimpaired older adults (15,16), and strong associations with subse-
quent cognitive decline and brain atrophy have consistently been
reported (17,18). Both plasma pTau181 and tau PET are closely associ-
ated with amyloid-b (Ab) pathology (7,19). Although both tau biomar-
kers show potential for AD diagnosis and prognosis, head-to-head
comparison studies are limited. With the recent Food and Drug Admin-
istration approval of the tau PET tracer 18F-flortaucipir for clinical use,
and intentions for plasma pTau to eventually be used in the clinic, there
is a need to compare these biomarkers to guide clinicians in performing
their clinical work-up and researchers in designing trials.
The overarching aim of this study was to perform a head-to-head

comparison between plasma pTau181 and tau PET in a cohort of parti-
cipants with subjective cognitive decline (SCD) and MCI or dementia
due to AD (MCI/AD) against several clinically relevant measures.
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We examined their accuracies in discriminating cognitive stage (MCI/
AD vs. SCD) and preclinical Ab status (SCD Ab-positive vs. SCD
Ab-negative), their associations with cross-sectional and longitudinal
cognition, their longitudinal changes over time, and longitudinal tau
biomarker relationships with longitudinal cognition.

MATERIALS AND METHODS

Participants
This study included all individuals from the Amsterdam Dementia

Cohort and SCIENCe project with a clinical diagnosis of SCD (n 5

50), MCI due to AD (n 5 10), or probable AD dementia (n 5 50)
who underwent 18F-flortaucipir (tau) PET and had a plasma sample
biobanked within 12 mo from tau PET (median, 5.0 mo; interquartile
range, 4.4 mo) (20–23). The supplemental materials available at http://
jnm.snmjournals.org provide details (20–24). SCD participants under-
went 18F-florbetapir (Ab) PET for visual assessment of Ab status for
research purposes (25). All MCI or AD dementia participants were
biomarker-defined as Ab-positive by means of abnormal cerebrospinal
fluid Ab1-42 biomarkers (according to routine thresholds (24)) or a
positive Ab PET visual read. MCI and AD dementia participants were
grouped into a single MCI/AD group. The study protocol was
approved by the institutional review board of the Amsterdam UMC.
All participants provided written informed consent.

Blood Sampling and Analyses
Ethylenediaminetetraacetic acid plasma samples were collected

through venipuncture. A subset (n 5 40) had 2.2 6 0.5 y of follow-up
samples available.

Samples were measured using the Simoa pTau181 V2 Advantage
kit (Quanterix) on the Simoa HDx analyzer (Quanterix) (26). Samples
were measured in duplicate, with an average intra-assay coefficient of

variation of 6.1% 6 4.6%. One SCD participant was a clear outlier
longitudinally and therefore excluded from longitudinal analyses (Sup-
plemental Fig. 1).

Tau PET Acquisition and Analyses
Participants underwent dual-time-point dynamic 18F-flortaucipir PET

scans of at least 100-min duration (27,28). A subset (n 5 40, the same
subset as that with longitudinal plasma) had 2.16 0.1 y of follow-up tau
PET available.

We extracted nondisplaceable binding potential (BPND) from 3 subject-
space regions of interest (ROIs) selected a priori and corresponding to
postmortem staging of neurofibrillary tangle pathology (29), in line with
previous work (30,31). These ROIs included the entorhinal cortex (Braak
I); a temporal composite region (Braak III and IV); and a widespread neo-
cortical region (Braak V and VI). Details are described in the supplemen-
tal methods (27–29,32–36).

Neuropsychological Assessment
Participants underwent a standardized neuropsychological assess-

ment as part of diagnostic screening, and the assessment was repeated
annually (20,25). We used neuropsychological test data from both
before and after tau PET and blood collection to accurately estimate
slopes in cognitive functioning. The result was longitudinal cognitive
data covering 3.2 6 2.7 y (total of 405 visits; range, 1–13; median, 3;
96 participants $ 2) (supplemental methods (25,37)). We a priori
selected cognitive tests shown to be sensitive in capturing cognitive
decline in early and late stages of AD (38): the Dutch version of the
Rey Auditory Verbal Learning Test (RAVLT) delayed recall (episodic
memory); the Category Fluency test (CFT) animals (semantic mem-
ory); and the Trail-Making Test B (TMT-B) (executive functioning).
The Mini-Mental State Examination (MMSE) was used as a measure
of global cognition.

TABLE 1
Demographics

Stratified by diagnosis

Demographic Total sample SCD MCI/AD

Participants (n) 110 (100%) 50 (45.5%) 60 (55.5%)

Age (y) 65.4 6 7.4 65.6 6 7.6 65.3 6 7.3

Sex, female (n) 53 (48.2%) 25 (50.0%) 28 (46.7%)

Median education 6 (range, 2–7) 6 (range, 2–7) 6 (range, 3–7)

APOE E4 carrier (n) 61 (56.5%) 18 (37.5%) 43 (71.7%)*

Ab-positive status (n) 79 (71.8%) 19 (38.0%) 60 (100%)*

Cognition

MMSE 25.7 6 4.2 28.8 6 1.4 23.0 6 4.0*

RAVLT delayed recall 5.7 6 4.4 9.3 6 3.3 2.8 6 2.8*

CFT animals 19.9 6 7.3 24.8 6 5.7 15.6 6 5.7*

Trail-making test B 122.5 6 83.7 78.0 6 35.8 174.3 6 93.4*

Plasma pTau181 (pg/mL) 2.53 6 1.14 2.08 6 1.17 2.91 6 0.98*
18F-flortaucipir PET BPND

Entorhinal 0.16 6 0.26 20.03 6 0.17 0.32 6 0.21*

Temporal 0.32 6 0.31 0.10 6 0.15 0.50 6 0.29*

Neocortical 0.22 6 0.29 0.05 6 0.07 0.36 6 0.33*

*Different from SCD at P , 0.01.
Data are mean 6 SD unless specified otherwise. Education reflects Dutch Verhage scale. APOE E4 was missing in 2 SCD patients,

CFT animals was missing in 3 MCI/AD patients, and Trail-making test B was missing in 17 MCI/AD patients.
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Statistical Analyses
We used R, version 4.0.3, for statistical analyses. A P value of less

than 0.05 was considered significant.
Demographic characteristics were compared using t tests, x2 tests,

and Mann–Whitney U tests. Associations of tau markers with age,
sex, and apolipoprotein E (APOE) E4 status were examined using
Pearson correlations or t tests. Associations between tau markers were
examined using linear regressions adjusted for age, sex, and time
between PET and blood collection. We examined between-group dif-
ferences in tau markers using age- and sex-adjusted analysis of covari-
ances. We performed receiver-operating-characteristic analyses to
compare tau marker accuracies in discriminating cognitive stage (SCD
vs. MCI/AD) and preclinical Ab status (SCD Ab-negative vs. SCD
Ab-positive). Differences between areas under the curve (AUCs) were
tested using DeLong tests.

Next, we investigated associations of tau markers with cognitive decline
using age-, sex-, and education-adjusted linear mixed models (LMMs)
with subject-specific intercepts. For all LMMs, a random slope was added
when it improved model fit by comparing the Akaike information criterion
using x2 statistics. Tau marker (tau PET or plasma pTau181), time (tau
PET or blood collection as T 5 0), and an interaction term of tau
marker3 time were entered as fixed variables and neuropsychological test
performance as a dependent variable. For all LMMs, we used separate
models per tau marker and per cognitive test. Furthermore, tau markers
and cognitive scores were scaled within each LMM to compare effect
sizes. The fixed effect of tau marker was interpreted as the cross-sectional
association, and the fixed effect of tau marker 3 time was interpreted as
the longitudinal association. P values were corrected for multiple testing by
applying the 10% false-discovery rate (FDR).

Lastly, in the subset with longitudinal tau markers, we investigated
changes in tau markers over time using age- and sex-adjusted LMMs.
Time, diagnosis (SCD or MCI/AD), and an interaction term of diagnosis3
time were entered as fixed variables and tau marker as a dependent variable.
We additionally explored associations of tau marker annual changes with
cognitive decline, for which tau marker annual
changes were calculated as [(follow-up 2

baseline)/time between measurements in years].
Age-, sex-, and education-adjusted LMMs were
performed with tau marker annual change, time
(baseline tau PET or blood collection as
T5 0), and an interaction term of tau marker
annual change 3 time as a fixed variable and
neuropsychologic test performance as a depen-
dent variable. The fixed effect of tau marker
annual change 3 time was interpreted as the
association between tau marker annual change
and longitudinal cognition.

RESULTS

Participants
Table 1 shows the participant character-

istics. Mean age was 65.4 6 7.4 y, and
48.2% of participants were female. By
study design, all MCI/AD participants were
Ab-positive. Of the 50 SCD participants,
19 (38.0%) were Ab-positive. There were
no group differences in age, sex, or educa-
tion, but there were more APOE E4 carriers
in MCI/AD than in SCD (P , 0.01). Sup-
plemental Table 1 shows the characteristics
of the longitudinal subset. Plasma pTau181
did not correlate with age or sex in either

SCD or MCI/AD. In SCD, but not MCI/AD, APOE E4 carriers
showed higher plasma pTau181 than noncarriers (P 5 0.03). Tau
PET BPND in the temporal ROI positively correlated with age in SCD
(r 5 0.29, P 5 0.04), whereas in MCI/AD, tau PET BPND in all
ROIs negatively correlated with age (20.37 . r . 20.62; all ROIs,
P , 0.01). In MCI/AD, but not SCD, female participants showed
higher BPND than male participants (all ROIs P , 0.01). In both
SCD and MCI/AD, APOE E4 carriers showed higher entorhinal tau
PET BPND than noncarriers (P 5 0.01 and P 5 0.03, respectively)
but not in other ROIs (Supplemental Table 2; Supplemental Fig. 2).

Association Between Plasma pTau181 and Tau PET
Across all participants, plasma pTau181 was associated with tau

PET in each ROI (range of b, 0.37–0.53; all P , 0.01) (Supple-
mental Tables 3 and 4). Within SCD and MCI/AD separately,
plasma pTau181 was associated moderately with tau PET in SCD
(range of b, 0.43–0.63; all P , 0.01) and associated weakly to
moderately with tau PET in MCI/AD (range of b, 0.21–0.29; all
P , 0.05) (Fig. 1A). Further stratifying SCD participants for
Ab positivity revealed significant positive associations between
plasma pTau181 and tau PET in SCD Ab-positive participants but
not in SCD Ab-negative participants (Fig. 1B).

Comparing Plasma pTau181 and Tau PET for Predicting
Cognitive Stage and Preclinical Ab status
Both plasma pTau181 and tau PET BPND were higher in

MCI/AD than in SCD (all P , 0.001), although plasma pTau181
showed considerable between-group overlap (Fig. 2A). The AUC
for distinguishing MCI/AD from SCD for plasma pTau181 (AUC,
0.74 [95% CI, 0.65–0.84]) was significantly lower than that for tau
PET BPND in entorhinal (0.89 [95% CI, 0.83–0.96], DeLong P ,

0.001), temporal (0.92 [95% CI, 0.87–0.98], P , 0.001), and neo-
cortical (0.89 [95% CI, 0.83–0.95], P 5 0.005) ROIs (Fig. 2C).

A

B

FIGURE 1. Associations between plasma pTau181 and tau PET in SCD and MCI/AD (A) and SCD
Ab-negative and SCD Ab-positive (B) participants. *P, 0.5. **P, 0.01. ***P, 0.001.
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When the cohort was stratified into SCD Ab-negative, SCD
Ab-positive, MCI, and AD dementia groups, plasma pTau181 was
higher in each Ab-positive group (SCD Ab-positive, MCI, and
AD dementia) than in Ab-negative SCD (Fig. 2B; Supplemental
Table 5). No differences were observed between Ab-positive
groups. In contrast, tau PET showed more stepwise increases
across groups (Fig. 2B; Supplemental Table 5).
Finally, to distinguish preclinical Ab status (SCD Ab-positive

vs. SCD Ab-negative), plasma pTau181 showed an AUC of 0.83
(95% CI, 0.70–0.96). Comparable AUCs were observed for tau

PET BPND in entorhinal (0.87 [95% CI, 0.77–0.98], P 5 0.54),
temporal (0.85 [95% CI, 0.73–0.98], P 5 0.80), and neocortical
(0.67 [95% CI, 0.50–0.84], P 5 0.09) regions (Fig. 2D).

Comparing Plasma pTau181 and Tau PET for Predicting
Cognitive Decline
Next, we investigated associations with cross-sectional and lon-

gitudinal cognition. We report associations for plasma pTau181 and
temporal tau PET in SCD and MCI/AD that survived FDR correction.
Supplemental Table 6 reports all estimates and uncorrected P values.

In SCD, plasma pTau181 was not associ-
ated with cross-sectional performance on any
of the included neuropsychological tests
(FDR P . 0.05). Longitudinally, higher
plasma pTau181 was associated with a
steeper rate of decline on the MMSE (b 5
20.05, FDR P, 0.01) and RAVLT delayed
recall (b 5 20.08, FDR P5 0.04). In SCD,
temporal tau PET BPND was associated with
worse cross-sectional performance on the
MMSE (b 5 20.24, FDR P 5 0.04). In
addition, temporal tau PET BPND was associ-
ated with a steeper rate of decline on all neu-
ropsychologic tests (MMSE: b 5 20.12,
FDR P , 0.01; RAVLT delayed recall: b 5
20.07, FDR P 5 0.01; CFT animals: b 5

20.08, FDR P , 0.01; trail-making test B:
b 5 20.07, FDR P, 0.01) (Fig. 3).
In MCI/AD, plasma pTau181 was not as-

sociated with cross-sectional or longitudinal
performance on any of the included neuropsy-
chological tests (FDR P . 0.05). In contrast,
in MCI/AD, temporal tau PET BPND was
associated with worse cross-sectional perfor-
mance on the MMSE (b 5 20.45, FDR
P , 0.01) and with a steeper rate of decline
on the MMSE (b 5 20.17, FDR P , 0.01)
and on the CFT animals test (b 5 20.10,
FDR P5 0.04) (Fig. 3).

Comparing Longitudinal Changes in
Plasma pTau181 and Tau PET
Finally, in the subset with repeated tau

biomarker assessments, an interaction effect
of diagnosis 3 time was observed for
plasma pTau181 (b 5 0.35, P , 0.001),
meaning plasma pTau181 levels increased
more steeply in MCI/AD than in SCD (Fig. 4).
For tau PET, we also observed significant
interaction effects of diagnosis 3 time, with
steeper increases in BPND in MCI/AD than
in SCD in temporal (b 5 0.08, P 5 0.049)
and neocortical (b 5 0.12, P , 0.02), but
not entorhinal (b 5 0.08, P 5 0.14), regions
(Fig. 4). Supplemental Table 7 reports longi-
tudinal changes in tau markers in SCD and
MCI/AD separately.
Annual change in plasma pTau181 was

not associated with longitudinal cognition
(all P . 0.05). In contrast, annual change
in tau PET BPND in all ROIs was associated

A

B

C D

FIGURE 2. (A and C) Plasma pTau181 and tau PET BPND stratified for SCD and MCI/AD (A) and
for SCD Ab-negative and SCD Ab-positive MCI due to AD and AD dementia (C). (B and D) AUCs for
discriminating SCD from MCI/AD (B) and SCD Ab-negative from SCD Ab-positive (D) participants.
*P, 0.5. **P, 0.01. ***P, 0.001.
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with decline on the RAVLT delayed recall (all P , 0.05) (Sup-
plemental Fig. 3). Furthermore, annual change in temporal and
neocortical BPND was associated with decline on the CFT ani-
mals, and neocortical BPND additionally was associated with
decline on the MMSE (Supplemental Table 8 shows estimates
and P values).

DISCUSSION

In this study, we performed a head-to-head comparison between
plasma pTau181 and tau PET in predicting cognitive stage, preclinical
Ab status, and cross-sectional and longitudinal cognitive func-
tioning. Both plasma pTau181 and tau PET discriminated with
high accuracy between SCD Ab-negative and SCD Ab-positive
individuals, but tau PET outperformed plasma pTau181 in discrim-
inating cognitive stage (MCI/AD vs. SCD). Moreover, compared
with plasma pTau181, tau PET showed stronger associations with

cognitive decline and was associated with a
wider variety of cognitive tests. Both plasma
pTau181 and tau PET showed steeper
increases over time in MCI/AD than in
SCD, but only annual changes in tau PET
were associated with longitudinal decline.
Our results provide support for both plasma
pTau181 and tau PET as biomarkers for
identifying Ab pathology but indicate that
tau PET has better performance for disease
staging and clinical progression.
For distinguishing between preclinical Ab-

positive and Ab-negative individuals, plas-
ma pTau181 and tau PET (especially in
entorhinal and temporal regions) showed
high accuracy and performed equally well
(AUCs of 0.83–0.87). This finding high-
lights the close relationship of both plasma
pTau181 and 18F-flortaucipir PET with the
presence of Ab pathology and underscores
the ability of these markers to predict Ab
status even at a very early stage, in line
with previous studies (7,8,14,19). Com-
bined with the practical advantages of
plasma biomarkers, our results support the
potential of plasma pTau181 for implemen-
tation in the clinic as a first step in the diag-
nostic work-up of AD or as a clinical trial

screening or prescreening tool, before cerebrospinal fluid or PET
measurements.
For distinguishing between cognitively impaired and unimpaired

individuals, tau PET significantly outperformed plasma pTau181
(AUCs of 0.89–0.92 for tau PET vs. 0.74 for pTau181). A stronger
role for tau PET than for plasma pTau181 in disease staging was fur-
ther strengthened by the comparison of tau marker values between
SCD Ab-negative, SCD Ab-positive, MCI, and AD dementia, which
showed stepwise increases in tau PET binding across the groups,
whereas no differences in plasma pTau181 were observed among the
Ab-positive groups of different cognitive stages. In addition, tau PET
associations with cross-sectional and longitudinal cognitive function-
ing were stronger and involved a wider variety of cognitive tests than
was observed for plasma pTau181. The observed differences between
the tau markers for predicting cognition might be related to biologic
differences. Whereas fluid tau markers reflect increased phosphoryla-
tion and release of soluble tau (39), tau PET tracers bind to in-

soluble tau aggregates. Strong associations
between tau tracer binding, disease stage, and
cognitive decline have also been observed in
previous studies (17,40). Overall, our results
provide stronger support for tau PET than for
plasma pTau181 for tracking disease progres-
sion and for use as a potential prognostic bio-
marker and clinical trial outcome measure.
Our longitudinal analyses showed that

both plasma pTau181 and tau PET show
steeper increases over time in MCI/AD than
in SCD, in line with previous studies and
with similar magnitudes (41–43). However,
annual increases in only tau PET, not plasma
pTau181, were associated with cognitive
decline. A previous study investigating plasma

A

B

FIGURE 3. Heat plots reflecting standardized b-estimates (color scale) and significance levels
from LMMs between plasma pTau181 or tau PET (predictor) and cross-sectional (A) and longitudinal
(B) cognitive performance (outcome variables) (age-, sex-, and education-adjusted). *Uncorrected
P, 0.05. **FDR P, 0.05. TMT-B5 trail-making test B.

FIGURE 4. Spaghetti plots of scaled longitudinal plasma pTau181 and tau PET in SCD and MCI/AD.
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pTau217 did observe associations between annual plasma pTau217
changes and longitudinal cognition (42). This discrepancy could be
related to a different plasma pTau isoform or assay (26), and
although our longitudinal results should be interpreted with caution
because of the small sample size, our finding warrants further
investigation as it could have implications for clinical trial designs.
Previous studies have suggested that plasma pTau217 might have
slightly favorable properties compared with plasma pTau181 in
terms of dynamic range (44), prediction of Ab status (10), and
differentiation between clinical AD dementia and other neurode-
generative dementias (45). However, comparable performance for
pTau181 and pTau217 has also been observed, such as in differen-
tiating AD dementia from controls (10,26). Head-to-head compari-
sons including different plasma pTau isoforms are needed to define
the complementarity of these markers.
This study had some limitations. Our cohort consisted of a

highly selected sample with a relatively high percentage of Ab-
positive SCD cases. Head-to-head comparisons between plasma
pTau181 and tau PET in unselected cohorts, more diverse popula-
tions, and non-AD dementias would be important. Furthermore,
we had a relatively small sample size in longitudinal analyses. In
addition, we used plasma pTau181 and 18F-flortaucipir PET, but
studies have shown that other plasma pTau isoforms and second-
generation PET tracers may be more sensitive for earlier disease
stages (26,29,45). Finally, a recent study showed that health condi-
tions such as chronic kidney disease, hypertension, stroke, and
myocardial infarction are associated with plasma pTau181 (46).
Future studies with larger sample sizes are needed to further inves-
tigate this possibility.

CONCLUSION

Plasma pTau181 and tau PET performed equally well in identi-
fying Ab pathology, but tau PET better monitored disease stage
and clinical progression.
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KEY POINTS

QUESTION: How do cross-sectional and longitudinal plasma
pTau181 and tau PET perform in predicting cognitive stage,
preclinical Ab status, and longitudinal cognition?

PERTINENT FINDINGS: Both plasma pTau181 and tau PET
discriminated Ab-negative from Ab-positive cognitively unimpaired
individuals with high accuracy. Tau PET outperformed plasma
pTau181 in discriminating cognitively impaired from unimpaired
individuals and in predicting cognitive decline. Both plasma
pTau181 and tau PET showed steeper longitudinal increases in
cognitively impaired than unimpaired individuals, but only annual
changes in tau PET were associated with longitudinal cognitive
decline.

IMPLICATIONS FOR PATIENT CARE: Both plasma pTau181 and
tau PET can be used for predicting Ab status, but tau PET better
monitors disease stage and predicts cognitive decline.
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In vivo characterization of pathologic deposition of tau protein in the
human brain by PET imaging is a promising tool in drug development
trials of Alzheimer disease (AD). 6-(fluoro-18F)-3-(1H-pyrrolo[2,3-c]
pyridin-1-yl)isoquinolin-5-amine (18F-MK-6240) is a radiotracer with high
selectivity and subnanomolar affinity for neurofibrillary tangles that shows
favorable nonspecific brain penetration and excellent kinetic properties.
The purpose of the present investigation was to develop a visual assess-
ment method that provides both an overall assessment of brain tauopa-
thy and regional characterization of abnormal tau deposition. Methods:
18F-MK-6240 scans from 102 participants (including cognitively normal
volunteers and patients with AD or other neurodegenerative disorders)
were reviewed by an expert nuclear medicine physician masked to each
participant’s diagnosis to identify common patterns of brain uptake. This
initial visual read method was field-tested in a separate, nonoverlapping
cohort of 102 participants, with 2 additional naïve readers trained on the
method. Visual read outcomes were compared with semiquantitative
assessments using volume-of-interest SUV ratio. Results: For the visual
read, the readers assessed 8 gray-matter regions per hemisphere
as negative (no abnormal uptake) or positive (1%–25% of the region
involved, 25%–75% involvement, or.75% involvement) and then char-
acterized the tau binding pattern as positive or negative for evidence of
tau and, if positive, whether brain uptake was in an AD pattern. The read-
ers demonstrated agreement 94% of the time for overall positivity or neg-
ativity. Concordance on the determination of regional binary outcomes
(negative or positive) showed agreement of 74.3% and a Fleiss k of
0.912. Using clinical diagnosis as the ground truth, the readers demon-
strated a sensitivity of 73%–79% and specificity of 91%–93%, with a
combined reader-concordance sensitivity of 80% and specificity of
93%. The average SUV ratio in cortical regions showed a robust correla-
tion with visually derived ratings of regional involvement (r 5 0.73, P ,

0.0001). Conclusion:We developed a visual read algorithm for 18F-MK-
6240 PET offering determination of both scan positivity and the regional
degree of cortical involvement. These cross-sectional results show
strong interreader concordance on both binary and regional assess-
ments of tau deposition, as well as good sensitivity and excellent specifi-
city supporting use as a tool for clinical trials.

Key Words: neurology; PET; Alzheimer disease; MK-6240; PET; tau
proteinopathies
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The recent introduction of tau PET imaging biomarkers for clini-
cal and research applications provides a powerful tool for corroborat-
ing the patterns of pathologic progression in Alzheimer disease (AD)
suggested by postmortem studies (1), as well as potentially offering
a way to monitor response to treatments designed to interrupt AD
brain pathology (2,3). Tau PET imaging shows a good correlation
between regional brain uptake and clinical and psychometric mea-
sures in cross-sectional studies (4–7). Indeed, increased density and
spread of abnormal uptake in tau PET images is consistent with pro-
gression of the disease in patients with early or mild AD and is asso-
ciated with the degree of neuropsychologic impairment.
Tau PET studies have corroborated findings from pathologic

postmortem examination of AD brains, which demonstrated initial
cortical uptake in the entorhinal cortex and medial temporal struc-
tures, extending to the inferolateral temporal and superolateral tem-
poral structures and to the neocortical occipital, posterior cingulate,
parietal, and frontal cortices (8). Temporal lobe structures, espe-
cially the mesial temporal gyri and hippocampus, are the earliest
neocortical regions to manifest neurofibrillary tangles (9), suggest-
ing that visual read methods might focus particular attention here.
The first-generation tau PET agent 18F-flortaucipir (18F-AV-1451),
which was used in the largest clinicopathologic study of AD and
mild cognitive impairment (MCI) (10), has off-target uptake in
areas adjacent to the mesial temporal lobe, limiting the ability to
assess the tau pathology of this important region.

6-(fluoro-18F)-3-(1H-pyrrolo[2,3-c]pyridin-1-yl)isoquinolin-5-
amine (18F-MK-6240) is a second-generation tau PET imaging agent
with high specificity and low off-target binding in gray and white mat-
ter, representing improvements over first-generation tracers (11,12). In
cognitively normal individuals, 18F-MK-6240 demonstrates homoge-
neous uptake such that some structural features such as the ventricles
are visualized but without evidence of focal uptake in the neocortex.
AD patients show a pattern of cortical uptake that is more intense,
asymmetric, and focal (13), consistent with the distribution of the tau
pathology reported in postmortem studies (9).
As the utility of tau PET radiotracers such as 18F-MK-6240 expands,

potential future clinical applications in AD may include aiding in the
differential diagnosis of patients with cognitive impairment, screening
for eligibility for long-term treatments to slow disease progression,
monitoring the effectiveness of such treatments, assessing the course of
disease, and serving as a prognostic biomarker potentially identifying
at-risk cohorts. For any of these indications, a robust method for visual
assessment will be an important way to evaluate 18F-MK-6240 PET
images, especially in the clinical setting, where an interpretation of the
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tau PET scan as negative or positive is a primary goal. However, unlike
amyloid PET, tau uptake patterns demonstrate dynamic heterogeneity
in individuals with AD, both in the spatial extent within the brain and
in the intensity of uptake within regions. These patterns offer an oppor-
tunity to obtain additional information from the visual read relevant to
clinical research trials. Specifically, it may be possible to visually assess
changes in the extent of uptake within regions over time, as well as
between regions. Thus, it may be possible to elicit tau progression
information from the visual interpretation.
The goals of the present study were to develop, field-test, and

refine a visual read method for 18F-MK-6240 PET as a potential
tool for assessing in vivo brain tau accumulation, providing a read-
out of tau positivity and negativity and of the spatial extent of
uptake within individual regions. The latter may be relevant to
assessing within-patient changes in the context of clinical thera-
peutic drug trials in which the tau PET signal might be expected
to be unchanged or even decrease on serial imaging.

MATERIALS AND METHODS

Imaging Data
Pooled imaging data provided under informed consent from 204 par-

ticipants with various diagnoses (cognitively normal controls [CNs],
patients with MCI due to AD, patients with AD dementia, and patients
with non-AD brain disorders) were obtained from Cerveau Technolo-
gies, which gathered, curated, organized, and archived the data under
contractual agreement from 9 separate studies at 9 clinical sites. All
studies had Investigational Review Board approval, and participants
provided written informed consent for the procedures, including han-
dling of imaging data. Scans were received as reconstructed anon-
ymized DICOM image volumes corrected for scatter, randoms, and
attenuation. Data from each center were acquired according to its own
imaging protocol, and scan time windows were therefore not guaran-
teed to overlap at later postinjection times. Therefore, to generate an
average static image for visual assessments, we used the most common
overlapping late time-frame window (6 3 5-min frames), which was
between 60 and 90 min after injection.

Definition of MK-6240 Uptake Patterns
For developing the visual read method, we randomly selected a subset

of the original database containing 102 participants (52 CN, 17 MCI, 29
AD, and 4 non-AD neurologic disease). 18F-MK-6240 averaged images,
obtained by creating a mean image from the serial static 5-min frames
within the 60- to 90-min time window, were
reviewed by an experienced nuclear medicine
physician–researcher (reader 0) without a pre-
specified examination protocol and masked to
each participant’s diagnosis and imaging site.
This process of unguided examination led to
the identification and categorization of com-
mon uptake patterns that were generally con-
sistent with current understanding of AD tau
pathophysiology and patterns that were better
described as non-AD or off-target binding.
On the basis of this review, an initial visual
read procedure was developed for field testing
and refinement using the second half of the
image dataset (102 different, nonoverlapping
participants).

Visual Assessment Algorithm for
18F-MK-6240

The visual assessment of 18F-MK-6240 is a
3-step process involving, first, assessment of

technical adequacy; second, systematic review of neocortical areas for
the presence and spatial extent of increased radiotracer uptake; and
third, application of a rule set to the findings of step 2 for determination
of positivity and classification as an AD pattern or not. Details are
described in section S-1 of the supplemental materials (supplemental
materials are available at http://jnm.snmjournals.org).

Readers focus on 8 prespecified brain regions in each hemisphere of
the cerebral cortex (16 regions total): hippocampus, mesial temporal,
inferior temporal, lateral temporal, parietal, posterior cingulate, occipi-
tal, and frontal lobes (Fig. 1). Temporal regions are grouped under the
designation cluster 1, whereas the extratemporal cortical regions are
grouped under the designation cluster 2. Cluster 3 comprises subcortical
regions (striatum/globus pallidus, thalamus, pons, and dentate nucleus)
suggestive of binding related to non-AD tauopathy.

For each of the 16 cortical regions, the reader—informed by train-
ing examples—ascertains whether there is abnormally increased radio-
tracer in the region relative to the cerebellum. The reader also assigns
a regional-extent score expressed as the percentage of the region
showing abnormal increased uptake: none (0%), 1%–25%, 26%–75%,
or more than 75% involvement of the region.

Regional positivity is defined by either focal or confluent uptake
involving at least 1%–25% of the region (Table 1). Readers are asked
to judge the extent (voxels with increased uptake within each region)
rather than the intensity of uptake.

The initial algorithm for assessing positivity was according to 3 rules
(Fig. 2). This initial set of rules was refined further on the basis of addi-
tional information and experience. Rule 1 is that a scan showing normal
findings has no more than one region of focally increased uptake in clus-
ters 1 or 2 (combined) and no regions of focal uptake in cluster 3. Rule 2
is that a scan positive for the AD pattern shows two or more cluster
1–positive or 2–positive regions, with at least one positive region in clus-
ter 1 and no positive regions in cluster 3. Rule 3 is that a scan positive
for the non-AD pattern shows two or more cluster 2–positive or cluster
3–positive regions, with no positive regions in cluster 1.

Readers
Two board-certified nuclear medicine physicians with research

backgrounds in brain molecular imaging and some experience with
flortaucipir PET, but naïve to 18F-MK-6240, served as testers of the
read method. First, readers reviewed the scientific background, study
rationale, and description of the read method with focus on brain
region identification. After a group case review and individual testing
for competency, field testing with the 2 independent readers and

FIGURE 1. Regions for visual read are outlined and overlaid on T1-weighted MR images for
anatomic reference.
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1 in-house expert reader was performed. In total, 112 test scans (102
cases 1 10 repeat scans) were randomly presented without clinical or
diagnostic information.

Scans were read in either linear gray scale or inverse gray scale.
Readers were not provided MRI or CT results or other structural infor-
mation. Images were maintained on a DICOM server accessed by
remote desktop software to run PMOD, version 3.8 (PMOD Technolo-
gies), for visual display and adjustment of the PET scans. All interac-
tions with the read platform were logged by PMOD. Readers recorded
their findings in an electronic report form, which captured data, time,
and user information for each case. Reads were conducted by 2 readers
over 2 d and 1 reader over 7 d, all initiated within 1 d of the training.

Evaluation of Read Method
Binary readouts (positive or negative) for tau deposition by the 2

field test readers (readers 1 and 2) were compared with the gold stan-
dard read by the internal nuclear medicine reader (reader 0). Concor-
dance for visual assessment among all 3 readers was tallied for
positive and negative cases and expressed as a percentage. Cohen k

and Fleiss k were used to assess reader-by-reader and group agree-
ment, correcting for chance agreement for the overall scan assessment.
Agreement was also evaluated on a region-by-region basis among all
3 readers for both the binary determination and regional extent using
the Fleiss k-statistic (14). In addition, an exploratory overall tau visual
regional-extent score (VRES) was calculated for each region by

assigning a value to the categoric region score of 1 for visual scores of
more than 75%, 0.5 for scores of 26%–75%, 0.25 for scores of less
than 25%, and 0 for scores of 0. Hence, a scan with complete bilateral
uptake involving greater than 75% extension throughout each region
has a total VRES of 16.

Other assessments included intrarater test–retest reliability for scan
positivity or negativity, determined for those scans (n 5 10) that were
randomly presented twice to the readers; sensitivity, specificity, and
area under the receiver-operating-characteristic curve, determined
using the site clinical diagnosis for participants for whom this informa-
tion was available (n 5 91); and self-reported reader confidence in
their assessments (supplemental materials, section S-2).

Comparison with SUV Ratio (SUVr)
SUVr was used to compare the brain uptake in regions involved in

Braak stages 1–6 and the volume-of-interest (VOI) sampling of Jack
et al. (15) to binary and VRES reads. T1-weighted MR images and
18F-MK-6240 PET scans were obtained from the Cerveau database.
18F-MK-6240 PET scans were processed and analyzed similarly to
visual read images. Details of the image processing are provided in
the supplemental materials, section S-3.

Statistical Analysis
Comparison between demographics in the development and testing

scan groups used descriptive statistics and unpaired t tests. For visual
reads, percentage concordance against the read standard (reader 0)

was determined, and pairwise and group
reader agreement was assessed with Cohen
and Fleiss k-statistics, respectively. The read-
ers’ total VRES (0216) was compared using
ANOVA and post hoc Welch t tests. VRES
totals were also correlated with SUVr using
Pearson correlation. Further, individual visual
reads, VRES analyses, and SUVrs using dif-
ferent VOI strategies underwent receiver-
operating-characteristic curve analysis for
determination of sensitivity and specificity
against the clinical site diagnosis as the truth
standard.

Refinement of Algorithm for
Assessing Positivity

After the masked read, a study close-out
and image review with all readers assessed
the adequacy of the initial rule set for describ-
ing scans encountered in the presented cases.

TABLE 1
Regions for Visual Assessment

Brain area Included regions Visual rating No. regions Rationale

Cluster 1, temporal
lobes

Hippocampus; mesial
temporal; inferior
temporal; lateral
temporal

No uptake (0%); uptake
1%–25%; extension
26%–75%; .75%
extension

8 regions: 4 each in
left and right
hemispheres

Earliest cortical regions
involved in AD per
Braak staging

Cluster 2, extratemporal
neocortex

Occipital; posterior
cingulate; parietal;
frontal

No uptake (0%); uptake
1%–25%; extension
26%–75%; .75%
extension

8 regions: 4 each in
left and right
hemispheres

Next regions involved
in AD

Cluster 3, subcortical
area

Striatum-globus;
thalamus; dentate
nucleus; pons;
midbrain

Presence or absence 5 regions May be positive in
non-AD tauopathies

FIGURE 2. 18F-MK-6240 PET in CN volunteer, AD patient, and patient with non-AD tauopathy.
“Positive, atypical AD” was added in refined algorithm. Non-AD tauopathy patterns with only sub-
cortical (cluster 3) and no cortical uptake (clusters 1 and 2), as would be expected in progressive
supranuclear palsy (PSP), were not encountered in this primarily MCI/AD dataset.
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This information was supplemented by other data sources, including
published studies on the regional patterns of radiotracer uptake and
review of another internal 18F-MK-6240 PET dataset of MCI and
mild-AD participants. On this basis, the algorithm was refined. These
refinements were then applied to the original dataset for comparison to
the preliminary algorithm.

RESULTS

Overall Binary Scan Assessment
The development (n 5 102) and testing (n 5 102) datasets

were not significantly different with regard to age, self-reported
sex, or diagnostic cohort (Table 2). No scans were excluded from
review by any reader for technical deficiencies.
Comparing overall binary tau positivity (original rules 2 and 3)

against the gold standard by reader 0, both reader 1 and reader 2
had a high level of concordance, with complete agreement on 107
(95%) and 108 (95%) of 112 scans (102 original 1 10 repeated),
respectively. All 3 readers were in complete agreement on 105 of
112 cases (94%). The Cohen k for pairwise comparisons was 0.964
and 0.955, respectively, for reader 0 versus reader 1 and reader
0 versus reader 2, indicating excellent agreement. The Fleiss k for
interreader agreement among all 3 readers was 0.912, again indicat-
ing excellent agreement. Review of the 7 discordant cases showed
2 primary causes: the first was technical issues such as improper
attenuation correction or reconstruction errors due to motion arti-
facts on scans judged to be still interpretable (n 5 5), and the sec-
ond was uptake in the inferior and mesial temporal lobes that was
incorrectly attributed to off-target meningeal uptake at the base of
the skull (n 5 2) (Fig. 3). Discrimination of this nonspecific uptake
from adjacent cortical regions may be improved by leveraging
structural imaging (MRI or CT), which was not allowed in the pre-
sent study (Supplemental Fig. 1).

Regional Assessments
Assessments were made in 1,792 regions (112 cases 3 16

regions). Evaluation of the 16 regions for reader agreement on the
binary determination of positivity or negativity for each region
showed that 3 of 3 readers agreed in 1,329 regional reads (74.3%
of regions), 2 of 3 readers agreed in 367 regional reads (20.4%),
and 96 regions were read (5.3%) with complete discordance. Over
the 16 regions, complete agreement among the 3 readers ranged
from 69% to 86%. There was excellent agreement for some
regions, with the Fleiss k ranging from 0.726 (left mesial tempo-
ral) to 0.945 (right parietal) (Table 3).

Evaluation of reader agreement across the 4 possible regional
responses (0, ,25%, 25%–75%, and .75%) showed substantial
agreement for 8 of 16 regions and moderate agreement for the other
8 regions. The regions demonstrating the highest reader agreement
were the lateral temporal lobes and posterior cingulate cortex,
whereas those regions demonstrating the least reader agreement were
the occipital lobes, right hippocampus, and left mesial temporal lobe.

Reproducibility
The reproducibility of the 10 randomly selected cases for binary

determination of positive or negative was excellent, with readers
0 and 2 achieving 100% reproducibility and reader 1 achieving
90%. The reproducibility of the binary positive-or-negative determi-
nation for the 16 cortical regions for the 10 repeated case pairs was
also very good, with readers 0, 1, and 2 showing 93.8%, 95.0%,
and 98.8% self-agreement, respectively, for the 10 case pairs of 16
regions. Overall, of the 480 region pairs (10 case pairs of 16 regions
each for 3 readers) assessed with the VRES score, 460 (95.8%) of
the reads were scored identically. Regions that demonstrated the
most intrareader disagreement were the left and right inferior tem-
poral lobes, which together had 8 intrareader disagreements.

Comparison with Clinical Diagnosis
In 91 of the 102 (89%) cases for which a clear, well-supported

clinical diagnosis of AD, MCI, or CN was available from the site,
we assessed binary visual reads, total VRES, and diagnostic sensi-
tivity and specificity. Among the CN volunteers, 42 of 45 had neg-
ative visual reads; positive visual reads were noted in 22 of 28 AD
cases and 12 of 18 MCI cases. The consensus read for the overall
binary determination of scan positivity (2/3 or 3/3 readers agree)
relative to a site diagnosis of cognitive impairment due to AD or

TABLE 2
Demographic Data

Development dataset Test dataset

Sex (n) Sex (n)

Group n Age (y) M F n Age (y) M F

AD 29 72.4 (9.9) 20 9 24 70.4 (10.7) 12 12

MCI 17 71.2 (7.1) 11 6 21 69.9 (8.0) 12 9

CN 52 66.4 (12.1) 25 27 45 68.6 (7.5) 18 27

Other 4 63.3 (4.6) 0 4 12 65.9 (9.4) 5 7

Age is mean followed by SD in parentheses.

FIGURE 3. Difficult case showing bilateral anterior mesial temporal
uptake, which can be confused with off-target uptake in meninges and
floor of calvarium. Fused axial image of MK-6240 with the participant’s
T1-weighted MR image (top left), fused coronal image of MK-6240 with
the participant’s T1-weighted MR image (bottom left); axial (top right) and
coronal (bottom right) views of MRI only.
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AD dementia had a sensitivity of 81% and specificity of 93%.
Comparing the visual findings of each reader with the site clinical
diagnosis as the ground truth demonstrated excellent specificity and
moderate to good sensitivity for the visual read method (Table 4).

Comparison with SUVr
SUVr was calculated for 87 subjects who had T1-weighted MR

images for coregistration and regional segmentation. When parsed

by visual read status, negative and positive read groups demonstrated
a significantly different mean SUVr (P , 0.001) for all individual
Braak regions, Braak regional combinations (Braak 1–2, 3–4, and
5–6), and VOI regions of Jack et al. (15) (Supplemental Table 1).
Individual read data (Fig. 4) demonstrated clustering of negative
scans around an SUVr of 1 (no specific binding), whereas visually
positive scans showed higher SUVrs spread over a wider range.
Although most negative scans clustered around an SUVr of 1, we
showed a strong association (r 5 0.73, P , 0.0001) between quanti-
tative SUVrs from Braak 3–4 and semiquantitative VRES summed
across all readers (Supplemental Fig. 2). In addition, we examined

TABLE 3
Reader Agreement on Visual Assessment as Positive or Negative for Regional Tau

Regional binary agreement on positive or negative Complete agreement on spatial extent scoring

Agreement Region Fleiss k Agreement Region Fleiss k

Almost perfect Right parietal 0.945 Substantial Right lateral temporal 0.748

Right frontal 0.929 Left lateral temporal 0.716

Right lateral temporal 0.907 Right posterior cingulate 0.702

Left parietal 0.906 Left posterior cingulate 0.678

Left posterior cingulate 0.904 Right parietal 0.655

Left lateral temporal 0.888 Left parietal 0.621

Right posterior cingulate 0.87 Right frontal 0.618

Substantial Left frontal 0.801 Left frontal 0.602

Left occipital 0.801 Moderate Right inferior temporal 0.597

Left hippocampus 0.783 Left inferior temporal 0.576

Right inferior temporal 0.782 Right hippocampus 0.552

Right occipital 0.759 Right mesial temporal 0.552

Right hippocampus 0.756 Left hippocampus 0.551

Left inferior temporal 0.753 Left mesial temporal 0.545

Right mesial temporal 0.742 Right occipital 0.537

Left mesial temporal 0.726 Left occipital 0.503

Overall binary assessment, k 5 0.912.

TABLE 4
Sensitivity and Specificity of MK-6240 Visual Reads and

SUVr Analyses Using Clinical Diagnosis as Standard of Truth

Method Sensitivity Specificity
Youden
index

Visual read

Reader 0 0.79 0.93 0.72

Reader 1 0.75 0.93 0.68

Reader 2 0.79 0.91 0.70

Consensus 0.81 0.93 0.74

Visual VRES (cutoff, 1.5) 0.742 0.890 0.63

SUVr

Braak 1–2 (cutoff, 1.4) 0.649 0.888 0.54

Braak 3–4 (cutoff, 1.3) 0.645 0.963 0.61

Braak 5–6 (cutoff, 1.2) 0.611 0.960 0.57

Jack VOI (cutoff, 1.4) 0.650 0.880 0.53

Jack VOI 5 VOI regions of Jack et al. (15).
FIGURE 4. SUVr for different regional VOIs parsed by visual read of
negative or positive. Jack VOI5 VOI regions of Jack et al. (15).
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the regional distribution of total VRES and found a Braaklike
staging, with a greater number or cases showing higher VRESs in
the temporal regions than in the extratemporal cortical regions
(Supplemental Fig. 3).
Receiver-operating-characteristic analyses were performed to

assess different VOI template sampling for SUVr relative to the
clinical site diagnosis as the gold standard. Comparing VOI sam-
pling strategies with the site clinical diagnosis as the truth standard
using the highest Youden index for each analysis as the SUVr cut-
off (Supplemental Fig. 4) again demonstrated excellent specificity
and moderate sensitivity with Braak 3–4. The VOI regions of Jack
et al. (15) showed slightly higher sensitivity and specificity than
did Braak 1–2 or Braak 5–6 analyses, although the difference did
not achieve statistical significance (P 5 0.59).

Refinement of Algorithm for Assessing Positivity
The original algorithm for assessing positivity performed well

in separating tau-positive from tau-negative scans consistently
across readers. Nevertheless, a few changes were suggested after
reader review, review of additional 18F-MK-6240 PET datasets,
and consideration of the published literature (16). These resulted
in the adjustments described in Table 5.
The revised algorithm was applied to the regional data, with lit-

tle effect on the determination of positivity by the readers. The
final assessment was changed for only 1 reader in only 2 scans,
both of which were reclassified from negative to positive, atypical
AD pattern, improving the intrareader concordance from 90% to
100% for that reader. Overall concordance among the 3 readers
showed 106 of 112 (95%) to be in complete agreement on the
binary assessment of positivity.

DISCUSSION

This paper describes the development, initial evaluation, and refine-
ment of a visual read method for 18F-MK-6240 brain PET assessing
the uptake patterns consistent with tau deposition in patients with AD.

The method provides 2 sets of related information: the binary determi-
nation of positive or negative for the presence of pathologic tau, and
the regional extent of tau deposition in brain areas thought to be
involved in the pathologic progression of AD. The utility of this
method lies in its potential use in clinical trials, particularly for eligi-
bility assessments to confirm the presence of the targeted pathology,
as well as to measure disease progression and treatment effect.
We demonstrated a high reader concordance for binary (positive

or negative) and regional assessment of brain uptake consistent
with expected tau pathology. Discordance among readers was rela-
tively low and was due primarily to technical artifacts or to confu-
sion of uptake at the base of the skull for uptake in the inferior
and mesial temporal lobes. As expected, absolute agreement for
VRES (4 possible categories) was lower but still substantial to
moderate and varied by region. Agreement among readers was
lower in the temporal lobe regions (excepting the lateral temporal
lobes) than in other cortical regions (e.g., parietal, posterior cingu-
late), perhaps because of more difficult anatomic localization rela-
tive to the more accessibly definable and larger regions and high
meningeal uptake adjacent to inferomedial temporal regions.
Our data show robust test–retest reproducibility and good accu-

racy relative to clinical site diagnoses. The region with the lowest
reproducibility was the inferior temporal lobes; signal in this region
was infrequently misattributed to extracerebral uptake in surround-
ing regions. Off-target uptake of 18F-MK-6240 involves primarily
the meninges, as well as uptake at the base of the calvarium, both
of which had only a minor impact on scan interpretation in this
cohort and were minimized with the aid of structural imaging. This
result compares favorably with that of 18F-AV-1451, for which it is
typically difficult to evaluate medial temporal structures because of
the proximity of off-target uptake within the choroid plexus.
We observed a strong concordance between SUVr and the binary

read, with visually negative reads clustered around an SUVr of 1.0,
consistent with negligible binding. By contrast, visually positive
scans had higher SUVrs that were about twice the value of negative

TABLE 5
Initial and Revised Algorithms for Interpreting MK-6240 PET

Scan assessment Original algorithm Refined algorithm Reason for adjustment

Negative No more than one region
positive in cortex

All clusters negative Allowing one region to be positive
was to prevent interpretation of
scans as positive when meningeal
uptake near inferolateral temporal
lobes could be misread as
positive region; this was dropped
with improved methods or
instructions to identify this
confounder

Positive, AD
pattern

Evidence of increased
uptake in two cortical
regions with at least one
region in temporal lobes

At least one cluster 1 region
positive and no cluster 3
regions positive

Revision was made after observation
of multiple cases with isolated
cluster 1 abnormality in just one
region

Positive, atypical
AD pattern

Not assessed Increased uptake in one or
more regions in cluster 2
but not in clusters 1 or 3

This rare pattern was noted from
review of other MK-6240 datasets
and was expected pattern based
on published literature on other
tau PET tracers

Positive, non-AD
pattern

Any positive scan not fitting
AD criteria

Increased uptake in one or
more regions in clusters
1–3, with at least one
region in cluster 3

Adjustment was made after
formalized uniform assessment
for regions involved in non-AD
tauopathies
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reads. Analysis of the semiquantitative VRES found that uptake
occurred more frequently in temporal cortical structures than in
extratemporal regions, as predicted from the models of tau spread
from the postmortem data. However, these differences could also
be due to the lack of normalization for region size, which ran from
relatively small in the mesial temporal cortex to very large in the
frontal lobe. Partial-volume error correction, which was not per-
formed, would be expected to increase the differences between
temporal and nontemporal regions.
Relative to clinical diagnosis, both the visual read and SUVR anal-

ysis showed excellent specificity and moderate to good sensitivity,
with the best combination of sensitivity and specificity (81% and
93%, respectively) in the consensus read. Not surprisingly, the con-
sensus read is the most commonly used PET interpretation method
for eligibility assessments in clinical therapeutic trials, where amyloid
PET negativity rates may be as high as 10%–20% among individuals
thought to have AD on clinical examination (17). In addition, lower
sensitivity relative to clinical diagnosis is common in cross-sectional
datasets given the observed tendency for the baseline clinical diagno-
sis to identify AD with higher sensitivity and lower specificity than
does imaging when the gold standard is final clinical diagnosis after
longitudinal follow-up over a year or more (18). Both the semiquan-
titative SUVR analysis and the visual read performed similarly for
sensitivity and specificity, with visual reads having slightly higher
Youden indices. Although the SUVr cutoffs used here represent an
optimized Youden index (Supplemental Fig. 2), they may not be
ideal for addressing other research questions, which may require a
different point on the receiver-operating-characteristic curve.

Limitations
Although the readers were naïve to 18F-MK-6240 PET, they

were brain imaging specialists with experience reading other tau
and amyloid PET tracers. Reader selection was intentional to eval-
uate a method designed to visually assess brain tau burden in
research and clinical trials, with regional information for tracking
change and comparing patients, rather than the simple binary
positive/negative determination normally required in clinical rou-
tine. Hence, compared with readers who have less experience, the
study readers may have more readily handled the difficult task of
accurately identifying subregions within the temporal lobes and
other neocortical regions. Future studies will aim to evaluate the
method and training paradigm on less experienced readers to
determine the generalizability of the binary and regional-extent
aspects of the method. Perhaps more germane to routine clinical
use is that a simpler version of this method can be used for the
easier task of determining overall scan positivity.
Limitations of this study are a lack of longitudinal data, no path-

ologic diagnostic confirmation, and limited data on amyloid status
or clinical measures to support the accuracy of clinical diagnosis.
Moreover, our development sample included a limited number of
MCI patients (n 5 17), which may limit the applicability of the
algorithm to clinical diagnosis and clinical trial inclusion. Specifi-
cally, in cases with lower 18F-MK-6240 binding, such as in MCI,
off-target binding in meningeal tissue may theoretically lower the
accuracy of visual reads in proximal brain regions. Future research
will aim to include a better-characterized sample, more representa-
tive of patients screened for initial memory complaints. Further-
more, there are exceptions to the rules; specifically, logopenic
primary progressive aphasia will score as typical AD because of
unilateral left hemispheric uptake in clusters 1 and 2. The case used
as an example of positivity for the non-AD pattern (Fig. 2) raises

additional points. The case shows uptake bilaterally in the caudate
and also in the right occipital and parietal regions. Is this a case of
atypical AD or of non-AD tauopathy? In these rare cases, addi-
tional data may prove necessary to clarify and adjust the algorithm.
Finally, we included the midbrain in cluster 3 while instructing

readers not to rate the substantia nigra as positive even though it is
localized in the midbrain. This may be confusing for some,
although the readers very rarely endorsed the midbrain regardless
of the evident uptake in the substantia nigra.
The selection of a time window of 60–90 min was driven by the

availability of the data and may not be ideal for separating nega-
tive from positive scans. In high-binding regions of positive scans,
SUVrs may continue to rise past 90 min as washout proceeds (13).
When one is visually comparing early versus late PET images,
there is some minor residual background uptake in some of the
scans. However, this is most apparent in the positive scans, which
are typically easier to interpret than negative scans because of the
relatively low off-target uptake. In summary, we believe that given
the small impact on scan interpretability, it was preferable to open
the time window rather than reduce the size of the cohort.

Future Work
Further validation of this read method is needed for greater confi-

dence in the utility of the visual assessment toward the intended
research application. The present data have resulted in a minor adjust-
ment of the algorithm to be more reflective of the potential range of
cases that a reader may encounter. Although we are confident that the
proposed algorithm captures most AD-related cases, minor adjust-
ments may be needed to better marry the scan phenomenology with
the intended cohort. Future development should also focus on evalua-
tion of patients who have serial 18F-MK-6240 scans with months to
years of longitudinal data, interpretation of scans over a wider range
of tauopathies, evaluation in a larger group of readers with a greater
range of experience with PET images, and comparison of 18F-MK-
6240 PET with clinical metrics and postmortem brain pathology.

CONCLUSION

This work provides a method for the visual interpretation of
18F-MK-6240 brain PET images. This initial cross-sectional study
demonstrated that experienced readers can use this algorithm for
robust and reproducible visual interpretation of 18F-MK-6240
brain scans. The overall determination of scan positivity may be
useful in aiding diagnosis or enhancing the accuracy of clinical
trial enrollment. Scan information derived from cortical regional
assessment may be most valuable for within-patient evaluation of
change over time, as well as for determining the efficacy of new
treatments designed to alter the course of progression.
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KEY POINTS

QUESTION: Can a visual read method for brain tau deposition
using 18F-MK-6240 PET provide robust overall information on
positivity or negativity and information about the regional extent of
abnormal tracer uptake?

PERTINENT FINDINGS: Readers can use this algorithm for
robust and reproducible visual interpretation of 18F-MK-6240 brain
scans at the whole-brain and regional levels.

IMPLICATIONS FOR PATIENT CARE: This read method may be
a useful tool for AD clinical drug development to enhance the
accuracy of clinical trial enrollment, to evaluate within-patient
changes over time, and to determine the efficacy of new
treatments designed to alter the course of progression.
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The Association of Age-Related and Off-Target Retention
with Longitudinal Quantification of [18F]MK6240 Tau PET
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6-(fluoro-18F)-3-(1H-pyrrolo[2,3-c]pyridin-1-yl)isoquinolin-5-amine ([18F]
MK6240) tau PET tracer quantifies the brain tau neurofibrillary tangle
load in Alzheimer disease. The aims of our study were to test the stabil-
ity of common reference region estimates in the cerebellum over time
and across diagnoses and evaluate the effects of age-related and off-
target retention on the longitudinal quantification of [18F]MK6240 in tar-
get regions. Methods: We assessed reference, target, age-related,
and off-target regions in 125 individuals across the aging and Alzhei-
mer disease spectrum with longitudinal [18F]MK6240 SUVs and SUV
ratios (SUVRs) (mean 6 SD, 2.25 6 0.40 y of follow-up). We obtained
SUVR from meninges, exhibiting frequent off-target retention with
[18F]MK6240. Additionally, we compared tracer uptake between 37
cognitively unimpaired young (CUY) (mean age, 23.41 6 3.33 y) and
27 cognitively unimpaired older (CU) adults (amyloid-b–negative and
tau-negative, 58.506 9.01 y) to identify possible nonvisually apparent,
age-related signal. Two-tailed t testing and Pearson correlation testing
were used to determine the difference between groups and associa-
tions between changes in region uptake, respectively. Results: Inferior
cerebellar gray matter SUV did not differ on the basis of diagnosis
and amyloid-b status, cross-sectionally and over time. [18F]MK6240
uptake significantly differed between CUY and CU adults in the puta-
men or pallidum (affecting #75% of the region) and in the Braak II
region (affecting#35%). Changes in meningeal and putamen or palli-
dum SUVRs did not significantly differ from zero, nor did they vary
across diagnostic groups. We did not observe significant correlations

between longitudinal changes in age-related or meningeal off-target
retention and changes in target regions, whereas changes in all target
regions were strongly correlated. Conclusion: Inferior cerebellar gray
matter was similar across diagnostic groups cross-sectionally and sta-
ble over time and thus was deemed a suitable reference region for
quantification. Despite not being visually perceptible, [18F]MK6240 has
age-related retention in subcortical regions, at a much lower magnitude
but topographically colocalized with significant off-target signal of the
first-generation tau tracers. The lack of correlation between changes in
age-related or meningeal and target retention suggests little influence
of possible off-target signals on longitudinal tracer quantification. Nev-
ertheless, the age-related retention in the Braak II region needs to be
further investigated. Future postmortem studies should elucidate the
source of the newly reported age-related [18F]MK6240 signal, and
in vivo studies should further explore its impact on tracer quantification.

KeyWords: tau; PET; reference region; off-target binding; [18F]MK6240
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The accumulation of amyloid-b (Ab) plaques and hyperphos-
phorylated tau, forming neurofibrillary tangles (NFTs), is a hallmark
of Alzheimer disease (AD) (1) and can be observed in aging and AD
dementia (2). The tau levels in the brain are assessed through cerebro-
spinal fluid and PET imaging. Radiotracers used in PET imaging are
considered optimal when they present desirable characteristics such
as rapidly equilibrating in vivo kinetics, low off-target retention, no
significant lipophilic radiolabeled metabolites able to enter the brain,
and high affinity for their target (3).
6-(fluoro-18F)-3-(1H-pyrrolo[2,3-c]pyridin-1-yl)isoquinolin-5-amine

([18F]MK6240) is a promising tracer allowing for the quantification of
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fibrillary tau pathology in vivo, with postmortem studies confirming
its binding to paired helical fragments of phosphorylated tau (4–7).
The tracer binds with high affinity to NFTs, thus making it specific
to AD-related tauopathy. As shown in postmortem data, the tracer
does not seem to bind to tau aggregates in non-AD tauopathies (5,8),
except in rare frontotemporal dementia mutations associated with
brain deposition of NFTs (9). [18F]MK6240 allows for the differenti-
ation between cognitively unimpaired (CU), mild cognitive impair-
ment (MCI), and AD subjects (4). Furthermore, [18F]MK6240 has
been shown to recapitulate in vivo the tau pathologic stages, pro-
posed via postmortem studies by Braak et al. (1,10,11).
Despite several favorable features of [18F]MK6240, some common

challenges in PET studies remain unaddressed for this tracer, such as
the choice of a reference region for longitudinal studies and the impact
of off-target retention on tracer quantification in target regions (i.e.,
regions expected to show specific, tau-related retention of [18F]
MK6240). Postmortem and in vivo studies have indicated that [18F]
MK6240 has off-target retention in neuromelanin-containing cells (5).
Those are regions, such as the substantia nigra, also observed using
first-generation tau PET tracers (12). However, [18F]MK6240 shows
significant off-target retention in the meninges (4,13), a characteristic
that is currently the main concern for accurate quantification of NFTs
using this tracer.
As longitudinal tracer quantification is critical for clinical trials

using tau PET imaging agents as a possible surrogate marker of
tau accumulation, exploring the optimal reference region and the
effects of off-target retention on longitudinal [18F]MK6240 quanti-
fication are crucial (14,15). Here, we studied longitudinal changes
in reference, target, age-related, and off-target regions across diag-
nostic groups and Ab status to elucidate the caveats associated
with the longitudinal quantification of [18F]MK6240.

MATERIALS AND METHODS

Participants
We included individuals from the TRIAD cohort (16), with data

obtained from December 2017 to November 2021. The study was
approved by the Douglas Mental Institute Research Board, and all par-
ticipants gave written consent. Detailed information gathered from the
participants can be found online (https://triad.tnl-mcgill.com/). All par-
ticipants underwent a complete neuropsychologic evaluation, MRI,
and acquisition of both [18F]flutafuranol ([18F]AZD4694) (Ab) and
[18F]MK6240 (tau) PET scans. We used 2 distinct subject samples. To
assess age-related off-target retention of [18F]MK6240, we included
37 cognitively unimpaired young (CUY) adults (,35 y old) and 27
cognitively unimpaired older (CU) adults (40–65 y old), both present-
ing no AD-related pathology (Ab and tau); this sample was called the
age-related sample and included only cross-sectional data. The cutoff
for a positive Ab status was a [18F]AZD4694 global PET SUVR of
less than 1.55 (17), whereas the cutoff for a positive tau status was a
[18F]MK6240 temporal meta–region of interest with an SUVR of less
than 1.24, as previously described (18). The longitudinal sample com-
prised 125 individuals (11 CUY, 66 CU Ab-negative [Ab2], 17 CU
Ab-positive [Ab1], and 31 cognitively impaired [CI] Ab1, including
22 multidomain amnestic MCI and 9 AD) who underwent a follow-up
assessment between 1.5 and 3.5 y after their baseline assessment.
Baseline diagnosis was used in the analyses, after clinical assessments,
based on the Mini-Mental State Examination (MMSE) and Clinical
Dementia Rating (CDR) scoring, according to the criteria of the
National Institute of Aging Alzheimer’s Association (19). CU indivi-
duals did not have objective impairment, had an MMSE score of 26 or
more, and had a CDR score of 0 (20). Individuals diagnosed with MCI
had subjective or objective cognitive impairment and had relatively

preserved activities of daily life, defined as an MMSE score of 26 or
above and a CDR of 0.5 (21). Dementia due to AD was defined as an
MMSE score of less than 26 and a CDR score of 0.5 or more. No par-
ticipant met the criteria for another neurologic or major neuropsychiatric
disorder after a clinical interview performed by a trained physician.

PET Image Processing
Participants underwent T1-weighted MRI (3-T; Siemens), as well as

[18F]MK6240 tau PET and [18F]AZD4694 Ab PET using the same brain-
dedicated Siemens High Resolution Research Tomograph. [18F]MK6240
images were acquired 90–110 min after tracer injection and recon-
structed using an ordered-subset expectation maximization algorithm
on a 4-dimensional volume with 4 frames (43 300 s) (4). [18F]AZD4694
images were acquired 40–70 min after tracer injection and reconstructed
with the same ordered-subset expectation maximization algorithm with
3 frames (3 3 600 s) (4). Each PET acquisition concluded with a 6-min
transmission scan with a rotation 137Cs point source for attenuation correc-
tion. Images were further corrected for motion, decay, dead time, and ran-
dom and scattered coincidences. SUV images were calculated considering

the injected radionuclide dose and weight of each participant PET
dose=weight

" !
.

Injected dose and weight information can be found in Supplemental Table 1
(supplemental materials are available at http://jnm.snmjournals.org). SUVs
were extracted from the inferior cerebellar gray matter (CG), superior CG,
crus I, and full CG. Information on themasks can be found in Supplemental
Table 2. SUV ratio (SUVR) images were generated using the inferior
CG as the reference region for [18F]MK6240 and the full CG for
[18F]AZD4694. Finally, images were spatially smoothed to achieve a
final gaussian kernel of 8 mm in full width at half maximum (22,23).
Supplemental Table 3 outlines the mean sensitivity of the scanner at
baseline and at follow-up visits. The meninges were not masked at any
step of the processing. A population-based meningeal mask was created
with the Montreal Neurological Institute MINC tool kit as the region
having more than a 90% probability of being part of either telencephalon
or cerebellar meninges in CUY individuals (Supplemental Fig. 1). In
addition, we categorized individuals as having high or low meningeal
retention, based on the meningeal SUV median of the population.
SUVRs in Braak regions were extracted following the method of Pascoal
et al. (10). Additionally, the Desikan–Killiany–Tourville atlas (24) was
used to obtain [18F]MK6240 SUVR from the putamen and the pallidum.
A global [18F]AZD4694 SUVR was estimated by averaging the SUVR
from the precuneus, prefrontal, orbitofrontal, parietal, temporal, anterior,
and posterior cingulate cortices (25). The cutoff to classify participants
as Ab1 or Ab2 was a global SUVR of 1.55 (17). The Montreal Neuro-
logical Institute MINC tool kit was used to calculate average images of
[18F]MK6240 retention.

TABLE 1
Demographics: Dataset Used to Assess Age-Related

Retention

Parameter
CUY

(n 5 37)
CU Ab2 , 65 y

(n 5 27) P

Age (y) 23.41 (3.3) 58.09 (9.2) ,0.001

Female 24 (64.9%) 13 (48.1%) 0.28

Education (y) 16.91 (2.5) 15.41 (3.4) 0.0167

MMSE 29.86 (0.4) 29.22 (0.9) ,0.001

CDR 0.00 (0.0) 0.00 (0.0) Not applicable

Qualitative data are number and percentage; continuous data
are mean and SD.
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Statistical Analysis
R statistical software (version 4.0.0) was

used to perform nonimaging statistical analyses.
t testing or ANOVA was used for continuous
variables, and x2 or Fisher testing was used for
categoric variables for demographic information
when appropriate. The coefficient of variation
was calculated as the group SD divided by
the mean. Longitudinal change (D) was calcu-

lated as follows: ðfollow-up SUVðRÞ 2 baseline SUVðRÞÞ
time ðyÞ :

Associations between changes in biomarkers
were assessed with Pearson correlation. Voxel-
wise statistical comparisons were conducted
using VoxelStats, a statistical tool box imple-
mented in MATLAB (MathWorks) (26). Age-
related retention was evaluated at the voxel
level using a 2-sided t test between CUY and
CU Ab2 and tau-negative elderly individuals
aged from 40 to 65 y (Table 1). False-
discovery-rate correction was applied with a
voxel-level correction of P , 0.05.

RESULTS

Participants
In the age-related group analyses, com-

paring CUY and CU older adults who
were both Ab2 and tau-negative, we
observed no significant difference in sex and
years of education. By definition, subjects
had a significant difference in age. We also
observed a small but significant difference in
the MMSE score, with the CU older adults
having a slightly lower score (Table 1). In the
longitudinal dataset, as expected, we observed
significant differences in age, MMSE scores,
and CDR scores across groups. There was no
difference in years of education; however, a
small but significant difference was observed
regarding sex, with more women in the CUY
and CU Ab1 groups (Table 2).

Assessment of Stability of Reference
Regions over Time for Use in
Longitudinal Studies
Our first objective was to ascertain the

reference region appropriateness for longitu-
dinal quantification of [18F]MK6240. Using

TABLE 2
Longitudinal Dataset

Parameter CUY CU Ab2 CU Ab1 CI Ab1 P

Age (y) 22.65 (1.9) 68.44 (9.8) 74.91 (5.1) 71.44 (5.3) ,0.001

Female (%) 8 (72.7%) 41 (62.1%) 14 (82.4%) 14 (45.2%) 0.0668

Education (y) 16.18 (1.7) 16.27 (4.1) 14.65 (2.4) 15.13 (3.4) 0.2

MMSE 29.82 (0.6) 29.21 (1.1) 29.00 (1.0) 26.06 (4.6) ,0.001

CDR 0.00 (0.0) 0.00 (0.0) 0.00 (0.0) 0.65 (0.4) ,0.001

Qualitative data are number and percentage; continuous data are mean and SD.

FIGURE 1. Annualized longitudinal changes in [18F]MK6240 SUV in cerebellar candidate reference
regions. (A–C) DSUV of [18F]MK6240 did not significantly differ across diagnosis (A), Ab status (B),
and diagnosis and Ab status (C). (D) Coefficient of variation of longitudinal changes in SUV within ref-

erence regions. D 5 change calculated as ðfollow-up SUV 2 baseline SUVÞ
time ðyÞ : Inf5 inferior; sup5 superior.
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DSUV over time, we tested the stability of SUV over the time frame
of our study in the inferior CG, superior CG, cerebellar crus I, and
full CG. No significant differences in longitudinal changes were
observed when individuals were separated on the basis of their clini-
cal diagnosis (Fig. 1A), Ab status (Fig. 1B), or both (Fig. 1C). The
mean and SD for DSUV can be found in Supplemental Table 4.
Coefficients of variation for [18F]MK6240 DSUV were similar,
being highest for inferior CG longitudinal change (212.64) and low-
est for crus I (23.71) (Fig. 1D; Table 3). We observed no significant
variability in SUV (i.e., between baseline and follow-up measures)
in the assessed reference regions (Table 4; Supplemental Table 5).
The supplemental material displays the cross-sectional differences

in those SUVs. In the cross-sectional analysis, only superior CG
(CU–AD, P , 0.001; MCI–AD, P , 0.001) and crus I (CU–AD,
P 5 0.046; MCI–AD, P 5 0.051) presented significant differences
between diagnostic groups after correction for multiple comparisons
(Supplemental Fig. 2). Cross-sectional coefficients of variation for
reference regions are reported in Supplemental Figure 3.

Meningeal and Age-Related Retentions
Figure 2A represents the average [18F]MK6240 SUVRs in the

CUY group. First, we detected a strong correlation between telen-
cephalon and cerebellar meninges, cross-sectionally and longitudi-
nally (Supplemental Fig. 4). We observed no significant difference
between diagnostic groups in the telencephalon meninges cross-
sectionally (CU Ab2 vs. CU Ab1, P 5 0.891; CU Ab2 vs. CI
Ab1, P 5 0.797; CU Ab1 vs. CI Ab1, P 5 0.999) or longitudi-
nally (CU Ab2 vs. CU Ab1, P 5 0.150; CU Ab2 vs. CI Ab1,
P 5 0.677; CU Ab1 vs. CI Ab1, P 5 0.524). Similarly, no dif-
ferences were observed in the cerebellar meninges either cross-
sectionally (CU Ab2 vs. CU Ab1, P 5 0.946; CU Ab2 vs. CI
Ab1, P 5 0.919; CU Ab1 vs. CI Ab1, P 5 0.837) or longitudi-
nally (CU Ab2 vs. CU Ab1, P 5 0.563; CU Ab2 vs. CI Ab1,
P 5 0.631; CU Ab1 vs. CI Ab1, P 5 0.963) (Fig. 2B). Finally,

SUVRs in the meninges were higher in women than men transver-
sally but not longitudinally (Supplemental Fig. 5).
The average [18F]MK6240 SUVR images of CUY and CU

Ab2 and tau-negative individuals less than 65 y old did not seem
to display striking visual differences. However, a t test between the
2 groups revealed significantly higher [18F]MK6240 retention in the
putamen, the pallidum, a parcel of cerebellar white matter, and a few
other cortical regions (Fig. 3A). The same test was performed in the
longitudinal sample as well (Supplemental Fig. 6). We assessed the
percentage of overlap between the age-related signal and brain
regions. The most important regional overlaps were with the puta-
men (75% of the region showing overlap) and the pallidum (72%),
followed by the Braak stage II region (38%) (Fig. 3B). SUVRs in
the putamen and pallidum differed significantly among diagnostic
groups, with the CUY having a significantly lower [18F]MK6240
retention cross-sectionally (CUY vs. CU Ab2, P , 0.001; CUY vs.
CU Ab1, P , 0.001; CUY vs. CI Ab1, P , 0.001). Additionally,
CI Ab1 individuals had significantly higher values than CU indivi-
duals (Ab2 and Ab1) cross-sectionally (CU Ab2 vs. CU Ab1,
P 5 0.926; CU Ab2 vs. CI Ab1, P , 0.001; CU Ab1 vs. CI
Ab1, P , 0.001). Nevertheless, the longitudinal rate of change
(DSUVR) did not present significant differences among the groups
(CUY vs. CU Ab2, P 5 0.927; CUY vs. CU Ab1, P 5 0.845;
CUY vs. CI Ab1, P 5 0.731; CU Ab2 vs. CU Ab1, P 5 0.880;
CU Ab2 vs. CI Ab1, P 5 0.728; CU Ab1 vs. CI Ab1, P 5

0.994] (Fig. 3C).

Associations of Changes in Target, Age-Related, and
Off-Target Retention
Target regions were considered brain regions in which we expect

to see [18F]MK6240 retention based on the pattern of tau distribution
extensively reported in the postmortem literature (1,27). We found a
strong correlation in DSUVR among target regions, with each Braak
region being more strongly correlated with the adjacent stages. The
weakest correlation was between the Braak I and Braak VI regions.
When extracting the average SUVR in the Braak I–III and Braak
IV–VI regions, we also observed a strong positive correlation
between regions (R 5 0.62, P , 0.001). We then used SUVRs in
the telencephalon and cerebellar meninges, as well as in the putamen
and pallidum, in the correlations. DSUVR in those regions did not
correlate significantly with DSUVR in any one of the target regions
(Braak I–III and telencephalon meninges: R 5 20.03, P 5 0.740;
Braak IV–VI and telencephalon meninges: R 5 0.10, P 5 0.290;
Braak I–III and cerebellar meninges: R 5 20.12, P 5 0.200; Braak
IV–VI and cerebellar meninges: R 5 20.02, P 5 0.870; Braak I–III
and putamen and pallidum: R 5 0.12, P 5 0.200; Braak IV–VI
and putamen and pallidum: R 5 0.05, P 5 0.600). Nor did the

TABLE 3
Coefficient of Variation of Cerebellar Regions Across

Diagnosis, at Baseline, and at Follow-Up and
Longitudinal Changes

Region All CU Ab2 CU Ab1 CI Ab1

Inferior CG BL 0.19 0.18 0.14 0.22

Superior CG BL 0.27 0.24 0.19 0.32

Crus I BL 0.25 0.26 0.19 0.28

Full CG BL 0.22 0.22 0.19 0.24

Inferior CG FU 0.17 0.18 0.16 0.17

Superior CG FU 0.25 0.21 0.21 0.29

Crus I FU 0.22 0.21 0.22 0.25

Full CG FU 0.20 0.20 0.21 0.19

DInferior CG 212.64 214.35 211.12 211.03

DSuperior CG 24.83 23.79 252.03 25.05

DCrus I 23.71 23.84 27.48 22.93

DFull CG 25.30 25.47 29.63 24.28

BL 5 baseline; FU 5 follow-up.
Longitudinal change was calculated using formula:

D 5 ðfollow-up SUV 2 baseline SUVÞ
time ðyÞ :

TABLE 4
P Values of 2-Tailed t Test Between Baseline and

Follow-up SUV Across Cerebellar Regions in Individuals
Categorized by Diagnosis

Region All CU Ab2 CU Ab1 CI Ab1

Inferior CG 0.67 0.81 0.72 0.83

Superior CG 0.27 0.21 0.94 0.66

Crus I 0.09 0.18 0.72 0.31

Full CG 0.25 0.40 0.76 0.46
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meningeal and putamen/pallidum DSUVR correlate with each other
(R 5 0.01, P 5 0.920) (Fig. 4). To further assess the impact of
meninges on tracer quantification, we categorized individuals as hav-
ing high or low meningeal retention (based on SUV median for
meninges). We did not find difference in diagnostic groups or longi-
tudinal tracer accumulation between individuals with high and low
meningeal retention (Supplemental Table 6). Finally, we assessed
the stability of [18F]MK6240 SUVR in target regions over time when
using different reference regions (i.e., inferior CG, crus I, full CG,
and superior CG). We extracted Braak IV–VI SUVRs in CUY and

CU Ab2 individuals, for whom we do not
expect a significant increase in SUVRs. We
observed no difference between baseline and
follow-up values when using either reference
region (Supplemental Fig. 7; Supplemental
Table 7).

DISCUSSION

This study suggested that the most widely
used cerebellar reference regions (inferior
CG, superior CG, crus I, and full CG) pre-
sent stability, with no changes over time,
and therefore may be suitable for use in
longitudinal studies, although differences
were observed in the superior CG and crus I
cross-sectionally. We found evidence for
the existence of an age-related retention
in the putamen/pallidum, similar—albeit of
much lower magnitude—to the reported off-
target retention observed using the first-
generation tau PET tracers (12,28). Finally,
we demonstrated that there was no associa-
tion between [18F]MK6240 DSUVR in target

regions and in age-related or meningeal off-target signals over the
time frame of our study.
Previous cross-sectional studies have already shown that indices

of tau load made using [18F]MK6240 are amenable to simplified
tissue ratio methods using data acquired 90–110 min after injec-
tion (4,7). However, questions remain regarding the suitability of
the reference region for longitudinal tracer quantification because of
the bias often inherent in SUVR data (10). This is of paramount
importance because [18F]MK6240 has been used in clinical trial set-
tings to capture longitudinal changes in tau tangle pathology (29).

FIGURE 2. Cross-sectional and longitudinal meningeal [18F]MK6240 SUVR across groups.
(A) Representative [18F]MK6240 average SUVR image in CUY individuals. (B) Cross-sectional and
longitudinal changes in [18F]MK6240 (DSUVR) in telencephalon and cerebellar meninges showing
no significant differences depending on diagnosis and Ab status. D 5 change calculated as
ðfollow-up SUVR 2 baseline SUVRÞ

time ðyÞ : Yellow arrows indicate meninges.

FIGURE 3. [18F]MK6240 age-related retention. (A) [18F]MK6240 average SUVR images in CUY and CU Ab2 individuals did not seem to show strong
differences visually. t test between 2 groups depicts age-related retention in putamen, pallidum, cortical regions, and cerebellar white matter. (B) Per-
centage of overlap between age-related t-map and anatomic brain regions. (C) Longitudinal changes (DSUVR) in [18F]MK6240 SUVR in
putamen/pallidum did not present significant differences across groups, whereas cross-sectional SUVR was higher in CI individuals and lower in CUY

group. ***P, 0.001. **P, 0.005. D 5 change calculated as ðfollow-up SUVR 2 baseline SUVRÞ
time ðyÞ ; WM5 white matter.
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Extensive research has focused on the cerebellum as the appropriate
reference region for tau radiotracers (30,31), as the CG is not
expected to harbor significant NFT pathology (1). Although the gold
standard method for assessment of the optimal reference region
relies on dynamic quantifications with arterial input function, one
crucial characteristic of a reference region for longitudinal assess-
ments is not having large variability over time, across diagnostic
groups, or in other pathologic features (i.e., Ab status in the case of
AD research) (32). In this study, we estimated the [18F]MK6240
SUVs in distinct regions of the CG at baseline, as well as its change
over time, based on diagnosis and on Ab status. The results indicate
that there were small cross-sectional differences between diagnostic
groups in the superior CG and crus I but not in the inferior CG and
full CG. These differences might be due to spillover effect from the
target regions, as individuals with AD dementia inherently have a
higher uptake of the tracer. Additionally, we did not observe differ-
ences in cerebellar SUVs based on Ab status. When examining the
differences between baseline and follow-up assessments, we did not
observe any significant difference in [18F]MK6240 SUV for any cer-
ebellar region. Even though all variability was relatively minor, we
observed the lowest numeric variability in the SUV levels of the
inferior CG cross-sectionally and in the crus I longitudinally. Alto-
gether, our results suggest that tracer retention in the tested reference
regions was relatively stable over time and across diagnostic groups,
suggesting that all these reference regions could potentially be used
for longitudinal [18F]MK6240 quantification. Given the cross-sectional
differences in tracer uptake among diagnostic groups in the supe-
rior CG and crus I but not in the inferior CG, this latter region was
deemed more appropriate for the cross-sectional and longitudinal

[18F]MK6240 quantification and thus was used for the remaining
analyses. Future studies using the gold standard arterial input func-
tion should address other important characteristics of an optimal
reference region.
The t test comparing young individuals under age 35 y and par-

ticipants between 40 and 65 y old allowed us to assess age-related
retention of [18F]MK6240. The regions presenting the higher age-
related [18F]MK6240 retention were the putamen and pallidum.
Those are often considered off-target regions using other radiotra-
cers for tau (31–33), but the retention seems to be of lower magni-
tude with [18F]MK6240 (34). As we included participants younger
than 65 y who were CU Ab2 and tau-negative, we do not expect
on-target [18F]MK6240 retention in subcortical structures based
on the postmortem literature (35). Indeed, subcortical regions have
been shown to harbor NFT accumulation only at late Braak patho-
logic stages (27,36), which might explain why we observed a sig-
nificant cross-sectional difference in putamen and pallidum SUVR
between CI Ab1 individuals and CU individuals (either Ab2 or
Ab1). Similar to first-generation tau PET tracers (5), the retention
observed with [18F]MK6240 in the putamen and pallidum may
be due to neuromelanin deposition. Although the tracer retention
observed in the Braak II region can represent an age-related signal,
we cannot entirely exclude that there is some true concentration of
NFTs in this region, as modest tau accumulation in CU Ab2 indi-
viduals has already been reported in the hippocampus (2,35).
Another possibility is that the marked off-target retention of first-
generation tracers in the choroid plexus (12), which contaminates
the Braak II region for these tracers, may be a minor age-related
problem with [18F]MK6240 as well. However, it is important to

FIGURE 4. Correlations between longitudinal changes in SUVR in age-related, meningeal, and target regions. We assessed DSUVR in regions present-
ing target (Braak I–VI), off-target (both telencephalon and cerebellar meninges), and age-related (putamen/pallidum) tracer uptake. We observed strong
DSUVR among target regions; however, those did not correlate with DSUVRs in off-target and age-related regions. Matrix (A) and plots (B) present esti-

mates of Pearson correlations between regions. D 5 change calculated as ðfollow-up SUVR 2 baseline SUVRÞ
time ðyÞ :
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note that some individuals may have primary age-related tauopa-
thy (37) and may be harboring NFT accumulation in early Braak
stages, with little to no Ab deposition. Finally, we assessed menin-
geal retention in both the telencephalon and the cerebellar regions,
which have already been characterized as off-target by previous
postmortem studies (5). Importantly, we observed no significant
difference in the magnitude of meningeal uptake across diagnosis
and Ab status and no change over time. Nevertheless, we observed
sex differences in meningeal retention cross-sectionally but not
longitudinally, as previously reported for other tau PET tracers in
the meninges and skull (13). Taken together, these results suggest
that besides the meningeal retention, [18F]MK6240 presents a
newly described age-related retention in subcortical brain regions,
the cause of which needs to be elucidated by future in vitro studies
across the aging spectrum.
We observed no association between annualized [18F]MK6240

SUVR changes in target, age-related regions, and meninges. Braak
regions were used to represent target areas for tau tangles, as
extensively reported in postmortem studies (1,27). DSUVRs in tar-
get brain regions correlated strongly with each other, suggesting
that changes in tracer retention in these brain regions are influenced
by the same brain process, likely NFT accumulation (22). On the
other hand, we did not observe a significant correlation between
DSUVR in meningeal off-target uptake and changes in Braak target
regions. Additionally, age-related DSUVR in the putamen and palli-
dum did not correlate with that in target regions. Nor did off-target,
meningeal, and age-related subcortical DSUVR correlate with each
other. This finding suggests that different processes set the pace of
progression in target, off-target, and age-related regions and that
spillover from off-target regions would not heavily influence rates of
progression in [18F]MK6240 target regions.
This study had limitations. The lack of arterial sampling at baseline

and follow-up limits assessments of reference region and accurate
tracer retention. We observed a small (close to zero), non–statistically
significant decrease in SUVs in cerebellar regions over time. Addi-
tionally, all [18F]MK6240 analyses were conducted using images
acquired from 90 to 110 min after injection. Even though this simpli-
fied quantitative approach has been validated (4), dynamically
acquired PET data with arterial input function would be more appro-
priate to test the hypotheses of our study. Although there is a possibil-
ity that the effect of meninges in reference regions may lead to
changes in baseline and follow-up values and, consequently, in rates
of change, the fact that meningeal uptake did not change significantly
over time or differ between groups defined using cognition or Ab sta-
tus suggests that it does not play a major role in the longitudinal
results for this tracer. Moreover, we used spatial smoothing of 8 mm;
smaller smoothing would likely cause the meninges to have less
impact on the adjacent brain regions. An additional limitation is the
lack of partial-volume correction in our study. Postmortem data
would validate our findings, as such data would allow us to ensure
the absence of NFTs in the cerebellar regions, as well as in the age-
related retention regions. Without postmortem confirmation, we can-
not exclude that age-related retention in CU adults is caused by tau
tangle pathology. Moreover, our sample was restricted to a follow-up
of 1.5–3.5 y; using other follow-up durations may give different
results. We evaluated only a small subset of reference regions that are
frequently reported in the literature; other regions may present better
results for [18F]MK6240 longitudinal quantification. An additional
limitation is that we did not provide any evidence about the mecha-
nism through which age-related retention occurs. Arterial and post-
mortem data are needed to understand our findings.

CONCLUSION

The inferior CG is a suitable reference region for cross-sectional
and longitudinal quantification of [18F]MK6240. [18F]MK6240
exhibits off-target retention in the meninges and an age-related sig-
nal in the putamen and pallidum, also likely representing off-target
retention, and in the Braak II region, for which the source needs to
be elucidated. The lack of an association between changes in SUVR
within age-related, off-target, and target regions suggests that longi-
tudinal changes in [18F]MK6240 are not heavily driven by changes
in age-related or off-target signals. However, future postmortem
studies are needed to clarify these findings.
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KEY POINTS

QUESTION: What is the effect of reference region and nontarget
tracer retention on longitudinal quantification of [18F]MK6240 in
target regions?

PERTINENT FINDINGS: The inferior CG and full CG are appropriate
reference regions for cross-sectional and longitudinal quantification
of [18F]MK6240. This tracer is already known to present off-target
binding in the meninges, but we discovered a so-called age-related
binding in the putamen and pallidum. However, the longitudinal
changes in nontarget tracer retention did not correlate with
longitudinal changes in on-target regions.

IMPLICATIONS FOR PATIENT CARE: [18F]MK6240 can be used
as a surrogate marker in clinical trials, as long as the appropriate
reference region is used and off-target and age-related retention
are considered.
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Evaluation of Tau Radiotracers in Chronic Traumatic
Encephalopathy

Cassis Varlow and Neil Vasdev
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Medical Science, University of Toronto, Toronto, Ontario, Canada

Chronic traumatic encephalopathy (CTE) is a neurologic disorder associ-
ated with head injuries, diagnosed by the perivascular accumulation of
hyperphosphorylated tau protein (phospho-tau) identified at autopsy.
Tau PET radiopharmaceuticals developed for imaging Alzheimer dis-
ease are under evaluation for brain injuries. The goal of this study was to
conduct a head-to-head in vitro evaluation of 5 tau PET radiotracers in
subjects pathologically diagnosedwith CTE.Methods:Autoradiography
was used to assess the specific binding and distribution of 3H-flortauci-
pir (also known as Tauvid, AV-1451, and T807), 3H-MK-6240 (also
known as florquinitau), 3H-PI-2620, 3H-APN-1607 (also known as PM-
PBB3 and florzolotau), and 3H-CBD-2115 (also known as 3H-OXD-
2115) in fresh-frozen human postmortem CTE brain tissue (stages I–IV).
Immunohistochemistry was performed for phospho-tau with AT8, 3R
tau with RD3, 4R tau with RD4 and amyloid-b with 6F/3D antibodies.
Tau target density (maximum specific binding) was quantified by satura-
tion analysis with 3H-flortaucipir in tissue sections.Results: 3H-flortauci-
pir demonstrated a positive signal in all CTE cases examined, with
varying degrees of specific binding (68.7% 6 10.5%; n 5 12) defined
by homologous blockade and to a lesser extent by heterologous block-
ade with MK-6240 (27.3% 6 13.6%; n5 12). The 3H-flortaucipir signal
was also displaced by themonoamine oxidase (MAO)–A inhibitor clorgy-
line (43.9% 6 4.6%; n5 3), indicating off-target binding to MAO-A. 3H-
APN-1607 was moderately displaced in homologous blocking studies
and was not displaced by 3H-flortaucipir; however, substantial displace-
ment was observed when blocking with the b-amyloid–targeting com-
pound NAV-4694. 3H-MK-6240 and 3H-PI-2620 had negligible binding
in all but 2 CTE IV cases, and binding may be attributed to pathology
severity or mixed Alzheimer disease/CTE pathology. 3H-CBD-2115
showed moderate binding, displaced under homologous blockade, and
aligned with 4R-tau immunostaining. Conclusion: In human CTE tis-
sues, 3H-flortaucipir and 3H-APN-1607 revealed off-target binding to
MAO-A and amyloid-b, respectively, and should be considered if these
radiotracers are used in PET imaging studies of patients with brain
injuries. 3H-MK-6240 and 3H-PI-2620 bind to CTE tau in severe- or
mixed-pathology cases, and their respective 18F PET radiotracers war-
rant further evaluation in patients with severe suspected CTE.

Key Words: CTE; PET; tau; autoradiography; chronic traumatic
encephalopathy; traumatic brain injury

J Nucl Med 2023; 64:460–465
DOI: 10.2967/jnumed.122.264404

Chronic traumatic encephalopathy (CTE) is a neurodegenerative
disease linked to a history of head injuries, including traumatic brain
injuries, repetitive concussive injuries, or subconcussive injuries.
Individuals at risk for developing CTE include contact sport athletes,
military veterans, and victims of intimate partner violence (1). The
lasting implications of CTE have become more prevalent in recent
years, with reported symptoms and comorbidities including memory
loss, behavioral and mood changes, cognitive deficits, sleep disor-
ders, and substance use disorders (1). Although neurodegeneration
can be classified in the clinic on the basis of these cognitive or
behavioral presentations, diagnosis of CTE is possible only on post-
mortem neuropathologic evaluation to identify the presence of peri-
vascular hyperphosphorylated tau protein (phospho-tau) (2,3). CTE
diagnosis is categorized into stages ranging from I to IV, where stage
I consists of isolated perivascular centers at the depths of sulci in the
frontal cortex. The pathology progresses in severity and spreads
regionally, with widespread involvement of the neocortex, hippocam-
pus, amygdala, cerebellum, and cervical spinal cord by stage IV (2).
The traumatic encephalopathy syndrome criteria of 2014 were pro-
posed for antemortem diagnosis of CTE but have been unable to
effectively identify the disease (4). Revisions of these criteria have
been proposed to include cognitive symptoms and biomarkers for
Alzheimer disease (AD), as CTE and AD share characteristic tau
pathology (2,3,5,6). Additionally, it has been suggested that moderate-
to-severe traumatic brain injury is also a risk factor for AD,
emphasizing the need for differentiation between diagnoses (7).
PET shows promise for antemortem CTE diagnosis, and studies

have been conducted on head injury patients using tau PET radio-
pharmaceuticals optimized for AD, including 18F-FDDNP, 18F-
flortaucipir (also known as Tauvid [Eli Lilly and Co.], AV-1451,
and T807), 11C-PBB3, and 18F-MK-6240 (also known as florqui-
nitau), summarized in Table 1 (8–24).
At present, there is no tau PET tracer optimized for CTE (mixed

3-repeat/4-repeat [3R/4R] tau), and considering the heterogeneity of
pathology between tauopathies, designing radiotracers for CTE re-
mains a challenge (25). Identifying appropriate radiotracers to success-
fully image CTE tau in vivo could enable antemortem diagnosis of
CTE for the first time and provide opportunities for therapeutic inter-
vention after brain injuries (19,26). The goal of the present study was
to conduct a head-to-head in vitro evaluation of 5 tau PET radiotracers
in 12 pathologically diagnosed subjects with CTE to determine the
suitability of these tracers to image CTE-specific tau inclusions. Auto-
radiography was used to assess the specific binding and distribution of
3H-flortaucipir, 3H-MK-6240, 3H-PI-2620, 3H-APN-1607 (also known
as PM-PBB3 and florzolotau), and 3H-CBD-2115 (also known as 3H-
OXD-2115). Immunohistochemistry was validated for phospho-tau
with AT8, 3R tau with RD3, 4R tau with RD4, and amyloid-b (Ab)
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with 6F/3D antibodies. Tau target density (maximum specific binding
[Bmax]) in postmortem tissue sections was quantified by saturation
analysis with 3H-flortaucipir.

MATERIALS AND METHODS

General
3H-flortaucipir (3.515 MBq/mmol, 37 MBq/mL), 3H-APN-1607

(1.998 MBq/mmol, 37 MBq/mL), 3H-MK-6240 (1.536 MBq/mmol,

37 MBq/mL), 3H-PI-2620 (1.554 MBq/mmol, 37 MBq/mL), and
3H-CBD-2115 (1.103 MBq/mmol, 37 MBq/mL) were prepared at
Novandi Chemistry AB. Flortaucipir was purchased commercially
(Med Chem Express). MK-6240 and NAV-4694 were generously pro-
vided by Cerveau Technologies. All other tritium labeling precursors
and reference standards except CBD-2115 (Novandi AB and Oxiant
Pharmaceuticals) were provided by MedChem Imaging, Inc. All other
reagents were purchased from Millipore Sigma unless otherwise
stated.

TABLE 1
Tau PET Studies in Head Injury Patients

Radiotracer Cohort n Findings Reference

18F-FDDNP Retired NFL players 14 PET correlation with postmortem CTE pathology (10,15,17)
18F-flortaucipir Single moderate-to-severe

TBI patients
21 Elevated binding in right occipital cortex,

white matter region, and whole brain of TBI
subjects

(20)

Blast-exposed patients 17 Uptake associated with exposure to blast
neurotrauma in several regions

(21)

NFL player and severe-TBI
patient

1/1 Increased nigral and striatal uptake in NFL patient;
increased subcortical and hippocampal uptake in
severe-TBI patient

(11)

Former NFL players 26 Higher uptake in bilateral superior frontal, bilateral
medial temporal, and left parietal regions in NFL
players with cognitive/neuropsychiatric symptoms

(19)

Former NFL player* 1 Uptake observed, but low tau burden quantified,
in basal ganglia, thalamus, motor cortex, and
calcarine cortex; insignificant correlation between
uptake value ratio and tau burden

(9)

Former NFL player 1 Retention at cortical gray matter–white matter
junction; increased uptake bilaterally in cingulate,
occipital, and orbitofrontal cortices and in
temporal areas

(12)

TBI patients 2 Significant uptake in occipital lobes (8)

Retired athletes, motor
vehicle accident patient,
and veterans

5/1/2 Heterogeneity in uptake between TBI patients;
correlation of regions of higher uptake with
decreased white matter integrity and greater
functional connectivity

(22)

Traumatic encephalopathy
syndrome patients

11 Mildly elevated tau PET binding in subset of
patients at risk for CTE, in distribution consistent
with CTE pathology stages III and IV

(23)

CTE brains 5 No signal in regions with tau aggregates; 2 cases
indicating uptake in choroid plexus and
meninges; off-target binding in leptomeningeal
melanocytes

(14)

18F-THK-5317 TBI and repeated sports-
related concussions

12/6 Tau aggregation in corpus callosum in athletes with
repeated sports-related concussions; tau
aggregation in thalami, temporal white matter,
and midbrain in TBI patients

(24)

11C-PBB3 Mild-repetitive or severe
TBI patients

27 Increased binding capacity in neocortical
gray matter associated with late-onset
neuropsychiatric symptoms after TBI; close
correlation between psychosis and binding
capacity in white matter

(16)

18F-MK-6240 Australian Rules football
player

1 Poor binding to tau aggregates in non-AD
tauopathies; imaging findings of frontally
predominant binding significantly different from
pattern of prodromal AD

(13,18)

*In vivo imaging followed by postmortem neuropathologic examination.
NFL 5 National Football League; TBI 5 traumatic brain injury.
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Human Postmortem Brain Tissue
Fresh-frozen human CTE brain tissues were obtained from the

Understanding Neurologic Injury and Traumatic Encephalopathy
(UNITE) Brain Bank. All AD and healthy control tissue was obtained
from the Douglas Bell Canada Brain Bank, and Folio Biosciences,
respectively, in accordance with the guidelines put forth by the Centre
for Addiction and Mental Health Research Ethics Board (protocol 036-
2019). Tissue demographics are summarized in Supplemental Table 1
(supplemental materials are available at http://jnm.snmjournals.org).

Detailed autoradiography and immunohistochemistry protocols can
be found in the supplemental methods.

RESULTS

Specific Binding and Tau Target Density Quantification with
3H-Flortaucipir in CTE Tissue
Specific binding of 3H-flortaucipir in CTE I, II, and IV tissues was

evaluated under homologous blocking conditions. Specific binding in
whole sections was 68.7% 6 10.5% (mean 6 SD), compared with
76.0% 6 12.9% in gray matter and 42.1% 6 13.1% in white matter
(n 5 12; Fig. 1A). 3H-flortaucipir binding was also evaluated under
heterologous blocking conditions with unlabeled MK-6240, and spe-
cific binding was 27.3% 6 13.6% (Supplemental Fig. 1; n5 12). Off-
target binding of 3H-flortaucipir to monoamine oxidase (MAO)–A/B
was investigated by heterologous blocking with clorgyline and
lazabemide, inhibitors for MAO-A and MAO-B, respectively.
Clorgyline inhibited 3H-flortaucipir binding by 43.9% 6 4.6%
(n 5 3), indicating off-target binding to MAO-A, whereas blocking
for MAO-B did not inhibit 3H-flortaucipir binding (Fig. 1B).
Saturation binding was assayed to quantify a tau Bmax for the

first time (to our knowledge) in CTE. Increasing concentrations of
3H-flortaucipir allowed for saturability of the target and quantifica-
tion of a Bmax, with nonspecific binding defined by homologous
blockade, and off-target binding to MAO-A was displaced by clorgy-
line. Mean saturation curves displaying total, specific, and nonspecific

binding are shown for quantification of tau protein in CTE IV
(n 5 4; Fig. 1C) and AD (n 5 1; Fig. 1D). With 3H-flortaucipir in
CTE IV, the experimentally determined Bmax was 99.8 6 53.8
nM (n 5 4) and target affinity (Kd) was 14.3 6 6.6 nM (n 5 4).
Scatchard analysis of these saturation studies is shown in Supple-
mental Figure 2.

Comparative Binding of 3H-Flortaucipir, 3H-MK-6240, and
3H-PI-2620 in CTE Tissues

3H-flortaucipir, 3H-MK-6240, and 3H-PI-2620 were evaluated
for total radiotracer signal in CTE IV cases, compared with an
AD-positive control (Fig. 2). The total signal of 3H-flortaucipir is
shown, alongside the addition of clorgyline to eliminate the off-
target binding contribution to MAO-A. 3H-flortaucipir with clorgyline
aligned with 3H-MK-6240, 3H-PI-2620, and AT8 immunostain-
ing for phospho-tau, with higher signal and antibody density local-
ized to the gray matter. Additional CTE I, CTE II, and CTE IV
cases were evaluated with 3H-MK-6240 and showed negligible
binding (Supplemental Fig. 3).

3H-APN-1607 Distribution in CTE and Off-Target Binding to
Amyloid-b

3H-APN-1607 was evaluated for total radiotracer signal and block-
ing with self, flortaucipir, or NAV-4694 (also known as flutafuranol
and AZD-4694), an Ab binding ligand (27), and compared with 6F/
3D immunohistochemistry for Ab in CTE IV and AD tissues (Fig. 3).
3H-APN-1607 binding was investigated in CTE I and II cases; how-
ever, no signal was observed (Supplemental Fig. 4). Positive 3H-APN-
1607 binding was observed in a subset of CTE IV cases and a positive
control AD case. Under homologous blocking conditions, specific
binding was highly variable (52.9% 6 19.6%; n 5 6). The 3H-APN-
1607 binding when blocking with flortaucipir revealed increased radio-
tracer binding in 1 case, whereas the remaining 5 cases demonstrated
variable radiotracer displacement (27.1% 6 14.0%). Variable dis-
placement of 3H-APN-1607 binding by NAV-4694 was observed
(31.7% 6 22.9%; n 5 6), with higher displacement in samples with
greater Ab burden. In 1 case (CTE11) with the highest Ab burden,
3H-APN-1607 binding was displaced by 61.4% with NAV-4694,
compared with an Ab-negative case (CTE9), which had a 10-fold
lower displacement (6.3%).

DISCUSSION

Specific Binding and Tau Target Density Quantification with
3H-Flortaucipir in CTE Tissue
We evaluated specific binding of 3H-flortaucipir in CTE stages

I–IV (Fig. 1A). The highest percentage specific binding of 3H-flor-
taucipir was observed by homologous blockade in the gray matter;
however, radiotracer signal was maximally displaced by 80%,
indicating a degree of nondisplaceable binding with this tracer.
The nonspecific binding observed in the white matter can con-
found PET imaging analysis with 3H-flortaucipir (14,28).

3H-flortaucipir binding to MAOs has been reported by in vitro
assays, whereas in vivo studies have reported both the presence and
the absence of off-target binding (29–32). The reported off-target
binding of 3H-flortaucipir to MAO-A and MAO-B presents a chal-
lenge for interpretation of specific binding quantitation and distribu-
tion in vitro, as binding of 3H-flortaucipir to MAO-A/B has been
reported with similar affinities to tau (31). MAO-B is considered a
biomarker of reactive astrocytes (33), which are involved in the path-
ogenesis of CTE (34,35). We recently evaluated PET imaging bio-
markers for neuroinflammation in pathologically diagnosed cases of

FIGURE 1. 3H-flortaucipir binding in CTE IV and AD. (A) Quantification of
3H-flortaucipir (5 nM) total signal compared with homologous block signal
in whole section, gray matter, and white matter of CTE cases. Binding is
reported in Bq/mg (n5 12). (B) Quantification of 3H-flortaucipir (5 nM) total
signal compared with blocking under homologous conditions (10 mM),
clorgyline (10 mM) for MAO-A, or lazabemide (10 mM) for MAO-B (n5 3) of
CTE cases. (C and D) Saturation analysis with increasing 3H-flortaucipir
concentration in CTE (n5 4) (C) and AD (n5 1) (D) tissue sections to quan-
tify Bmax and Kd. GM5 gray matter; WM5 white matter.
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CTE and found high variability in the neuroinflammatory pathology
of brain injuries (35). No off-target binding of 3H-flortaucipir to
MAO-B was observed under the present assay conditions, whereas
off-target binding to MAO-A was identified by blocking with clorgy-
line (43.9% 6 4.6%; n 5 3; Fig. 1B). Increases in MAO-A avail-
ability have been reported in CTE comorbidities (36,37) and could
contribute to the off-target binding observed here. The present study
quantified a Bmax (99.8 6 53.8 nM; n 5 4) and Kd (14.3 6 6.6 nM;
n 5 4; mean 6 SD) for stage IV CTE tau with 3H-flortaucipir for
the first time, to our knowledge (Fig. 1C). The variability observed in

Bmax between samples demonstrates how
tau abundance within CTE stage subgroups
varies, and larger sample sizes would be bene-
ficial to further understand tau aggregation
within CTE stages. Although off-target bind-
ing of 3H-flortaucipir toMAO-Bmay not con-
found accurate quantification of tau in human
PET imaging studies with 18F-flortaucipir,
MAO-A binding should be considered for
in vivo imaging studies in patients who have
sustained repetitive brain injuries or who have
been identified as suspected-CTE cases.

Comparative Binding of 3H-Flortaucipir,
3H-MK-6240, and 3H-PI-2620 in
CTE Tissues
Radiotracer binding was compared

among 3H-flortaucipir, 3H-MK-6240, and
3H-PI-2620 and with AT8 immunostaining
for tau aggregate distribution (Fig. 2). Dis-
placing the MAO-A binding contribution of
3H-flortaucipir resulted in robust radiotracer

binding in only the most severe CTE IV case, with minimal binding
in 2 other CTE IV cases (Fig. 2), despite tau pathology in all CTE
stages examined. In the most severe CTE IV case, 3H-flortaucipir
signal blocked with clorgyline strongly aligned with AT8 immuno-
staining, 3H-MK-6240, and 3H-PI-2620 radiotracer binding. 3H-MK-
6240 and 3H-PI-2620 were evaluated in all CTE stages, although
radiotracer binding was again observed only in the most severe CTE
IV case. 18F-MK-6240 was previously evaluated in a case study of
a single retired Australian Rules football player in whom a CTE-like
tau pattern was observed (18). To our knowledge, clinical PET

research studies using 18F-PI-2620 in brain
injury populations are yet to be reported;
however, 18F-PI-2620 has been proposed
for use in in vivo imaging studies of non-
AD tauopathies (38,39). The present in vitro
autoradiography studies show 3H-PI-2620
binding is similar to 3H-MK-6240. This
work supports exploring the potential of 18F-
MK-6240 and 18F-PI-2620 for PET imaging
in patients with suspected mixed AD/CTE
pathology or severe suspected CTE; further
evaluation of these radiotracers in severe
CTE tissues or high at-risk groups is required
to determine the utility of this tracer for
imaging CTE tau.

Effect of Ethanol Washes on
Autoradiography Studies
Our concerns that ethanol washes are not

physiologically relevant to evaluation of
radiotracer binding in vitro, coupled with the
risk of washing away nonspecific binding,
led us to investigate the assays in the ab-
sence and presence of ethanol. Ethanol has
been included in incubation and wash buf-
fers in several in vitro characterization stud-
ies of 18F-flortaucipir, 18F-MK-6240, and
18F-PI-2620 (13,14,38). A comparison of
autoradiography assay conditions with and

FIGURE 2. 3H-flortaucipir, 3H-MK-6240, and 3H-PI-2620 binding in CTE IV. Total 3H-flortaucipir
signal (5 nM), displacement by 10 mM clorgyline to block off-target binding to MAO-A, total 3H-MK-
6240 (5 nM) binding, and total 3H-PI-2620 (6 nM) binding are compared with AT8 immunostaining
for phospho-tau at 2-mm and 200-mm scales in CTE IV and AD.

FIGURE 3. Binding of 3H-APN-1607 in CTE IV and AD. Total 3H-APN-1607 (5 nM) binding is
shown along with displacement by unlabeled APN-1607 (10 mM), flortaucipir (10 mM), and NAV-
4694 (10 mM) to indicate Ab binding contribution compared with 6F/3D immunohistochemistry for
Ab shown at 2-mm and 200-mm scales in CTE IV and AD.
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without ethanol was performed in the current work (Supplemental
Fig. 5). We showed that ethanol is not necessary to demonstrate spe-
cific radiotracer distribution and should be used with caution because
ethanol washes were found to artificially increase the signal-to-noise
ratio, reducing nonspecific binding while risking washing away of
specific binding. In addition, ethanol washes cannot be conducted
in vivo, therefore limiting the use of radiotracers that require this
step to obtain a suitable specific binding window.

3H-APN-1607 Distribution in CTE and Off-Target Binding to
Amyloid-b

18F-APN-1607 is an 18F-labeled derivative of 11C-PBB3 that has
been translated for human PET imaging studies in AD patients and
in the 4R-tau dominant tauopathy, progressive supranuclear palsy
(40–42). APN-1607 has been shown to bind parallel to the area of
Ab filaments in tau protein aggregates (43,44). Off-target binding
of 11C-PBB3 to Ab has been previously described, but 18F-APN-
1607 binding, if any, to Ab has not yet been reported. Substantial
binding of 3H-APN-1607 to Ab was observed in CTE IV cases
with a high amyloid plaque burden, as shown by displacement with
the Ab-targeting compound NAV-4694 (Fig. 3). CTE IV cases
with a lower Ab burden demonstrated lower total radiotracer bind-
ing and displacement by NAV-4694, showing 3H-APN-1607 off-
target binding to Ab under the present assay conditions.
Despite past reports in which APN-1607 demonstrated binding

in 4R-tau dominant conditions (41), 3H-APN-1607 showed no
binding in early-stage CTE cases, for which the dominant tau iso-
form found in neurons is 4R tau (45). These findings indicate lim-
ited utility of 3H-APN-1607 to image tau inclusions in early-stage
CTE and further limitations of off-target binding in CTE cases
with mixed pathology. 18F-APN-1607 is susceptible to photoiso-
merization, requiring all experimental procedures to be conducted
in the absence of fluorescent light (46). These limitations will hin-
der the widespread use of 18F-APN-1607.

3H-CBD-2115 (47) showed elevated signal in CTE IV, com-
pared with CTE I or II, and limitations of meningeal binding
(Supplemental Fig. 6). RD3 immunostaining for 3R tau was also
performed to show both 3R- and 4R-tau isoforms in CTE (Supple-
mental Fig. 7).

Heterogeneity of Tauopathies
Limitations of the present study include tissue availability; a larger

sample size would allow further interpretation of tau PET radiotracer
binding to tau pathology, as this work reveals variability in binding
of several radiotracers between and within CTE stage subgroups. It
would also be of value to include additional brain regions for analy-
sis in future studies to explore tau PET tracer binding beyond the
frontal cortex, for a greater representation of whole-brain imaging
achieved with in vivo PET imaging studies. Recent computational
studies have revealed different affinity binding sites for tau radio-
tracers in fibrils associated with different tauopathies (48). However,
it was concluded that cryoelectron microscopy is not sufficient for
the structure-based tracer discovery for certain targets, as they may
have potential-but-hidden binding sites. In addition, variability in
pathology is expected within CTE because many factors contribute
to disease development and progression, including the type and
frequency of brain injury, the anatomic region of impact, and
concussive-versus-subconcussive impacts. Investigating these
factors will provide opportunities into understanding how brain
injuries contribute to CTE disease pathology and progression.

CONCLUSION

We have reported, for the first time to our knowledge, a Bmax and
Kd for CTE tau with 3H-flortaucipir. Off-target binding of 3H-flortau-
cipir to MAO-A should be considered during in vivo PET imaging
studies on patients who have sustained repetitive brain injuries or are
suspected of having CTE. Although 3H-MK-6240 and 3H-PI-2620 do
not bind optimally to tau aggregates in CTE, the respective 18F PET
radiopharmaceuticals should be evaluated in clinical research studies
of severe suspected CTE cases or in the presence of mixed AD/CTE
pathology. 3H-APN-1607 showed limited utility to image tau inclu-
sions in early-stage CTE and off-target binding to Ab in CTE cases
with mixed pathology. All radiotracers evaluated showed binding
only in late-stage CTE cases. This study provides critical insights into
CTE tau target density, off-target binding of tau PET tracers, and
binding of tau PET tracers optimized for AD alongside tau immunos-
taining to inform in vivo PET imaging studies on suspected-CTE
groups, contributing to the ultimate goal of imaging CTE in life.
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KEY POINTS

QUESTION: Can existing tau PET tracers, optimized for AD, be
used to image CTE tau in vitro?

PERTINENT FINDINGS: This study showed that 3H-flortaucipir
and 3H-APN-1607 display off-target binding to MAO-A and Ab,
respectively, in human CTE tissues. 3H-MK-6240 and 3H-PI-2620
bind CTE tau in severe- or mixed-pathology cases.

IMPLICATIONS FOR PATIENT CARE: Off-target binding with
18F-flortaucipir and 18F-APN-1607 needs to be considered a
confounding factor in PET imaging studies of patients with brain
injuries. 18F-MK-6240 and 18F-PI-2620 are the most promising tau
PET radiotracers for further evaluation in patients with severe
suspected CTE.
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Neurovascular Uncoupling: Multimodal Imaging Delineates
the Acute Effects of 3,4-Methylenedioxymethamphetamine
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Psychedelic compounds such as 3,4-methylenedioxymethamphet-
amine (MDMA) have attracted increasing interest in recent years be-
cause of their therapeutic potential in psychiatric disorders. To
understand the acute effects of psychedelic drugs in vivo, blood-oxy-
genation-level–dependent (BOLD) functional MRI (fMRI) has been
widely used. In particular, fMRI studies have suggested that MDMA
leads to inhibition of brain activity, challenging previous hypotheses
indicating mainly excitatory effects based, among others, on increased
metabolism shown by 18F-FDG functional PET (fPET). However, inter-
pretation of hemodynamic changes induced by psychedelics is difficult
because of their potent vascular effects. Methods: We aimed to delin-
eate the acute effects of MDMA using simultaneous PET/fMRI in rats.
For this purpose, hemodynamic changes measured by BOLD fMRI
were related to alterations in glucose utilization and serotonin trans-
porter (SERT) occupancy using 18F-FDG fPET/fMRI and 11C-DASB
PET/fMRI. Results: We show that MDMA induces localized increases
in glucose metabolism in limbic projection areas involved in emotional
processing. The increased glucose metabolism was accompanied by
global cerebral and extracerebral hemodynamic decreases. We further
demonstrated a strong correlation between SERT occupancies
and regional BOLD reductions after acute MDMA administration.
Conclusion: Our data indicate that hemodynamic decreases after
acute MDMA administration are of a nonneuronal nature and initiate
peripherally. Within the brain, MDMA triggers neuronal activation in lim-
bic projection areas, whereas increased serotonin levels induced by
SERT blockage cause neurovascular uncoupling through direct vascu-
lar effects. Correct understanding of the in vivo mechanism of MDMA
not only supports ongoing research but also warrants a reassessment
of previous studies on neuronal effects of psychedelics relying on neu-
rovascular coupling and recommends 18F-FDG fPET as a potentially
more robust measure for pharmacologic research.

Key Words: methylenedioxymethamphetamine; neurovascular
coupling; PET/fMRI; hemodynamics; metabolism; serotonin
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DOI: 10.2967/jnumed.122.264391

Psychedelic drugs, including lysergic acid diethylamide, psilocy-
bin, and 3,4-methylenedioxymethamphetamine (MDMA), have re-
cently gained increasing attention because of their potential benefits
for treating psychiatric disorders (1). MDMA-assisted psychotherapy
is currently in a phase 3 clinical trial to treat severe posttraumatic
stress disorder, with encouraging initial results (2). Research in this
area is also increasingly associated with the development of imaging
techniques as quantitative biomarkers in addition to behavioral pa-
rameters (1). To investigate the mechanisms of psychedelic drugs
in vivo, MRI methods inferring neuronal activity through neurovas-
cular coupling, such as blood-oxygenation-level–dependent (BOLD)
functional MRI (fMRI) and arterial spin labeling, have been widely
used (3–5). Interestingly, research performed over the last decade
using these methods has shown that psychedelic compounds such as
MDMA (3) and psilocybin (4) inhibit brain activity, contradicting
previous studies that indicated mainly excitatory effects (6–9).
However, the use of hemodynamic methods may be insufficient to

understand the effects of psychedelics on neuronal activity. First,
psychedelic drugs elicit their effects by strongly affecting one or
more neurotransmitter systems (10). Thus, it is crucial to evaluate
hemodynamic changes in relation to neurotransmitter alterations.
Second, in addition to neuronal effects, an increase in neurotransmit-
ters such as serotonin elicited by psychedelic compounds can have
potent vascular effects (11–13). This aspect is particularly critical for
methods based on neurovascular coupling, such as BOLD fMRI and
arterial spin labeling. The emergence of hybrid PET/MRI allows
simultaneous assessment of brain function at multiple physiologic
levels. The combination of PET with pharmacologic MRI can offer
important complementary insight on drug mechanisms (14,15). Fur-
thermore, recent developments in the administration of 18F-FDG
PET via constant infusion (16) have paved the way toward func-
tional PET (fPET). fPET enables the imaging of changes in glucose
metabolism at a resolution of minutes (17), providing a more robust
indirect measure of neuronal activity than is possible with fMRI,
being largely immune to vascular changes (16).
We aimed to exploit the potential of multimodal imaging to

characterize the acute effects of MDMA using PET/fMRI. First,
we performed 18F-FDG fPET/fMRI to simultaneously determine he-
modynamic and metabolic changes elicited by MDMA and thereby
elucidate potential inhibitory or excitatory actions of this compound.
In a second cohort, we used 11C-3-amino-4-(2-dimethylaminomethyl-
phenylsulfanyl)-benzonitrile (11C-DASB) to investigate relationships
between hemodynamic alterations and changes in serotonin trans-
porter (SERT) availability, one of the main targets of MDMA (18).
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MATERIALS AND METHODS

Animals
Male Lewis rats (n 5 29) were obtained from Charles River Labo-

ratories and divided into 2 groups: 18F-FDG fPET/fMRI was per-
formed on 17 animals (body weight, 361 6 19 g), whereas 11C-DASB
PET/fMRI was performed on 11 animals (body weight, 365 6 19 g).
Nine fMRI datasets were excluded from the study because of motion
during acquisition. One 11C-DASB PET and two 18F-FDG fPET data-
sets were excluded from the analysis because of paravenous tracer
injections. The animals were kept at a room temperature of 22"C and
40%–60% humidity under a 12-h light–dark cycle. The rats were fed
with standard diet and received tap water ad libitum. They were kept
fasting for 6 h before the start of the experiments. All experiments
were performed in accordance with the German Federal Regulations
on the Use and Care of Laboratory Animals and approved by the Tue-
bingen regional council. Two additional cohorts scanned under the
same 18F-FDG fPET/fMRI and 11C-DASB PET/fMRI protocols, but
exposed to phosphate-buffered saline instead of MDMA, are pre-
sented in the supplemental materials (available at http://jnm.
snmjournals.org) (3–6,10,11,15,16,19–36).

Simultaneous PET/fMRI Experiments
The animals were scanned under 1.3% isoflurane and constant moni-

toring of breathing rate and temperature (Supplemental Fig. 1) using a
7-T small-animal MRI scanner (ClinScan; Bruker). T2-weighted ana-
tomic reference scans and fMRI scans (repetition time, 2,000 ms; echo
time, 18 ms) were obtained using a linearly polarized radiofrequency coil
for transmission and a 4-channel surface rat brain coil for reception. The
PET scans were acquired simultaneously using an in-house–developed
insert and reconstructed into 100 frames of 1 min using an ordered-
subsets expectation-maximization 2-dimensional algorithm. The MDMA
challenge (3.2 mg/kg) was applied 40 min after the start of the acquisi-
tion. Additional details on the experimental procedure are provided in the
supplemental materials.

Data Analysis
Statistical Parametric Mapping (SPM12, Wellcome Trust Centre for

Neuroimaging) via Matlab (The MathWorks) and Analysis of Func-
tional NeuroImages (AFNI, National Institute of Mental Health) were
used for data preprocessing as previously reported (37). An extensive
description of all preprocessing and analysis steps can be found in the
supplemental materials. Average time courses were extracted from all
datasets after preprocessing using the MarsBaR toolbox (38) and
regions of interest (see Fig. 1 for abbreviations and Supplemental Table
1 for their respective volumes) defined by the atlas of Schiffer et al.
(34). Additionally, extracerebral BOLD fMRI signals were extracted
using binary masks generated with AFNI. The general linear model
available in SPM was applied to determine voxels with significantly
altered fMRI and PET signals after MDMA exposure. For all datasets,
baseline was defined as 30–40 min after the scan start, when tracer equi-
librium had been reached between the regions with high SERT density
and high 18F-FDG uptake and the reference regions. The 18F-FDG
fPET data were normalized using cerebellar uptake. For 11C-DASB
PET, the cerebellar gray matter was chosen as the reference region as
previously described (36). For all methods, the signal at baseline was
compared with six 10-min blocks between the challenge (40 min after
the scan start) and the end of the scan (100 min after the scan start).
Group-level T-maps were generated for all cohorts, methods, and time
periods. All T-maps were subjected to voxelwise signal quantification
to determine the regional contributions of the brain regions selected.
The average T-scores of all voxels comprising each region were calcu-
lated for each period and modality to compare the respective spatial pat-
terns of MDMA effects on hemodynamics, glucose metabolism, and
SERT occupancy.

RESULTS

Metabolic Increases Accompany Hemodynamic Reductions
First, we investigated the relationship between hemodynamic and

metabolic changes after acute MDMA administration using simulta-
neous 18F-FDG fPET/fMRI (Figs. 1 and 2;
Supplemental Fig. 2).
The normalized 18F-FDG fPET time–

activity curves for all regions and the aver-
age whole-brain time–activity curve and
voxelwise uptake maps (Fig. 1A) indicated
an increase in metabolism in the midbrain
and in the anterior subcortical and frontal
cortical areas, whereas more minor or no
changes occurred in the posterior cortical
regions. Notably, we found a simultaneous
decrease in hemodynamics, as indicated by
BOLD fMRI (Fig. 1B). The whole-brain–
averaged BOLD fMRI signal was reduced
by 4.5% 15 min after the challenge. Impor-
tantly, the data revealed that the decreases
were global and occurred in all regions in-
vestigated. A temporal comparison of the
18F-FDG fPET and BOLD signal changes
relative to baseline is shown in Figure 1C.
The highest metabolic increases occurred in
frontal areas, including the caudate putamen
(22%), insular cortex (21%), medial prefron-
tal cortex (18%), and amygdala (13.5%). In-
creases in all regions (.1%) were observed
within 5 min of the challenge.
The voxelwise general-linear-model ana-

lyses presented in Figure 2 revealed metabolic

FIGURE 1. Regionwise evaluation of 18F-FDG fPET and BOLD fMRI signal changes. (A) Time–
activity curves for all regions and whole-brain average. Voxelwise normalized uptake maps indicate
18F-FDG uptake at baseline and at 90–100 min. (B) Regional BOLD fMRI signals normalized to
respective baseline periods. (C) Both signals normalized to baseline period over last 10 min before
MDMA administration for common frame of reference. Amyg5 amygdala; CPu5 caudate putamen;
Ins5 insular cortex; MB5 midbrain; mPFC5medial prefrontal cortex; WB5 whole brain.
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increases across several subcortical areas and in frontal cortical areas
between 90 and 100 min. The medial prefrontal cortex and orbitofron-
tal cortex (T5 7.6 for both), along with the midbrain (T5 7.4), thala-
mus (T 5 7.9), and nucleus accumbens (T 5 7.4), exhibited the most

significant 18F-FDG increases. The most sig-
nificant BOLD fMRI decreases occurred in
posterior areas such as the midbrain (T 5

4.8), ventral tegmental area (T 5 5.0), hypo-
thalamus (T 5 5.8), and pons (T 5 5.9). The
T-scores of metabolic increases and hemody-
namic decreases did not correlate significantly
(r5 0.21).

SERT Occupancy Changes Induced by
MDMA Correlate with BOLD Decreases
To further elucidate the molecular under-

pinnings of the observed hemodynamic de-
creases, we evaluated BOLD fMRI changes
concurrently with alterations in SERT avail-
ability using 11C-DASBPET/fMRI in a second
cohort (Figs. 3 and 4; Supplemental Fig. 3).
The 11C-DASB nondisplaceable binding

potential (BPND) reached equilibrium 30 min
after injection (Fig. 3A). After the challenge,
binding in all regions decreased either imme-
diately (1–2 min after the challenge) in areas
with high binding values (BPND . 1.8) or
with a delay of approximately 10 min in
regions with lower 11C-DASB binding val-
ues. At 30 min after the challenge, binding
remained stable until the end of the scan. Sim-
ilarly to the 18F-FDG fPET/fMRI cohort, all
regional BOLD signals decreased within

6 min after the challenge (Fig. 3B). Regions with higher baseline
SERT availability showed a faster response than regions with lower
baseline SERT availability (Fig. 3C). For example, 11C-DASB binding
in the midbrain (BPND 5 2.1) decreased immediately after the chal-

lenge. In contrast, 11C-DASB binding in the
caudate putamen (BPND5 1.6) andmedial pre-
frontal cortex (BPND5 1.6) remained stable or
increased briefly. After approximately 10 min,
11C-DASB binding decreased in all regions
until it reached equilibrium at 30–40 min after
the challenge (39% decrease formedial prefron-
tal cortex, 44% decrease for caudate putamen).
BOLD decreases occurred homogeneously,
peaking 30 min after the challenge (#8.5% in
medial prefrontal cortex, #5.5% in caudate
putamen, and#6.5% inmidbrain).
Figure 4 shows the voxelwise decreases at

70–80 min after the scan start. Regional
averages showed the strongest decreases in
the ventral tegmental area (T 5 13.7), peri-
aqueductal gray matter (T 5 12.8), and mid-
brain (T 5 12.7) for 11C-DASB and in the
hypothalamus (T 5 7.8), ventral tegmental
area (T 5 7.2), and thalamus (T 5 6.9) for
BOLD fMRI. Remarkably, regional T-scores
of both readouts correlated strongly (r 5

0.79, P, 0.001).

Hemodynamic Reductions Also Occur
in Nonneuronal Tissues
The limited spatial extent of hemody-

namic changes compared with the metabolic

FIGURE 2. General-linear-model analysis of 18F-FDG fPET/fMRI cohort. (A) Voxelwise analysis of
both signals at 90–100 min (P , 0.05 family-wise error–corrected at voxel level for PET, P , 0.001
at voxel level with P , 0.05 family-wise error cluster-level correction for fMRI, n5 15 for fPET, n5 9
for fMRI). (B) Bar diagram indicating average T-scores for each region and modality. (C) Average
regional T-scores plotted in scatter diagram to evaluate spatial correlation of both readouts.
Amyg5 amygdala; Au5 auditory cortex; CAad5anterodorsal hippocampus; CAp5posterior hip-
pocampus; Cg5 cingulate cortex; CPu5 caudate putamen; Ent5 entorhinal cortex; GLM5general
linear model; Hypo5hypothalamus; IC5 inferior colliculus; Ins5 insular cortex; M15motor cortex;
MB5midbrain; mPFC5medial prefrontal cortex; NAc5 nucleus accumbens; OC5olfactory cor-
tex; OFC5orbitofrontal cortex; PAG5periaqueductal gray matter; Par5parietal cortex; RS5

retrosplenial cortex; S15 somatosensory cortex; SC5 superior colliculus; Sep5 septum; Th5
thalamus; V15 visual cortex; VTA5 ventral tegmental area.

FIGURE 3. Regionwise evaluation of 11C-DASB PET and BOLD fMRI signal changes. (A) Dynamic
BPND for all regions and whole-brain average. Voxelwise maps indicate 11C-DASB binding at base-
line, as well as 70–80 min after scan start. (B) Regional BOLD fMRI signals normalized to respective
baselines. (C) Temporal comparison of PET and BOLD signal changes (normalized to baseline) in
caudate putamen, medial prefrontal cortex, and midbrain. CPu5 caudate putamen; DVR5 distribu-
tion volume ratio; MB5 midbrain; mPFC5 medial prefrontal cortex; WB5 whole brain.
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and SERT occupancy alterations may be due to the smaller magni-
tudes of the BOLD decreases. To further clarify this aspect, we
merged the fMRI scans from both cohorts (Fig. 5). We also extracted
the BOLD signals from extracerebral areas to investigate whether the
BOLD decreases are specific to neuronal tissue.
After the cohorts were merged, the BOLD fMRI decreases were

widespread and, intriguingly, also occurred in nonneuronal areas
(Fig. 5). The average extracerebral BOLD signal decreased coher-
ently with the cerebral BOLD signal, both reaching maximum
reductions 27 min after the challenge (cerebral BOLD, 4.8%;
extracerebral BOLD, 7.4%).

Additional Analyses
Analyses of the phosphate-buffered saline

cohort and a comparison with the readouts
shown after MDMA application are provided
in Supplemental Figures 4–5. Furthermore, we
extracted general-linear-model alterations in-
duced by MDMA in each subject of both the
11C-DASB cohort and the 18F-FDG cohort
to demonstrate the feasibility of subject-level
PET inferences using our approach (Supple-
mental Figs. 6–7).Additionally,we reproduced
the metabolic changes using whole-brain nor-
malization and validated the choice of the
cerebellum for normalization (Supplemental
Fig. 8).Moreover, we examined the robustness
of our correlation between hemodynamic
and SERT decreases by using b-values and
subject-level general-linear-model readouts
(Supplemental Fig. 9). Finally, we compared
the temporal characteristics of the observed
hemodynamic,metabolic, andSERTavailabil-
ity changes (Supplemental Fig. 10).

DISCUSSION

Our data indicate that increased neuronal
activity after MDMA is accompanied by
neurovascular uncoupling, possibly medi-
ated through the vascular effects of seroto-
nin after SERT blockage.

Simultaneous Uncoupling Between Metabolism and
Hemodynamics
Studies measuring glucose utilization after psychedelic chal-

lenges have shown mixed results, yet the main result has been
increased metabolism (6,7,9,35), suggesting neuronal activation.
However, more recent work performed by Carhart-Harris et al.
(3), using arterial spin labeling challenged this hypothesis and
argued that brain activity is exclusively decreased solely under
MDMA. Our study confirmed that this finding also holds true in
rodents. Carhart-Harris et al. speculated that MDMA exerts inhibi-
tory effects directly through serotonin receptor (5-HT) 1A (3,39).

Comparable reductions under acute psilo-
cybin reported by the group of Carhart-
Harris were attributed to the inhibitory
effects of 5-HT2A receptors (4). On a side
note, the hemodynamic decreases for
MDMA and psilocybin in humans were
located predominantly in the right hemisphere
(3,4), similarly to our study, thereby support-
ing the translatability of our readout. Notably,
Carhart-Harris et al. argued that possible dis-
crepancies with previous work indicating in-
creased metabolism using 18F-FDG PET
(9) might be due to its inferior temporal reso-
lution (4). Therefore, the authors claimed that
the reported increases may represent a
rebound in glucose metabolism after the
acute inhibition captured by fMRI (4). We
agree that earlier 18F-FDG PET or ex vivo
studies (6,7,9,35) measuring cerebral glucose
utilization lacked temporal specificity because

FIGURE 4. General-linear-model analysis of 11C-DASB PET/fMRI cohort. (A) Voxelwise analysis of
both signals at 70–80 min. Voxelwise maps are presented (P , 0.05, voxel-level family-wise error
correction for PET and P , 0.001 at voxel level with P , 0.05 family-wise error cluster-level correc-
tion for fMRI, n511). (B) Bar diagram indicating average T-scores for each region and modality. (C)
Regional T-scores plotted in scatter diagram to evaluate spatial correlation of both readouts. ***P ,

0.001. Amyg5 amygdala; Au5 auditory cortex; CAad5 anterodorsal hippocampus; CAp5

posterior hippocampus; Cg5 cingulate cortex; CPu5 caudate putamen; Ent5 entorhinal cortex;
GLM5general linear model; Hypo5hypothalamus; IC5 inferior colliculus; Ins5 insular cortex;
M15motor cortex; MB5midbrain; mPFC5medial prefrontal cortex; NAc5 nucleus accumbens;
OC5olfactory cortex; OFC5orbitofrontal cortex; PAG5periaqueductal gray matter; Par5parietal
cortex; RS5 retrosplenial cortex; S15 somatosensory cortex; SC5 superior colliculus; Sep5

septum; Th5 thalamus; V15 visual cortex; VTA5 ventral tegmental area.

FIGURE 5. General-linear-model analysis of BOLD decreases after merging BOLD fMRI datasets
acquired in both cohorts (n 5 20). Data are shown at P , 0.05, family-wise error–corrected at voxel
level. Arrows indicate extracerebral decreases. Average BOLD signals were extracted from extracer-
ebellar regions and plotted along with whole-brain signal. WB5 whole brain.
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of methodologic limitations on their interpretability in terms of acute
effects. An additional confound is that the studies compared different,
relatively small cohorts having received either placebo or MDMA.
The present work overcomes all these limitations. The constant-infu-
sion protocols used for both tracers enabled delineation of pharmaco-
logic effects immediately after the challenge at 1-min intervals,
simultaneously with hemodynamic alterations, and within the same
subjects. Therefore, we demonstrated that the uncoupling between
flow and metabolism previously shown (6,11,35) does occur simulta-
neously within the same subjects.

Origin of Peripheral and Cerebral Hemodynamic Decreases
We showed that nonneuronal effects dominate hemodynamic

changes induced by MDMA. In particular, our data shed light on 2
separate phenomena. First, the temporal coherence between hemody-
namic reductions in cerebral and extracerebral areas suggests that
vascular effects occur at the periphery. The 5-HT2A receptor, which
is postulated—along with the 5-HT1B receptor—to mediate vaso-
constrictive effects (40,41), is one of the main targets of MDMA
(5,42). However, because MDMA has a much stronger affinity to
the 5-HT2A receptor than to the 5-HT1B receptor (5), direct agonist
action of MDMA at 5-HT2A in peripheral blood vessels likely
drives our results (40). Previous work has demonstrated the role of
5-HT2A in vasoconstriction of the carotid artery, the main vessel
supplying blood to the brain (43,44). In addition to peripheral effects,
the cerebral hemodynamic decreases are also likely of a serotonergic
nature. Existing publications have indicated that serotonin impacts
brain hemodynamics (12,13) and that direct manipulation of the
raph$e nuclei constricts cerebral microvasculature (11). In contrast to
the peripheral hemodynamic reductions, which can be attributed
solely to the direct effects of MDMA, the decreases in the brain may
additionally be triggered by increased synaptic serotonin levels after
SERT blockage. This finding is supported by the high correlation
between SERT blockage and hemodynamic decreases in BOLD
fMRI, suggesting that increased levels of endogenous serotonin may
modulate cerebral hemodynamics. The exact involvement of differ-
ent receptors needs to be investigated, for instance by combining
psychedelic challenges with respective antagonists. Our results war-
rant a reevaluation of previous data (3,4) and generally call for cau-
tion when interpreting findings relying on neurovascular coupling
under pharmacologic challenges (3,5,42).

Anatomy and Physiology of Increased Metabolism
We demonstrated that MDMA increases the metabolism of differ-

ent regions, likely because of neuronal activation, as fPET has been
shown to reliably map onto neuronal activity while being independent
of hemodynamic changes (16). Interestingly, the metabolic increases
were more weighted toward serotonergic projection areas than toward
the midbrain regions showing the strongest reductions in SERT avail-
ability. First, this finding is in line with the hypothesis that most of the
glucose is consumed postsynaptically (45). Second, the areas showing
increased metabolism are consistent at a functional level with most pre-
viously reported behavioral effects of MDMA. The signals observed in
the nucleus accumbens, amygdala, and insula align well with salience
changes known from imaging and behavioral studies (3,46). In particu-
lar, the nucleus accumbens is involved in responses to numerous drugs
(47). The amygdala, insula, and orbitofrontal cortex are strongly
involved in emotional processes (48). Activity in the olfactory cortex
and olfactory bulb could indicate increased food-seeking or sexual
arousal (49,50). Enhanced metabolic activity in the sensory cortices is
in concordance with heightened sensations elicited by MDMA (49).

Furthermore, the 5-HT2A receptor exhibits a strong anterior–posterior
gradient in the cortex, being strongly expressed in frontal areas of the
cortex (51) and overlapping with the activations indicated by fPET, and
has been shown to be responsible for serotonergic activation in projec-
tion areas such as the prefrontal cortex (52).
Other factors may play a role in the findings, and there are also

certain limitations that need to be considered when contemplating
our data. The supplemental materials provide a thorough discus-
sion of these aspects.

CONCLUSION

The present study showed the potential of multimodal imaging in
drug research. We demonstrated the acute neurovascular uncoupling
induced by MDMA, characterized by increased neuronal activity in
monoaminergic projection areas and accompanied by vascular
depression of a serotonergic nature. Our results provide important
insight into the mechanism of action of MDMA and pave the way
for the application of 18F-FDG fPET and hybrid fPET/fMRI in drug
research.
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KEY POINTS

QUESTION: What are the effects of acute administration of
MDMA on neuronal activation in the brain?

PERTINENT FINDINGS: Global decreases in BOLD fMRI are of a
vascular, rather than a neuronal, nature and strongly correlate with
SERT occupancy measured simultaneously using 11C-DASB. In
contrast, 18F-FDG fPET indicates simultaneous increases in limbic
glucose consumption, potentially mapping onto neuronal
activation.

IMPLICATIONS FOR PATIENT CARE: The study emphasizes the
caveats of BOLD fMRI and other hemodynamic methods when
strong vascular effects are present and recommends the use of
18F-FDG fPET as an alternative for tracking neuronal activity in vivo
after pharmacologic challenges in drug research.
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To improve diagnostic accuracy, myocardial perfusion imaging (MPI)
SPECT studies can use CT-based attenuation correction (AC). How-
ever, CT-based AC is not available for most SPECT systems in clinical
use, increases radiation exposure, and is impacted by misregistration.
We developed and externally validated a deep-learning model to gen-
erate simulated AC images directly from non-AC (NC) SPECT, without
the need for CT.Methods: SPECT myocardial perfusion imaging was
performed using 99mTc-sestamibi or 99mTc-tetrofosmin on contempo-
rary scanners with solid-state detectors. We developed a conditional
generative adversarial neural network that applies a deep learning
model (DeepAC) to generate simulated AC SPECT images. The model
was trained with short-axis NC and AC images performed at 1 site
(n 5 4,886) and was tested on patients from 2 separate external sites
(n 5 604). We assessed the diagnostic accuracy of the stress total
perfusion deficit (TPD) obtained from NC, AC, and DeepAC images
for obstructive coronary artery disease (CAD) with area under the
receiver-operating-characteristic curve. We also quantified the direct
count change among AC, NC, and DeepAC images on a per-voxel
basis. Results: DeepAC could be obtained in less than 1 s from
NC images; area under the receiver-operating-characteristic curve
for obstructive CAD was higher for DeepAC TPD (0.79; 95% CI,
0.72–0.85) than for NC TPD (0.70; 95% CI, 0.63–0.78; P, 0.001) and
similar to AC TPD (0.81; 95% CI, 0.75–0.87; P5 0.196). The normalcy
rate in the low-likelihood-of-coronary-disease population was higher
for DeepAC TPD (70.4%) and AC TPD (75.0%) than for NC TPD
(54.6%, P , 0.001 for both). The positive count change (increase in
counts) was significantly higher for AC versus NC (median, 9.4; inter-
quartile range, 6.0–14.2; P , 0.001) than for AC versus DeepAC
(median, 2.4; interquartile range, 1.3–4.2). Conclusion: In an indepen-
dent external dataset, DeepAC provided improved diagnostic accu-
racy for obstructive CAD, as compared with NC images, and this
accuracy was similar to that of actual AC. DeepAC simplifies the task
of artifact identification for physicians, avoids misregistration artifacts,
and can be performed rapidly without the need for CT hardware and
additional acquisitions.

Key Words: attenuation correction; SPECT; myocardial perfusion
imaging; deep learning; artificial intelligence
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SPECT myocardial perfusion imaging (MPI) is frequently used
to evaluate patients for the presence of obstructive coronary artery
disease (CAD) (1). Abnormalities of regional perfusion are used
to identify patients with a higher likelihood of having obstructive
CAD (1,2). However, perfusion abnormalities can be similar in
appearance to soft-tissue photon attenuation artifacts.
Attenuation correction (AC) can be provided through CT (CTAC)

(3) and has been shown to improve the diagnostic accuracy of
SPECT MPI and increase specificity from 81% to 88% (4). AC
imaging has been proposed as an important method to significantly
increase the proportion of patients who are candidates for rest scan
cancellation (5). However, CTAC requires dedicated, expensive
SPECT/CT scanners and is associated with additional radiation expo-
sure. Importantly, misregistration of the separately acquired SPECT
and CTAC maps is often a source of artifacts, requiring careful qual-
ity control and potentially diminishing the clinical value of AC
images (6). For these reasons, despite its advantages, CTAC is cur-
rently performed on a minority of SPECT MPI scans. This is espe-
cially true for the latest generation of solid-state scanners, on which
CTAC is performed in less than 5% of sites (written communication
between Cory McNeil and Robert Miller, June 9, 2022) and is avail-
able from only 1 vendor.
To provide the benefits of AC without the above shortcomings,

we developed and evaluated a deep learning model (DeepAC) that
applies AC directly to non-AC (NC) short-axis images, without the
use of CT (or the need for reconstruction of the data), by generating
simulated AC images. DeepAC is a conditional generative adver-
sarial network that comprises 2 competing networks. A generator is
tasked with creating DeepAC images, whereas a discriminator dif-
ferentiates the DeepAC images from actual AC images. The pro-
cess is repeated until the discriminator network is no longer able to
differentiate real AC images from fake AC images. Importantly,
physicians are able to better evaluate DeepAC SPECT images for
potential artifacts and myocardial segmentation errors.
In this study, we compared image quantification of NC images to

CT-based AC and DeepAC images. In an independent external data-
set, we compared the diagnostic accuracy of quantitative perfusion
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analysis for obstructive CAD, DeepAC, NC, and CT-based AC im-
aging. We also performed a change analysis to better understand the
potential improvement in DeepAC images compared with actual AC
images.

MATERIALS AND METHODS

Patient Populations
We included 2 separate populations from separate centers. The

model was trained with 4,886 patients (45% female) from a single
center (Yale University) who underwent SPECT MPI with CTAC
(details in Supplemental Table 1; supplemental materials are available
at http://jnm.snmjournals.org). The model was then tested in an exter-
nal population of 604 patients (48% male) from 2 different centers
(University of Zurich and University of Calgary). All data and images
were deidentified and transferred to Cedars–Sinai. The study protocol
complied with the Declaration of Helsinki and was approved by the
institutional review boards at each participating institution. The overall
study was approved by the institutional review board at Cedars–Sinai
Medical Center. Written informed consent or a waiver of consent was
obtained at each institution.

SPECT Image Acquisition
All scans were performed per SPECT/CT MPI guidelines (7), and only

stress images were used in the present analysis. In the training population,
patients underwent stress–rest/stress-only (n 5 4,112, 84%), rest–stress
(n 5 684, 14%), or 2-day (n 5 90, 2%) imaging using 99mTc-tetrofosmin
with a Discovery 570c or Discovery 530c scanner (GE Healthcare). In the
external testing populations, patients underwent either a 99mTc-sestamibi

rest–stress or a 99mTc-tetrofosmin stress–rest protocol with a Discovery
570c scanner (GE Healthcare). Weight-adjusted (6standard deviation)
stress imaging doses of 403 6 207 MBq (4.8 6 2.5 MBq/kg, 10.9 6

5.6 mCi) and 413 6 157 MBq (5.0 6 1.9 MBq/kg, 11.2 6 4.2 mCi)
were used in the training population and the external population, respec-
tively. Stress images were acquired 15–60 min after stress over a total of
4–6 min (7). Patients underwent exercise or pharmacologic stress using
standard clinical parameters. Details of the CT acquisitions and image
quality control are available in the supplemental materials.

Model Architecture
The model architecture is outlined in Figure 1. The DeepAC model

was developed using 4,886 (training, 4,398; validation, 488) pairs of
NC and AC short-axis SPECT slices from stress acquisitions from a
single site. Our proposed method focuses on CT-free direct estimation
of SPECT AC generation and is independent of any imaging informa-
tion from CT (8). Ground truth short-axis SPECT AC images (recon-
structed at 4 3 4 mm with a slice thickness of 4 mm) were used to
compare DeepAC. Additional details are available in the supplemental
materials (9–14).

Processing Speed
Batch mode was used for model testing. Using a graphics process-

ing unit (GeForce RTX 2080; NVIDIA Corp.), the mean time to gen-
erate DeepAC image volume from AC volume was 9 ms. Using a
computer similar to a standard reporting workstation (AMD Ryzen
9 5950X 16-core processor, 64 Gb of random-access memory), the
mean inference time was 66 ms.

FIGURE 1. Model architecture for conditional generator adversarial network. First, generator network creates simulated AC images from NC images.
Discriminator is tasked with differentiating actual AC images (real) from DeepAC images (fake). Generator is attention-gated 3D UNet, for which maxi-
mum pooling (MaxPool) downsamples features. Attention gate takes input from lower level (attention signal) with skipped connection; it includes rectified
linear unit (ReLU) as nonlinear activation and generates attenuation map, which is concatenated to upsampled level. This helps generator network focus
on essential image structures.
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Quantitative Image Analysis
All quantitative image comparisons were performed on the external

testing population. Stress total perfusion deficit (TPD) was quantified
with Quantitative Perfusion SPECT software (Cedars–Sinai Medical
Center) (15). Quantification of TPD for DeepAC images was per-
formed using existing sex-specific databases for AC studies. Addition-
ally, we used change analysis, as implemented in clinical software to
perform voxel-by-voxel comparisons among AC, NC, and DeepAC
images (16). The change analysis allows derivation of the positive and
negative count change between image pairs (sum of absolute voxel-
by-voxel count changes in both directions) without normal databases.
Positive change integrates image voxels with an increase in counts on
AC images, and negative change integrates voxels for which AC
images have decreased counts compared with NC images. Thus, posi-
tive change identifies perfusion defects that are corrected by the refer-
ence technique, and negative change identifies relative perfusion
defects unmasked by the reference technique. Change analysis can be
used clinically to detect subtle differences in image sets; for example,
when comparing stress and rest images, it could be used to identify
areas of ischemia (16). This analysis was also performed on a per-
vessel basis.

Diagnostic Accuracy for Obstructive CAD
Diagnostic accuracy was assessed in patients with same-day SPECT

and coronary CT angiography (n 5 280) and a low likelihood of coro-
nary disease (LLK) (n 5 324). Patients from the University of Zurich
underwent coronary CT angiography on the same day as SPECT MPI.
Obstructive CAD was defined as any stenosis of at least 70% or at least
50% in the left main coronary artery. To ensure that the prevalence of
obstructive CAD was similar to that seen in a suspected CAD referral
cohort, the population was enriched with an LLK population from the
University of Calgary. The LLK population included patients who did
not undergo revascularization within 90 days of SPECT MPI and met
the following criteria: low probability of CAD based on the Diamond–-
Forrester model (17), normal findings on expert visual interpretation of
perfusion, coronary artery calcium score of 0, and left ventricular ejec-
tion fraction of more than 50%. We also evaluated diagnostic accuracy
on a per-vessel basis, with left main disease attributed to both the left
anterior descending and the left circumflex territories.

Statistical Analysis
Standard descriptive statistics were used. Normality for continuous

variables was assessed with the Shapiro–Wilks test. Continuous varia-
bles were not found to have a normal distribution, and the difference
in median was assessed using the Wilcoxon signed-rank test. The
Pitman–Morgan test was used to compare variance between the differ-
ences in AC and DeepAC and AC and NC data. Diagnostic accuracy
for obstructive CAD was assessed using area under the receiver-
operating-characteristic curve (AUC). The DeLong test was used to
evaluate for differences in AUC. Lastly, we evaluated normalcy
rates in the LLK population, with abnormal quantitative perfusion
defined as a stress TPD of more than 3% (integer) (4).

All statistical tests were 2-sided, with a P value of less than 0.05
considered significant. Statistical analyses were performed using R
(version 4.1.2) and Stata/IC (version 14.2; StataCorp).

RESULTS

Population Characteristics
The characteristics of the training and external testing popula-

tions are shown in Table 1. Patients in the training population
were older (median age, 64 vs. 60 y; P , 0.001) and more likely
to be male (55% vs. 48%, P , 0.001) than patients in the testing
population.

Diagnostic Accuracy
Obstructive CAD was present in 64 of 604 (10.6%) patients in

the external testing population, compared with 10.7% in a large
randomized controlled trial (18). Diagnostic accuracy for obstruc-
tive CAD is shown in Figure 2. The AUC for DeepAC stress TPD
(AUC, 0.79; 95% CI, 0.72–0.85) was higher than that for NC TPD
(0.70; 95% CI, 0.63–0.78; P , 0.001). There was no difference
between the AUC for DeepAC TPD and that for AC TPD (AUC,
0.81; 95% CI, 0.75–0.87; P 5 0.196). At 80% sensitivity, the

TABLE 1
Characteristics of Training and External Testing Populations

Characteristic
Training

(n 5 4,886)

External
testing

(n 5 604) P

Age (y) 64 (56–73) 60 (53–68) ,0.001

Male 2,705 (55) 341 (48) ,0.001

Body mass index 29 (26–34) 28 (25–32) ,0.001

Past medical history

Hypertension 3,204 (67) 255 (36) ,0.001

Diabetes mellitus 1,292 (27) 71 (10) ,0.001

Dyslipidemia 2,649 (55) 195 (28) ,0.001

History of CAD 873 (18) 67 (9) ,0.001

Stress test type

Exercise 1,775 (36) 393 (56) ,0.001

Pharmacologic 3,106 (64) 313 (44) ,0.001

Qualitative data are number and percentage; continuous data
are median and IQR.

FIGURE 2. Diagnostic accuracy of obstructive CAD. AUC for AC and
DeepAC stress TPD was higher than for NC stress TPD. There was no sig-
nificant (ns) difference between DeepAC stress TPD and AC stress TPD.
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specificity of DeepAC TPD was 64% (cut point $ 3.6%), com-
pared with 65% for AC TPD (cut point $ 3.3%) and 36% for NC
TPD (cut point $ 2.0%). Using a standard previously established
integer TPD threshold of more than 3% for abnormal, DeepAC
had sensitivity of 80% and specificity of 63%, compared with sen-
sitivity of 78% and specificity of 66% for AC TPD and sensitivity
of 70% and specificity of 56% for NC TPD. The normalcy rate at
this threshold in the LLK population was higher for DeepAC TPD
(70.4%) and AC TPD (75.0%) than for NC TPD (54.6%, P ,

0.001 for both).
We also assessed diagnostic accuracy for obstructive CAD on a

per-vessel level, with the results in Supplemental Table 2. The
diagnostic accuracy for left anterior descending disease was signif-
icantly higher for DeepAC stress TPD (AUC, 0.77; 95% CI,
0.69–0.86) than for NC TPD (AUC, 0.69; 95% CI, 0.59–0.79;
P 5 0.007). Diagnostic accuracy was also higher for left circum-
flex disease for DeepAC stress TPD (AUC, 0.74; 95% CI,
0.60–0.88) than for NC TPD (AUC, 0.60; 95% CI, 0.45–0.76;
P 5 0.024).

Comparison of AC, NC, and DeepAC SPECT Images
The results of the change analysis are shown in Figure 3. Posi-

tive change was significantly lower, representing closer agreement,
for AC versus DeepAC (median, 2.4; interquartile range [IQR],
1.3–4.2) than for AC versus NC (median, 9.4; IQR, 6.0–14.2; P ,

0.001). However, negative change was similar for AC versus
DeepAC (median, 2.0; IQR, 0.9–3.5) and AC versus NC (median,
2.0; IQR, 1.2–3.6, P 5 0.935). Similar findings were seen in the
subset of patients undergoing stress-first imaging for positive
change (AC vs. DeepAC: median, 2.6; IQR, 1.6–4.9; AC vs. NC:
median, 12.9; IQR, 8.5–17.8; P , 0.001) and negative change
(AC vs. DeepAC: median, 2.7; IQR, 1.5–5.1; AC vs. NC: median,
2.5; IQR, 1.5–4.2; P , 0.001). Results of the per-vessel change
analysis are shown in Supplemental Figure 1. Median positive

change was significantly higher with AC versus NC than with AC
versus DeepAC in the left anterior descending (2.61 vs. 2.02), left
circumflex (4.22 vs. 0.32), and right coronary artery territories
(18.96 vs. 1.18, P , 0.001 for all).
Absolute differences between AC TPD and DeepAC TPD were

lower than absolute differences between AC TPD and NC TPD
(median, 1.2 vs. 2.3; P , 0.001) (Fig. 4). The Bland–Altman anal-
ysis for TPD is outlined in Supplemental Figure 2. Limits of
agreement for AC TPD versus DeepAC TPD (bias, 20.2; 95%
limits of agreement, 26.5 to 6.1; Spearman r 5 0.78) were closer
than for AC TPD versus NC TPD (bias, 21.0; 95% limits of
agreement, 28.7 to 6.7; Spearman r 50.55; P , 0.001).

Case Examples
Cases illustrating AC, DeepAC, and NC images, as well as the

concept of positive change analysis, are shown in Figures 5–7.

DISCUSSION

We developed a conditional generative adversarial network deep
learning model that directly generates DeepAC images, without CT,
from NC images. It eliminates the possibility of CT misregistration,
leverages optimized vendor-specific reconstruction algorithms for
dedicated collimators and solid-state scanners, and allows physicians
to evaluate full image sets for potential artifacts using the same
approaches as they would for any other clinical study. The model
generates DeepAC images in a fraction of a second on standard
computer hardware and could readily be implemented in clinical
workflows as an automatic preprocessing step.
Critically, for the first time, we demonstrated that the diagnostic

accuracy of DeepAC was higher than that of NC using a large external
testing population. Additionally, using clinical quantitative analysis, we
conclusively demonstrated that DeepAC images are more similar to
AC images than are NC images. The significant improvement in posi-
tive change suggests that DeepAC corrects attenuation artifacts relative
to NC images. Importantly, similar findings were seen in the subset of
patients undergoing stress-first imaging, which typically are noisier
images. The absence of difference in negative change suggests that it

FIGURE 3. Change analysis (voxel-by-voxel analysis after subtraction of
coregistered images). Actual AC images were reference image for com-
parisons of AC vs. DeepAC and AC vs. NC images. DeepAC was used as
reference for DeepAC vs. NC. Negative change was not significantly dif-
ferent across all comparisons. However, positive change was significantly
lower for AC vs. DeepAC than for AC vs. NC images (*P, 0.001).

FIGURE 4. Absolute differences in stress TPD between AC, DeepAC,
and NC values. Median absolute difference was lower for AC vs. DeepAC
than for AC vs. NC or DeepAC vs. NC (*P, 0.001).
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is not inducing (or uncovering) defects in a manner that would not be
expected with actual AC. DeepAC could be applied clinically in labo-
ratories without dedicated SPECT/CT hardware (majority of SPECT
MPI laboratories) to increase normalcy rates and diagnostic accuracy,
without affecting existing imaging protocols.

Several AI approaches have been pro-
posed recently to generate simulated AC
SPECT MPI (9,19–21). Nguyen et al. de-
veloped a generative adversarial network
to simulate AC images from non-AC data
with data from 491 patients for training and
112 for testing, demonstrating a higher struc-
tural similarity index than for 3D UNet (19).
Chen et al. proposed a dual squeeze-and-
excitation residual dense network, trained
and tested with 172 studies, using images
from 3 scatter windows together with NC
images to predict AC images (9). Yang et al.
developed a convolutional network to gener-
ate simulated AC images directly from NC
images using 100 paired datasets for training
and testing and 10-fold cross-validation (20).
In the only other study that evaluated the
clinical impact of the deep learning AC,
Hagio et al. developed a convolutional net-
work that generates simulated AC polar maps
from NC maps (rather than images) (21). The
authors trained and tested the model in a
population from a single center, demonstrat-
ing improvement in diagnostic accuracy for
CAD either in patients with correlating angi-
ography (n 5 351) or in LLK cases (n 5
327). Improvement in specificity was 26%

(higher-quality studies) and 8% (lower-quality studies) in internal
testing. However, none of these studies included external testing popu-
lations. In the present work, we showed higher diagnostic accuracy
with DeepAC than with NC images and up to 28% higher specificity,
in a large external testing population from 2 different sites using stan-

dard clinical quantification of SPECT MPI.
We also showed improved similarity between
AC and DeepAC SPECT images as com-
pared with NC images.
There are several aspects of our work

that are particularly relevant to future clini-
cal application of the DeepAC model. Our
model generates simulated SPECT short-axis
images rather than corrected polar maps. This
allows physicians to identify potential sources
of artifacts such as excessive gut activity and
potential errors in myocardial contours. We
did not need to exclude cases with surface-
mismatch or segmentation errors as was
needed in previous polar map–based ap-
proaches (21). Our approach leverages exist-
ing vendor-specific reconstruction algorithms
and could be implemented as a preprocessing
step before interpretation with any SPECT
MPI interpretation software (22). Impor-
tantly, in an independent population, we
demonstrated that DeepAC improved diag-
nostic accuracy for obstructive CAD and
normalcy rates, compared with NC SPECT.
We used a very conservative definition of
LLK, including a coronary artery calcium
score of 0 (23), to minimize any chance of
misclassifying the presence of obstructive

FIGURE 5. NC, AC, and DeepAC images from 53-y-old man with body mass index of 36. On short-
axis images (top), vertical long-axis images (middle), and polar maps (bottom), there was defect in infe-
rior wall on NC images only (white arrows), with evidence of adjacent radiotracer activity in abdomen.
Standard quantification by stress TPD (sTPD) was 11% (abnormal). After AC correction, sTPD was 0%;
DeepAC correction resulted in sTPD of 1% (both normal). There was positive change in inferior wall
counts for AC vs. NC (red arrow). There was no change between AC and DeepAC images. Patient had
no CAD on coronary CT angiography, and defect most likely represents diaphragmatic attenuation.

FIGURE 6. NC, AC, and DeepAC images from 63-y-old woman with body mass index of 32. On
short-axis images (top), vertical long-axis images (middle), and polar maps (bottom), there was
defect in anterolateral, inferolateral, and inferior walls on NC images (white arrows). Standard quanti-
fication by stress TPD (sTPD) was 21% (abnormal). After AC correction, sTPD was 17%; DeepAC
correction resulted in sTPD of 18% (both abnormal). There was positive change in inferior and infero-
septal walls for AC vs. NC (red arrows). There was only small area of positive change in inferolateral
wall for AC vs. DeepAC. Patient had 80% stenosis of proximal left circumflex coronary artery.
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CAD in the absence of defined coronary anatomy. We believe this is
the first time the utility of simulated AC was demonstrated conclu-
sively with independent, external testing—a critical step toward dem-
onstrating the generalizability of the technique.
DeepAC could be applied clinically to correct for photon atten-

uation without the additional radiation exposure, cost, and space
required for hybrid SPECT/CT. The algorithm could be applied
to correct NC SPECT MPI in subsecond times, avoiding potential
issues with image misregistration. Importantly, it could be com-
bined with stress-first imaging. We have previously demonstrated
that AI can identify low-risk patients for rest scan cancellation
(24). DeepAC imaging could be used to further improve the accu-
racy of these algorithms.
Our study has a few important limitations. Validation of DeepAC

on other SPECT camera systems is needed. Further improvements in
diagnostic accuracy may be possible by applying dedicated DeepAC
databases. Additionally, we did not assess the performance of the
DeepAC model on rest images. Although DeepAC allows for soft-
tissue AC, it does not provide the additional anatomic information
available from CTAC, such as calcium. Therefore, the benefits of
implementing this technique to reduce radiation exposure against the
added clinical information available from continuing with CTAC
imaging need to be carefully weighed (25). Lastly, whereas the pop-
ulation-level results show improved diagnostic accuracy, physicians
will still need to review all available data to ensure that the DeepAC
results make sense clinically.

CONCLUSION

We developed a deep learning model that generates DeepAC
images from NC reconstructed short-axis slices. DeepAC images pro-
vide a quantitative assessment of perfusion which is more similar to

actual AC images than NC images are. This
translates into improved diagnostic accuracy
for obstructive CAD in external testing.
DeepAC may simplify the task of artifact
identification for physicians compared with
NC images alone and can be performed
without the need for CTAC hardware.
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KEY POINTS

QUESTION: Can deep learning be used to generate AC SPECT
images directly from non-AC images?

PERTINENT FINDINGS: We developed a method to generate
simulated AC images (DeepAC) and compared them with actual
AC and non-AC images using a large external testing population.
DeepAC images were more similar to actual AC images than were
non-AC images and had high diagnostic accuracy similar to that
of actual AC images.

IMPLICATIONS FOR PATIENT CARE: The DeepAC model can
be applied clinically to generate AC image sets for improved
diagnostic accuracy on SPECT systems without CT capability or
to help identify patients for rest scan cancellation.
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F E A T U R E D B A S I C S C I E N C E A R T I C L E

Development of a Lensless Radiomicroscope for
Cellular-Resolution Radionuclide Imaging

Justin S. Klein, Tae Jin Kim, and Guillem Pratx

Department of Radiation Oncology, Stanford University, Stanford, California

The action of radiopharmaceuticals takes place at the level of cells.
However, existing radionuclide assays can only measure uptake in
bulk or in small populations of single cells. This potentially hinders the
development of effective radiopharmaceuticals for disease detection,
staging, and treatment.Methods:We have developed a new imaging
modality, the lensless radiomicroscope (LRM), for in vitro, cellular-
resolution imaging of b- and a-emitting radionuclides. The palm-sized
instrument is constructed from off-the-shelf parts for a total cost of
less than $100, about 500 times less than the radioluminescence
microscope, its closest equivalent. The instrument images radiophar-
maceuticals by direct detection of ionizing charged particles via a
consumer-grade complementary metal-oxide semiconductor detec-
tor. Results: The LRM can simultaneously image more than 5,000
cells within its 1 cm2

field of view, a 100-times increase over state-of-
the-art technology. It has spatial resolution of 5 mm for brightfield
imaging and 30 mm for 18F positron imaging. We used the LRM to
quantify 18F-FDG uptake in MDA-MB-231 breast cancer cells 72 h
after radiation treatment. Cells receiving 3 Gy were 3 times
larger (mean 5 3,116 mm2) than their untreated counterparts (mean 5

940 mm2) but had 2 times less 18F-FDG per area (mean5 217 Bq/mm2),
a finding in agreement with the clinical use of this tracer to monitor
response. Additionally, the LRM was used to dynamically image the
uptake of 18F-FDG by live cancer cells, and thus measure their avidity
for glucose. Conclusion: The LRM is a high-resolution, large-field-of-
view, and cost-effective approach to image radiotracer uptake with
single-cell resolution in vitro.

Key Words: radionuclide imaging; in vitro assays; 18F-FDG; CMOS
detector
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The past decade has witnessed a significant increase in the
number of radiopharmaceuticals approved for diagnostic and thera-
peutic use in humans. To receive such approval, these radiopharma-
ceuticals have undergone rigorous evaluation and characterization,
including preclinical and clinical studies. During the early phase of
this process, in vitro data are often generated to identify and vali-
date promising leads. In addition, existing radiopharmaceuticals
continue to be studied even well after they have been approved for
human use (1–3). However, most in vitro cell studies are limited in
their ability to resolve the action of the radiopharmaceuticals at the

level of individual cells. Most existing assays can only measure the
aggregated behavior of millions of cells, complicating efforts to
study specific cells of interest within heterogeneous populations (4).
Radioluminescence microscopy (RLM), a technique for in vitro

radionuclide imaging, was previously developed to address this
need. The method allows dynamic imaging of live cells over a
1mm2

field of view, equating to approximately 50–100 cells simul-
taneously. RLM consists of a high-sensitivity camera coupled to a
microscope objective that images a thin (typically 100–500 mm)
scintillator placed above or below a culture monolayer (2). By
imaging b-particle scintillation tracks and applying a reconstruction
algorithm (5), high-resolution and quantitative measurements of
single cells are achievable (6). RLM has been used to study metabo-
lism with 18F-FDG (7) and cell proliferation with 18F-fluorothymi-
dine (1) in cell monolayers. The method can also be applied to
image 3-dimensional (3D)–cultured cells including engineered
tumor-stroma models (8) and patient-derived tumor organoids (9).
However, the small field of view of RLM presents a challenge

for biologic experiments, requiring repeated acquisitions to attain
statistical significance, since it is too small to measure sufficient
numbers of cells and collect information on rare cell populations,
such as tumor progenitor cells (10).

Additionally, it should be noted that building a RLM and suc-
cessfully executing experiments requires significant technical skill
and, to the best of our knowledge, only a few laboratories have
adopted this technique. The cost of the necessary equipment is
also significant, hindering dissemination and commercialization of
the technique to more sites.

Here, we report the development of a lensless radiomicroscope
(LRM) for in vitro, cellular-resolution radionuclide imaging of
large cell populations. Unlike RLM, the LRM uses neither a scin-
tillator nor a microscope objective. Instead, its design is based on
the concept of lensless imaging (Fig. 1A), which was previously
demonstrated for imaging cell samples using cell phone cameras
or inexpensive photosensor arrays (11). This new microscope can
image brightfield and radionuclide uptake of .5,000 cells, a 1003
increase over RLM, with spatial resolution of 30 mm for radionu-
clide imaging and 5 mm for brightfield imaging. Additionally, the
LRM is a simple and compact device built from inexpensive, read-
ily available consumer electronics. With a total price tag of under
$100 USD, it costs approximately 5003 less than RLM, its prede-
cessor, yet it can acquire radionuclide and brightfield images with
similar performance.

To demonstrate the capabilities of this new instrument, we have
used the LRM to image the dynamic uptake of 18F-FDG by MDA-
MB-231 breast cancer cells. Additionally, we have demonstrated
that it is sensitive to a-particles, enabling its application for im-
aging therapeutic radiopharmaceuticals in vitro.
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MATERIALS AND METHODS

b-Microscope Design
The b-microscope comprises a light-tight imaging chamber with a

removable lid made from 3D-printed parts (Fig. 1D). Inside the imaging
chamber (Fig. 1C) is a pixelated Sony IMX219 complementary
metal-oxide semiconductor (CMOS) imaging detector (Pi camera V2.1;
Raspberry Pi Foundation, U.K.) integrated into a 35-mm-diameter cell-
imaging dish (Cellvis). The imager has 3,280 3 2,464 square pixels,
each 1.12 mm in size, and a total active area of 3.79 3 2.69 mm. The
whole imaging dish is easily removable via a J2 FPC connector on the
bottom of the dish that mates with the microscope’s imaging chamber.

The imaging detector is connected to the camera serial interface of
a compact computer (Raspberry Pi Model 3B1; Raspberry Pi Founda-
tion, U.K.). Custom, Python-based software (Python Software Founda-
tion) controls the instrument for brightfield and radionuclide imaging.
Microscope software and computer-aided design models are available
in our public Git repository: https://github.com/jstklein/lrm. Tempera-
ture is controlled during cell imaging via a thermoelectric cooler that
is coupled to the underside of the Pi camera circuit board. The cooler
is controlled by a proportional-integral-derivative controller that is
connected to a thermocouple bonded to the CMOS surface (Fig. 1C).

The light-tight enclosure features a 30-mm-long tube and aperture-
masked red (#640 nm) light-emitting diode (LED) that is driven by a
5 V input/ouput port on the Raspberry Pi computer through a 1 kV
current-limit resistor (Fig. 1D). The LED provides semicollimated

light for lensless brightfield imaging. We tested other visible wave-
length LEDs (green, white) and found all yielded qualitatively similar
results and the red LED was arbitrarily chosen. Given the proximity of
the cells to the CMOS sensor, brightfield images can be obtained
directly from the sensor without any additional reconstruction.

Imaging Dish Construction
The lens assembly of the Pi camera was removed, and the CMOS

detector was carefully extracted from the camera housing. Exposed
gold bondwires were protected from the aqueous cell culture environ-
ment using a waterproof silicon sealant (Marine Adhesive Sealant
5200FC; 3M). The detector was then glued into the hole at the bottom
of the plastic imaging dish using 832HD epoxy (MG Chemicals).
Finally, a glass coverslip was glued behind the detector, sealing the bot-
tom of the imaging chamber.

Cell Imaging
Cells were grown on glass coverslips that had been prepared for cell

culture (12) and subsequently treated with fibronectin (Sigma Aldrich)
to improve biocompatibility and facilitate cell attachment. For all im-
aging experiments, MDA-MB-231 breast cancer cells were grown on
round glass coverslips and submerged upside down into the imaging
chamber, in direct contact with the CMOS detector. During imaging,
the proportional-integral-derivative controller is set to hold the tempera-
ture of the cells and medium to 37"C. Without active temperature con-
trol, the CMOS imager will exceed physiologic temperatures during
operation and potentially interfere with normal cellular processes.

For static images, which capture total uptake at a single time point,
cells were incubated in radiopharmaceutical, washed, and then im-
aged. For dynamic images, which capture the process of radiopharma-
ceutical transport and accumulation, the radiopharmaceutical was
added directly to the imaging chamber and an image time series was
captured immediately thereafter to visualize its uptake.

MDA-MB-231 cells (American Type Culture Collection) were cul-
tured in Dulbecco modified eagle medium (DMEM) (catalog no.
11995-065; Thermo Fisher Scientific) supplemented with 10% fetal
bovine serum (catalog no. F-0500-A; Atlas Biologicals) and 1%
penicillin/streptomycin (cat. no. 15140122; Thermo Fisher Scientific)
and incubated at 37"C in a 5% CO2 environment.

Brightfield images were acquired using autoexposure mode at the
maximum resolution of 3,280 3 2,464 pixels. Raw RGB images were
converted to gray scale and stored as 16-bit JPEG2000 images.

To demonstrate the ability of the microscope to image cell staining,
some MDA-MB-231 cells were additionally fixed and stained with
crystal violet, first by being rinsed with phosphate-buffered saline,
then by being incubated in 5% w/w crystal violet in 6% v/v glutaralde-
hyde (Sigma-Aldrich), and finally by being rinsed with tap water.

b- and a-images were acquired with the following settings: 3,2803
2,464 pixels, 10-s exposure duration and analog gain of 2.5. A lower
threshold of 3 camera counts was applied to each 10-s exposure to
remove camera noise. Multiple thresholded exposures were summed in
memory to produce output images with effective integration times rang-
ing from approximately 1 to 10 min, depending on the experiment. No
other image processing or filtering was performed. Image data were
stored as a lossless lz4-compressed 16-bit image matrix. Image data
and metadata were combined into a Python data structure, serialized
using the Python Pickle format, then saved to file.

a-Imaging
a-emission from a 370-Bq 210Po needle source (United Nuclear

Scientific LLC) was imaged by placing the active tip directly on the
microscope’s CMOS surface. Three 5-min a-images were recorded
and summed together. A brightfield image of the needle source was
also recorded.

FIGURE 1. Conceptual, physical, and schematic diagram of the LRM.
(A) Cells are grown on a glass slide and treated with a- or b-emitting radio-
pharmaceuticals. The slide is inverted and placed in direct contact with a
CMOS imaging sensor. Emitted particles deposit energy in adjacent
CMOS pixels, producing a detectable electronic signal. (B) The LRM con-
sists of an imaging sensor (CMOS) that is read out through a compact
Raspberry Pi computer (RPI). For live-cell imaging, sensor temperature is
regulated by a proportional-integral-derivative (PID) controller connected
to a thermocouple (TC) and thermoelectric cooler (TEC). The computer is
also connected to an LED, which can be switched on for brightfield imag-
ing. (C) The b-microscope imaging chamber, filled with medium. (D) Light-
tight b-microscope enclosure. The LED used for brightfield imaging is
housed in the upper cylinder. Attached to the bottom of the enclosure are
the thermoelectric cooler, heat sync and fan.
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Physical Characterization
b-imaging resolution was assessed by applying the Fourier ring corre-

lation method (13) to a representative image of 18F-FDG uptake by cancer
cells. Briefly, 2 images of the same cell population were generated, each
constructed from half of the acquired frames. The method estimates the
cross-correlation between the 2 images in the spatial frequency domain
along concentric rings. A deterministic threshold of 1/7 is then used to
yield a quantitative estimate of the spatial resolution of the imager.

In addition, brightfield resolution was characterized by imaging
1-mm amine-modifiedmonodispersed superparamagnetic beads (Mono-
Mag Amine Beads; Ocean NanoTech). The beads were diluted in etha-
nol and dried onto the surface of a glass microscope coverslip that was
imaged using the brightfield mode of the b-microscope. Resolution was
measured from the full width at half maximum of a line profile drawn
across a single bead in the brightfield image.

Camera Calibration
A flatfield image was captured by illuminating the imaging sensor

with uniform white light. This image was used to compute a per-pixel
correction factor that was applied to images generated by the instru-
ment. This correction factor accounts for any nonuniformities in the
imaging sensor and lens-related calibration factors built into the pro-
prietary camera firmware.

A calibration factor to convert camera units into 18F activity was
determined as follows. A drop of 18F-FDG was dried on a glass slide,
and activity was measured in a dose calibrator to be 108 kBq. The slide
was imaged 397 min (#3.6 half-lives) later using the LRM, after it had
decayed to 8.9 kBq. This low activity level was used to prevent camera
saturation. A region of interest (ROI) was measured around the dried
18F-FDG droplet. The camera calibration factor was computed as
ROI counts ðcamera unitsÞ3pixel area ðmm2=pxÞ

ROI activity ðBqÞ3 total imaging time ðsÞ , where pixel area 5 1.25 3 1026

mm2/px (based on CMOS pixel pitch).

RESULTS

Characterization
Supplemental Figure 1 (supplemental materials are available at

http://jnm.snmjournals.org) shows a time-integrated b-microscope
image of a dried 8.9-kBq 18F-FDG droplet on a glass slide. The
final camera calibration factor was computed using the equation
shown above and average measurements from 3 independent, 50 s
b-images. The measurements were ROI counts 5 422,845,211,
ROI activity 5 8.9 kBq, and total imaging time 5 50 s. The final
calibration factor was 840 camera units3mm2

Bq3 s3px , where px is pixels.
When divided into 18F b-images on a per-pixel basis, the calibra-
tion factor yields quantitative images in units of Bq/mm2.
Brightfield resolution was 5.1 mm, based on the full width at

half maximum of a 1-mm polystyrene sphere (Fig. 2A). The inset
image in Figure 2 shows a line profile drawn
across the sphere (dashed blacked line), and
arrows show full width at half maximum.
b-resolution was 30 mm, based on Fourier
ring correlation analysis of 18F-FDG
b-images of MDA-MB-231 cells (Fig. 2B).
This resolution is equivalent to that of RLM
and largely determined by the source-
detector distance and the physics of positron
transport (6).

Brightfield Imaging
To demonstrate the timelapse capabilities

of the LRM and the ability of cells to
remain viable over prolonged imaging

experiments, MDA-MB-231 cells were grown on a glass slide, then
imaged in brightfield mode every 5 min, for 10 h (Supplemental
Fig. 2A). Cell migration could be readily observed in a recorded
video of the acquisition (Supplemental Video 1), and no adverse
effects were detected.
Additionally, the microscope is capable of imaging fixed and

stained cells. Supplemental Figure 2A shows enlarged senescent
MDA-MB-231 cells after irradiation with 8 Gy (225 kVp x-ray)
and subsequent fixing and staining with crystal violet in glutaral-
dehyde. The use of a stain induces a visible darkening of the cells
in the brightfield images.

18F-FDG b-Microscope Imaging
We first demonstrate the LRM technique by imaging 18F-FDG

uptake in MDA-MB-231 breast cancer cells (Fig. 3). The b-image
is the sum of 13 images, each acquired as a 5-min exposure (65min
total imaging time). The merged image shows that 18F-FDG uptake
can be localized to individual cells and matches the brightfield
image. Because of the proximity of the cells to the detector, the out-
line of the cells is clearly resolved, with only overlap between adja-
cent cells. About 50 cells are shown in the cropped field of view
and range in activity from 0 Bq/mm2 up to 1,800 Bq/mm2, indicat-
ing a wide range of metabolic activity in this population. Healthier-
looking cells (larger, attached, dividing) appear to be more
metabolically active than unhealthy ones (detached, granular, shriv-
eled). The images also confirm that background signal is very low
in areas where cells are not present, even for extended imaging
experiments.

FIGURE 2. LRM physical characterization and calibration. (A) Brightfield
image of 1-mm polystyrene sphere with inset line profile showing full width
at half maximum. (B) Fourier ring correlation analysis plot showing spatial
resolution of RLM.

FIGURE 3. High-resolution b-imaging of 18F-FDG in breast cancer cells. MDA-MB-231 cells were
imaged using brightfield and b-modes. Images are cropped to 600 3 600 mm from the full 3.7 3

2.8 mm field of view. Total imaging time for b-imaging was 65 min. Scale bar is 50 mm.
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18F-FDG Imaging of Radiation-Treated Breast Cancer Cells
Figure 4 demonstrates that LRM can be used to determine the

response of MDA-MB-231 cells to radiation therapy on the basis
of 18F-FDG uptake. Cells were irradiated with 0 and 3 Gy of
225 kVp x-ray 3 d before image acquisition using the LRM.
To quantify the images, ROIs were drawn around cells, and

area and activity were measured. Figure 4C shows activity versus
area for all cells in the experiment. Data represent ROIs measured
from 4 b-images with total integration times of 75 min (0-Gy
experiment) and 45, 60, or 105 min (3-Gy experiment).
Figure 4D shows aggregated measurements from cell ROIs. Cells

receiving 0 Gy (n 5 301) had significantly smaller area (mean 5
940 mm2) but overall greater activity per area (mean5 445Bq/mm2).
Cells receiving 3 Gy (n 5 260) had larger area (mean 5 3116mm2),
but less activity per area (mean 5 217Bq/mm2). All results were
statistically significant (P , 0.01) per Welch’s t test. Both groups
had similar activity per cell (0-Gy mean 5 0.50 Bq; 3-Gy mean 5
0.67 Bq;P. 0.01).

Dynamic 18F-FDG b-Microscope Imaging
Figure 5 demonstrates dynamic imaging

of 18F-FDG uptake by MDA-MB-231 cells
over a 190 min period. LRM images were
acquired every 10 min, resulting in 19
frames, and the corresponding time–activity
curves were computed on the basis of user-
defined circular ROIs (Fig. 5B). For this
study, 18F-FDG (5 MBq/mL) in DMEM
was added to the imaging chamber immedi-
ately before imaging the dynamic uptake of
the tracer by the cells. The average 18F-
FDG distribution over the entire study
period is shown in Figure 5B, along with
the ROIs that were used. The time–activity
curves for the cells were corrected by sub-
tracting the background signal.

The b-image was merged with the gray
scale brightfield image, and ROIs were
drawn over clusters of cells (blue) and
empty background regions (orange). The
image shows regions of significant focal
uptake, corresponding to dense clusters of
cells. Background signal was significantly
lower under the cover glass than outside of
it because of the lower volume and shield-
ing by the cover glass.
Time–activity curves of cell and back-

ground ROIs (Fig. 5A) show 18F-FDG up-
take as a function of time. These curves
have been corrected for radioactive decay
and drift in detector gain by normalizing
them using the background signal outside
the circular cover glass region. A movie of
18F-FDG uptake has been included as Sup-
plemental Video 2.

a-Particle Imaging
Figure 6 shows a- and brightfield im-

ages of a 210Po needle source. The needle
appears as a long dark shadow in the
brightfield image. The a-image is the sum

of 3 5-min acquisitions. Compared with b-particles, a-particles
produce an intense and focal signal on the detector. The merged
image shows that the a-signal is readily localized to the needle
source.

DISCUSSION

This study presents a novel lensless radiomicroscope that can
image commonly used radiotracers at single-cell resolution in
2-dimensional cell cultures. The instrument is compact and inex-
pensive, yet it can image samples with .1 cm2

field of view and
30-mm spatial resolution. The microscope is capable of prolonged,
timelapse brightfield in vitro imaging of stained or unstained cells
(Supplemental Fig. 2, Supplemental Video 1), and b- (Figs. 3, 4,
and 5) or a- (Fig. 6) imaging.
Compared with other solid-state radiation detectors, such as, for

instance, a position-sensitive avalanche photodiode (14), a lensless
CMOS detector can also be used for imaging cells in brightfield
mode, providing images of both the cells and the distribution of
the radiotracer. These capabilities could potentially be embedded

FIGURE 4. 18F-FDG b-imaging of breast cancer cells treated with radiation. b-images of cells
receiving 0 Gy (A) and 3 Gy (B). Scale bar is 200 mm. (C) Scatter plot of activity vs. area for treated
and untreated cells. (D) Bar graphs of activity per cell, cell size, and cell activity per area.

FIGURE 5. Dynamic 18F-FDG imaging of cells. (A) Time–activity curves measured from cell and
background ROIs. (B) Cumulative uptake of 18F-FDG by MDA-MB-231 cells, with ROIs shown for
cells (blue) and background (orange). Scale bar is 200 mm.
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within microfluidics devices for in vitro radiobiologic assays (13)
or for quality control of radiotracer production (15). Additionally,
the system is built from inexpensive consumer-grade components,
including a Raspberry Pi minicomputer ($35), a CMOS camera
($25), a Peltier cooling system ($35), and a 3D printed housing
(,$10). The system is therefore highly cost-effective compared
with other previously developed imaging methods.
Figure 3 reveals static 18F-FDG b-images of MDA-MB-231

cells and shows that the b-signal is easily localized to individual
cells. The spatial resolution of 18F images is estimated to be
30mm, based on Fourier ring correlation analysis of the LRM
images, which is sufficient in most cases to distinguish individual
cells. This estimate, which is obtained through a computational
method, is consistent with the fact that, in Figure 3, adjacent cells
can be readily resolved. Spatial resolution for b-imaging is primar-
ily determined by the physical travel of the positrons before reach-
ing the sensor, regardless of the type and pixel size of the sensor
used to detect the ionizing radiation. Thus, although the pixels are
very small, the spatial resolution of the LRM is similar to that of
other methods that rely on larger pixels, such as RLM (6). The use
of CMOS devices with larger pixels could potentially allow
improved signal to noise with no loss of resolution, however, the
trend in consumer camera electronics is toward smaller form fac-
tors and pixels. Additionally, once calibrated, the LRM can be
used to provide quantitative estimates of radioactivity distribution
in cells. The calibration factor we have provided is relevant only
for 18F and the calibration procedure would have to be repeated if
other isotopes were imaged.
To illustrate the capabilities of the microscope, we measured 18F-

FDG uptake in cells irradiated with 0 or 3 Gy of x-rays (Fig. 4).
Radiation is often used as a treatment for solid tumors, with nearly
50% of all cancer patients receiving some form of radiation for their
disease. 18F-FDG PET is a common readout of treatment response,
but the significance of the PET measurement is unclear because
irradiated cells may remain metabolically active, even if they can
no longer replicate. To investigate this question, measurements
from more than 500 cells were made using the b-microscope in a
single experiment. Three days after receiving 3 Gy of x-ray radia-
tion, cells were on average 3 times larger (mean area5 3,116 mm2)
than their untreated counterparts but had half as much 18F-FDG per
area. The brightfield images also revealed that the cells treated with
3 Gy had enlarged nuclei, a common occurrence in radiation-
treated cells that is due to the failure of these cells to advance
through mitosis. The decreased 18F-FDG concentration inside the
cells suggests decreased metabolic activity, likely due to radiation-
induced damage of the cell’s metabolic machinery. Of note,

previous studies noted that cells that sur-
vived irradiation actually had higher 18F-
FDG uptake than control nonirradiated cells
(16,17), based on bulk g-counting measure-
ments normalized by the number of viable
cells. Our study found no substantial differ-
ence in uptake between nonirradiated and
irradiated, but the difference may be due to
the timing and methodology used for mea-
suring this quantity.
Additionally, we demonstrated the feasi-

bility of dynamic 18F-FDG studies using
the instrument (Fig. 6). Dynamic images
were acquired every 10 min to yield aggre-

gated time–activity curves that represent the active transport of the
tracer by the cells. After decay correction, the measured back-
ground due to free 18F-FDG in the culture medium was found to
be constant over the course of the experiment. In contrast, the
radioactive signal measured at the location of MDA-MB-231 cells
rose over time at a nearly constant rate over the 2-h duration
of the experiment. The imaged cells initially did not have any
detectable radioactivity, but by the end of the experiment, they
achieved radiotracer uptake equal to about 6 times the background
concentration.
Finally, using a sealed 210Po source, we demonstrated the ability

of the LRM to image a-particles. This capability opens the door
for imaging therapeutic a-emitting radionuclides, which are an
important new class of therapy. The LRM in this context could be
used to investigate the distribution of these agents at the level of
individual cells in heterogeneous populations of cells and prevent
the emergence of resistant subclones.
It should be noted that despite the impressive performance of

this instrument, only minimal optimizations for image quality and
sensitivity have been made thus far. There are likely significant
gains to be had with further software optimization, alone. For
example, in previous work, we found that signal-to-noise ratio
could be significantly improved by processing the images in pulse-
counting mode rather than integration mode (5). Similarly, the
CMOS-based LRM could acquire large numbers of frames with
short exposures to enumerate individual decay events.
Although the pixelated CMOS sensor provides many advantages

for this application, a few limitations of the method should be
highlighted. First, the 10 bit A/D converter limits the maximum sig-
nal to 1,024 camera units per pixel per frame. At a readout speed of
1 Hz, with 18F, this would limit the maximum detectable activity to
10.8 Bq/px. Additionally, another limitation is that, unlike the pre-
viously developed RLM, the LRM lacks fluorescence capabilities.
This capability could likely be enabled through harnessing built-in
Bayer array or coating the CMOS pixels with a bandpass filter to
obtain fluorescence images of cells in a lensless manner (18).
Finally, though we were able to reuse the same CMOS detector

for many experiments, we expect that it will eventually degrade due
to radiation damage. Given its relatively low cost, it is a consum-
able component of the microscope that can be regularly replaced.

CONCLUSION

The experiments shown here are a proof-of-concept for the
LRM, a new imaging instrument capable of in vitro high-resolution
imaging of b- and a-emitting radionuclides. This instrument is sim-
pler and far less costly than current technology while offering an

FIGURE 6. a-imaging of Po-210 needle source. The needle is visible as a dark shadow in the
brightfield image. a-emission is readily localized to the needle source in the merged image. Scale
bar is 500 mm.
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unprecedently large 1 cm2
field of view and 30-mm resolution. Our

results demonstrate a variety of potential workflows that could fore-
seeably be used for radiopharmaceutical development, quality con-
trol, and cancer biology investigations. Because the LRM is low
cost and constructed from readily available components, we antici-
pate that this new technology will make in vitro single-cell radionu-
clide imaging more accessible and enable new investigations in the
biologic realm.
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KEY POINTS

QUESTION: Can a low-cost lensless radiomicroscope visualize
cellular-level uptake of radionuclides?

PERTINENT FINDINGS: We have developed a low-cost imaging
modality for in vitro imaging of a- and b-emitting radionuclides
and imaged quantitative changes in cellular 18F-FDG uptake after
radiation treatment.

IMPLICATIONS FOR PATIENT CARE: The lensless radiomicroscope
will aid in the development of effective radiopharmaceuticals by
allowing study of their action at the cellular level.
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Adverse Clinical Events at the Injection Site Are Exceedingly
Rare After Reported Radiopharmaceutical Extravasation
in Patients Undergoing 99mTc-MDP Whole-Body Bone
Scintigraphy: A 12-Year Experience
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The deleterious effects of high-dose radiation on normal tissue are
sometimes extrapolated to diagnostic (SPECT and PET) radiopharma-
ceutical extravasation (RPE). It has been hypothesized that diagnostic
RPE can have gradually evolving local tissue injury and a potentially
increased risk of local dermatologic or oncologic diseases over a longer
period. However, data on clinical adverse events after diagnostic RPE
are limited. Therefore, our primary aim was to study the occurrence of
short-term and long-term clinical adverse events in patients who under-
went 99mTc-methylene diphosphonate (99mTc-MDP) whole-body bone
scintigraphy (WBBS) with reported RPE. Methods: The records of
99mTc-MDP WBBS performed from June 2010 to January 2022 were
retrospectively examined for RPE documented in the scan reports. The
clinical records of patients with a documented RPE were extensively
reviewed for any related short-term adverse events (within 2 wk of the
WBBS: local symptoms and care sought for local dermatologic or
musculoskeletal issues) and long-term adverse events (until the last
follow-up: local deleterious effects and related consults for dermatol-
ogy, plastic surgery, oncology, or orthopedics). Results: Retrospective
review of the records of 31,679 99mTc-MDP WBBS studies showed
RPE documented in 118 (0.37%). Medical records were not retrievable
for 22 patients, yielding a final cohort of 96 patients with reported RPE.
The median follow-up was 18.9 mo (interquartile range, 7.8–45.7 mo).
Short-term events were noted in 4 patients, of whom one was asymp-
tomatic. Of the 3 symptomatic patients, 2 experienced mild discomfort
at the injection site, and 1 had tender swelling. Three of the 4 events
were in patients who had a prior intravenous contrast extravasation for
contrast-enhanced CT performed earlier during the day and a 99mTc-
MDP injection later at the same site, likely leading to RPE. None of
the long-term local events had any plausible link with the RPE event.
Conclusion: Reported RPE was rare, and 3 patients (0.009%) had
short-term local symptoms, all of which were likely related to the prior
higher-volume intravenous contrast extravasation. The smaller-volume
diagnostic radiopharmaceutical injections for WBBS are highly unlikely

to cause local symptoms on their own. No patient had any long-term
adverse event with a plausible link to the RPE.

KeyWords: extravasation; infiltration; radiotracer; radionuclide; MDP;
bone scan
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Radiopharmaceutical extravasation (RPE) refers to the unin-
tended leakage of the radiopharmaceutical into the tissue surrounding
the injection site (frequently during intravenous administration). The
consequences of RPE depend on several factors, namely the physical
characteristics of the radionuclide (e.g., energy, half-life, and type of
emissions), properties of the radiopharmaceutical (e.g., pH, viscosity,
osmolality, and adjuvants), volume of injection, fraction of the activ-
ity that was extravasated, site of RPE, and multiple patient-related
factors (1,2). There is a potential risk of physical harm to the patient,
especially with RPE of therapeutic radiopharmaceuticals (2). Further,
insufficient delivery of the radiopharmaceutical to the target site may
negatively impact image quality and its clinical interpretation, espe-
cially when quantitation is involved (2–4).
The detrimental effects of ionizing radiation on normal tissues have

been described (5). The physical effects resulting from extravasation
of chemotherapy drugs and intravenous iodinated contrast media are
also well known (1,6). However, the unique situation with diagnostic
radiopharmaceuticals is that they typically involve injections of lower
volumes (#0.5–1 mL, compared with .50 mL for iodinated contrast
medium), with no direct cytotoxic effect of the pharmaceutical com-
ponent (compared with the intrinsic cytotoxicity of chemotherapy)
and much lower absorbed radiation doses (compared with external-
beam radiation therapy) (1,2,5,7). A 2017 systematic review of RPE
noted a major deficiency in the literature on the adverse clinical
effects of RPE involving diagnostic radiopharmaceuticals, especially
with regard to lack of clinical follow-up (2). The authors reported
studies with a total of 3,016 cases of diagnostic RPE, out of which
only 3 (0.1%) had any follow-up data available. It has been hypothe-
sized that diagnostic RPE can lead to potential complications, either
due to the volume effect (e.g., local hematoma and phlebitis) or due
to the local effects of radiation (e.g., ulceration and desquamation)
(2,8). However, in the absence of any systematically performed study
in this space, the association of any adverse clinical effects with diag-
nostic RPE remains unknown.
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Most cases with diagnostic RPE (85.7%) have been reported
with 99mTc-methylene diphosphonate (99mTc-MDP) used for skel-
etal scintigraphy, probably because of the high volume of these
studies and the acquisition of whole-body images that frequently
capture the injection site (2). Therefore, we sought to review
99mTc-MDP whole-body bone scintigraphy (WBBS) studies with
RPE to determine the occurrence of any clinical adverse events in
the patients. The primary objective of this study was to determine
whether 99mTc-MDP RPE in patients undergoing WBBS is associ-
ated with adverse clinical events, in the short term or the long
term. Secondary objectives were to estimate the rate of RPE in the
99mTc-MDP WBBS studies performed at the hospitals associated
with our institute and to assess the requirement for a repeat scan
due to insufficient diagnostic quality of the images.

MATERIALS AND METHODS

We retrospectively reviewed the records of 99mTc-MDP bone scans
performed over 12 y (June 2010 to January 2022) at our medical cen-
ter to identify WBBS studies for which the scan report documented
RPE. The requirement for informed consent was waived for this retro-
spective analysis. Bone scans other than WBBS, such as limited-field-
of-view regional studies, were excluded. The clinical records of
patients with a documented RPE during 99mTc-MDP WBBS were
extensively reviewed for any related short-term adverse events (within
2 wk of the study), including local symptoms; any clinical documenta-
tion of the RPE (other than radiology and nuclear medicine); and care
sought for dermatologic, neurologic, or musculoskeletal issues related
to the site of RPE. If no results were found within the 2-wk duration,
the next available clinical encounter closest to the scan date was
reviewed. Medical admissions, if any, sought after the scan were also
reviewed to determine the indication and whether it was related to the
RPE. Medical records were also searched for long-term adverse events
(through the date of last follow-up) to look for any local deleterious
effects and related consults for dermatology, plastic surgery, oncology,
or orthopedics. The study workflow is shown in Figure 1.

The Division of Nuclear Medicine at our institute currently rou-
tinely uses a small-gauge (23 or 25) butterfly needle (winged infusion

set) for intravenous injections of 99mTc-MDP. This policy was insti-
tuted in September 2017, before which a straight stick technique was
more routinely used for intravenous injections. A previously placed
peripheral intravenous line may also be used after confirming its
patency. An easily palpable superficial vein in the antecubital fossa is
the preferred site of cannulation. Proper placement of the needle in the
lumen of the vein is verified by confirming adequate blood return
before injecting the radiopharmaceutical. Under current institutional
policy, if an RPE occurs, the incident is reported to the nuclear medi-
cine physician for further guidance and documented in an online
safety report. The nuclear medicine physician then assesses the sever-
ity of the RPE by its impact on the patient in terms of likelihood of
physical harm and on the study in terms of image quality. It is then
determined whether the patient requires further clinical evaluation and
whether a repeat study is required.

RESULTS

In total, 38,746 99mTc-MDP bone scans were performed over
approximately 12 y (June 2010 to January 2022), of which 31,679
were WBBS. RPE was documented in 118 scan reports (0.37%).
Medical records were available for 96 of these studies (performed on
96 patients), which formed the final cohort. The medical records of
these 96 patients (mean age, 63.8 6 14.3 y; 48 men, 48 women)
were reviewed, with a median follow-up period of 18.9 mo (interquar-
tile range, 7.8–45.7 mo). At the last follow-up, 76 patients were alive
and 20 were deceased. The 99mTc-MDP WBBS studies were per-
formed for initial staging (n 5 26), restaging (n 5 18), or evaluation
of osseous disease (n5 52). All scans except one were performed for
an oncologic indication, the most common of which was prostate can-
cer (35.4%), followed by breast cancer (32.3%) (Table 1). The most
common site for the radiopharmaceutical injection was the antecubital
fossa (79.2%), followed by the hand or wrist (19.8%). The radiophar-
maceutical was injected directly into the central venous catheter in 1
patient. The injections were performed on the left side in 50 patients
and on the right side in 46 (including the injection in the central
venous catheter). The mean injected activity of 99mTc-MDP was
791.86 59.2 MBq (21.46 1.6 mCi).

Short-Term Adverse Events
There were 4 RPE-related events, of which

3 were symptomatic. Two patients experi-
enced local discomfort with no blistering or
erythemaand intact distal pulses and sensation.
One patient had local discomfort with tender
swelling and intact distal pulses and sensation.
One patient who remained asymptomatic was
assessed to have normal grip strength and
capillary refill. Of these 4 patients, 3 had an
intravenous iodinated contrast infiltration pre-
viously on the same day while undergoing
contrast-enhanced CT (Fig. 2). The RPE
occurred at the same site. These 3 patients
were recommended to apply cold compresses
with armelevation at home. The recommenda-
tion of cold compresses (over hot compresses)
was made in view of the high-volume intrave-
nous contrast extravasation earlier during the
day of the scan—a volume that was much
higher than that of the RPE. Two of these
patients had adocumented complete resolution
of symptoms (one on the same day and the

38,746
99mTc-MDP bone scans performed

(June 2010 – January 2022)

31,679
99mTc-MDP whole-body bone scans

118
Studies with documented radiopharmaceutical

injection extravasation in the scan report

96
Studies performed in 96 patients with medical records available

7,067 scans excluded
(non whole-body scans – e.g. regional studies)

22 scans excluded
(medical records not available)

Short-term adverse events
(within two weeks of study)

Long-term adverse events
(till last follow-up)

Review of medical records

FIGURE 1. Study workflow.
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other within a week). An update on the clinical status was not docu-
mented for the third patient. ThepatientwithRPEwithout anyprior con-
trast extravasation did not require any active intervention, and his
symptoms resolved on the same day. No appointments or referrals were
made for any of these patientswith primary care, dermatology, or plastic
surgery.None of the patients had any severeRPE-related adverse events
that required urgent care or hospital admission.

Long-Term Adverse Events
No long-term local adverse events were observed in 88 of 96

(91.7%) patients. No appointments or referrals were made for any
of these 96 patients (with dermatology, plastic surgery, oncology,
or orthopedics) related to the RPE. Eight patients experienced
adverse events, none of which could be directly attributed to the
RPE (Table 2). The most common diagnosis in 3 of these 8 patients
was carpal tunnel syndrome. Two patients had a temporary symp-
tom arising from non–RPE-related factors (thrombophlebitis after
an intravenous peripheral catheter placement, and contact dermati-
tis). One patient developed weakness of the upper extremity due to
brain metastases from primary renal cell carcinoma. Two patients
had paraesthesia in their arm, attributed to cervical radiculopathy in
one patient and with an unknown etiology in the other.
Of the 96 studies with documented RPE, 93 (96.9%) were

deemed adequate for clinical interpretation and rescanning was not
recommended (Fig. 3). A repeat scan was recommended for 3
patients because of the suboptimal diagnostic quality of the initial
scan with RPE. A repeat scan was subsequently performed
uneventfully for 2 patients.

DISCUSSION

Several prior studies have reported RPE with 99mTc-MDP or
other radiopharmaceuticals for skeletal scintigraphy; however,

none described any clinical adverse effects associated with the
RPE (2). Most prior discussions have focused on the extraskeletal
distribution of the radiopharmaceutical after RPE (9–13). In the
absence of any significant clinical follow-up data after RPE during
diagnostic studies, it has been hypothesized that clinical adverse
events might occur but are underreported (2). Our results provide
evidence that clinical adverse events reported after 99mTc-MDP
RPE in patients undergoing WBBS are, in fact, rare. Among 96
patients with an RPE documented in the clinical report, only 3 had
a short-term clinical adverse event. Of these, only one was poten-
tially directly related to the radiopharmaceutical, whereas the
others were almost certainly due to the volume or vesicant effects
of an intravenous contrast extravasation earlier during the day.
Among the long-term local adverse events irrespective of eti-

ology, the most common diagnosis was carpal tunnel syndrome
(3/8 patients). Carpal tunnel syndrome has a complex pathophysiol-
ogy, with several genetic and environmental factors involved (14).

TABLE 1
Primary Clinical Indication for 99mTc-MDP WBBS in Which

RPE Was Reported

Primary clinical condition for bone scan n %

Prostate carcinoma 34 35.4

Breast carcinoma 31 32.3

Hepatocellular carcinoma 10 10.4

Renal cell carcinoma 4 4.2

Lung carcinoma 3 3.1

Rectal carcinoma 2 2.1

Neuroendocrine carcinoma 2 2.1

Ovarian carcinoma 2 2.1

Colon carcinoma* 1 1.0

Urinary bladder carcinoma 1 1.0

Melanoma 1 1.0

Esophageal carcinoma 1 1.0

Pancreatic carcinoma* 1 1.0

Osteosarcoma 1 1.0

Rhabdomyosarcoma (cheek) 1 1.0

Paget disease 1 1.0

*One patient had both breast and pancreatic cancer, and one
had both breast and colon cancer.

FIGURE 2. A 68-y-old woman with left breast cancer. WBBS was per-
formed for restaging. Shortly after intravenous injection of 854.7 MBq
(23.1 mCi) of 99mTc-MDP in right antecubital fossa, patient complained of
swelling and tenderness in her arm. Distal pulses and sensation in right
upper extremity were intact. She had infiltration of iodinated contrast
medium earlier in day in same arm while undergoing contrast-enhanced CT.
She was recommended to use cold compresses and arm elevation at home
and had experienced complete recovery when evaluated at next visit (4 wk).
WBBS images in anterior (A) and posterior (B) projections show site of RPE
around right elbow (red arrows). Patient had metastases to right occipital
bone and right iliac bone adjacent to sacroiliac joint (solid black arrows).
Prior fracture site in left elbow is also visualized (dashed black arrow).
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Its prevalence in the general population has been reported to be
approximately 3%–5%, with higher rates in workers in specific
industries (15,16). The rate of carpal tunnel syndrome in patients
with reported RPE in our study was 3%, which conforms to the
expected rate in the general population. With a median follow-up
of over 18 mo (longest: .8 y), we did not find any long-term local
adverse events that could be related to the RPE. This is a signifi-
cant addition to the existing literature, as most prior studies did not
report any follow-up of the patients with RPE. A systematic review
published in 2017 showed that only 3 patients of 3,016 (0.1%) with
a diagnostic RPE had any follow-up data reported (2). Two case
reports included in the review describe ulcer development in 2
patients (after 2 and 3 y) after RPE of 201Tl-thallous chloride,
although an attempt to establish causation to a radiation-induced
injury was not made. One report described an erythematous pruritic
plaque after RPE of 131I-iodocholesterol (2).
Prior studies have reported RPE rates ranging from 2% to 16%

for PET/CT (17). Specifically, for 99mTc-MDP, a study of 225
consecutive WBBS studies across 9 sites in Canada showed a 15%
rate of RPE (18). The RPE rate did not change significantly after
an educational intervention (postintervention RPE rate, 20%).
Notably, they reported that the RPE did not limit clinical interpre-
tation in any of the 450 studies. Another study of 2,435 99mTc-
MDP WBBS scans performed between 1987 and 1994 reported
ipsilateral axillary node visualization with RPE in 2% of the scans
(12). In the present study, RPE was documented in the scan
reports of 118 of 31,679 (0.37%) 99mTc-MDP WBBS studies. A
repeat study was recommended in 3 of the 96 patients with RPE
documented in their reports. Our findings are similar to those of a
Canadian study showing no impact of 99mTc-MDP RPE on the
clinical interpretability of 450 scans (18).
Mitigation of the effects of RPE is a relatively unexplored

domain. Several techniques such as hot or cold compresses, injec-
tion of hyaluronate or steroids, and surgical interventions have

been proposed to manage RPE (2). However, most have relied on
the information gained from extravasation of chemotherapy drugs
or iodinated contrast medium and extrapolated it to RPE. These
extrapolations typically fail to account for the widely different
mechanisms of tissue injury with cytotoxic agents and iodinated
contrast media (1,7,19). Although some of these approaches may
be useful for therapeutic radiopharmaceuticals, they are likely not
required for diagnostic RPE (2). It has previously been recom-
mended that RPE with a 99mTc-labeled radiopharmaceutical does
not require an active intervention (8). In the present study, 3
patients with RPE who had a prior iodinated contrast medium
extravasation on the same day were recommended to use cold
compresses and limb elevation at home. Cold compresses produce
vasoconstriction, limit local inflammation and edema, and are
effective to prevent contrast medium extravasation–related local
injuries (7). The volume of RPE in these patients was minimal
compared with the volume of extravasated contrast medium.
Therefore, it was deemed appropriate to follow the guidelines
related to contrast medium extravasation (6,7). Physiologically,
the low bolus volumes of diagnostic RPE (#0.5–1 mL) are
unlikely to cause the volume-related adverse effects that are com-
monly seen with contrast media (#50–200 mL) and chemotherapy
infusions (20). The best technique to mitigate RPE-related adverse
effects, however rare, is to prevent RPE. The major source of
adverse events in our study was injection of the radiopharmaceuti-
cal at the same site as a prior intravenous contrast medium injec-
tion. It may be useful to ask whether the patient has had a recent
intravenous contrast injection (or extravasation) and avoid using
that site if injection at another site is feasible and appropriate.
Our study had certain limitations. We chose to identify RPE by

searching the scan reports instead of visually reviewing the images
of 31,679 WBBS studies. We recognize that this approach has the
possibility of missing studies in which an RPE occurred but was
not documented in the report. We did not perform any dosimetry

TABLE 2
Long-Term Local Adverse Events (Irrespective of Etiology) in Patients with RPE Documented on Their 99mTc-MDP

WBBS Report

Injection
site

Short-term
symptoms*

Long-term
symptoms
on follow-up Site

Scan to
symptom
onset (mo) Diagnosis Intervention Resolution

R wrist No Pain, tenderness Both hands
(L . R)

6 Carpal tunnel
syndrome,
arthritis

Corticosteroids No

L ACF No Paraesthesia L arm 0.6 None None No

L ACF No Numbness Both hands 33.6 Carpal tunnel
syndrome

Surgery Yes

L ACF No Paraesthesia L arm 47.4 Cervical
radiculopathy

None No

L ACF No Weakness L upper limb 0.6 Brain metastases Corticosteroids No

L ACF No Swelling, pain L arm 0.7 Thrombophlebitis Antibiotics Yes

R ACF No Pain, weakness R arm 2.8 Carpal tunnel
syndrome

Corticosteroids Yes

R hand No Rash, Itching R arm 1 Eczema/contact
allergy

Corticosteroids Yes

*Within 2 wk of 99mTc-MDP WBBS.
ACF 5 antecubital fossa.
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estimations in the current study, as we did not have the time–
activity curve data, nor were such estimations directly contributory
to our primary objective. Prior studies have proposed methods for
estimating local absorbed radiation dose as a surrogate for
adverse clinical events (21). Since our approach was to directly
look for any adverse clinical events in the patients with RPE,
additional information, if any, provided by the dosimetry calcula-
tions would have been minimal. We assessed the short-term and
long-term adverse events based on a comprehensive review of the
medical records instead of interviewing each patient individually.
Although our approach may have the potential to miss out on
minor details, it is unlikely that a clinically significant adverse
event would not have been documented in the medical records. It
is also possible that a fraction of patients was not followed up at
our center and that an adverse outcome could have been missed
by chart review. As one of our secondary objectives, we chose
the repeat-scan rates as a surrogate for diagnostic image quality.
Although it would have been ideal to have a repeatability experi-
ment with imaging performed “with RPE” and “without RPE” to

assess the impact of RPE on image quality, it was outside the
scope of the present study. Nonetheless, the repeat-scan rate is a
useful real-world metric, as the interpreting physicians are likely
to order a repeat scan if the image quality is suboptimal for clini-
cal interpretation.
Despite these limitations, to our knowledge our study still

included the largest cohort of 99mTc-MDP WBBS studies per-
formed over 12 y and reviewed for RPE-related adverse clinical
events with a comprehensive follow-up. Our approach of assessing
short-term and long-term adverse events ensured that any antici-
pated acute and chronic radiation-related injuries were accounted
for. Future studies can include visual image review, comparing it
with scan reports to determine the RPE rates. Quantitative techni-
ques, including dosimetry, potentially might be used to assess the
severity of RPE and correlate it with image quality and occurrence
of any adverse events. However, given the rarity of adverse
events, such efforts would seem to be of limited yield. The impact
of specific interventions, including educational sessions and audits
on the RPE rates, should also be explored, as well as the frequency
of RPE with other nuclear medicine studies, though we expect that
the results would be similar to our observations.

CONCLUSION

Adverse clinical events, both acute and chronic, are exceedingly
rare in patients with 99mTc-MDP RPE during WBBS. Most cases
of RPE were not associated with any clinical symptoms and did
not require any active intervention. Those few RPE cases with
symptoms appeared to be related to injection after intravenous
contrast administration extravasations.
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KEY POINTS

QUESTION: Is 99mTc-MDP RPE in patients undergoing WBBS
associated with adverse clinical events?

PERTINENT FINDINGS: In this retrospective study of 31,679
99mTc-MDP WBBS performed over 12 y, we showed that RPE
was documented in 118 patients. Of the 96 patients with available
medical records, none had a long-term local adverse clinical event
attributable to the RPE. Three patients had short-term adverse
events, two of which likely resulted from prior intravenous contrast
medium extravasation.

IMPLICATIONS FOR PATIENT CARE: Adverse clinical events
are rare in patients with 99mTc-MDP RPE while undergoing WBBS.
No long-term local clinical adverse event attributable to the RPE
was observed.
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Erratum

In the article “Precision Surgery Guided by Intraoperative Molecular Imaging,” by Azari et al. (J Nucl Med. 2022;63:
1620–1627), Figure 3 contains an error: images in the “In situ visualization” column are switched. The corrected figure appears
below. The authors regret the error.
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Extravasation of Diagnostic Radiopharmaceuticals: A Wolf
in Sheep’s Clothing?
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See the associated article on page 485.

Radiopharmaceutical extravasation (RPE) is occurring world-
wide on a frequent basis. As we reported in our 2017 literature
study, the evidence on the clinical consequences of RPE is scarce
(1). Studies we found at that time described clinical follow-up in
only a handful of case reports, mostly on incidental therapeutic
extravasation. In this issue of The Journal of Nuclear Medicine,
Parihar and colleagues present the results of their retrospective
study focusing on clinical outcome after RPE (2). In their review
of 31,679 screened reports of patients who underwent whole-body
bone scintigraphy using 99mTc-methylene diphosphonate, they
report clinical follow-up in 96 patients in whom RPE occurred.
One of the conclusions of our work was that adverse events

after tracer extravasation might be underreported. On the other
hand, if clinical consequences of diagnostic tracer extravasation
were to occur in significant numbers, especially with severe or
even moderate tissue reactions as a result, more reports would
be expected to be published. This study finally adds objective
data in a real-world setting to support this hypothesis. The median
follow-up duration of 18.9 mo further precludes late-onset adverse
events.
The current study evaluated scan reports of a single center over

12 y to detect cases of RPE. Only scanning the reports is certainly a
limitation of this study as correctly stated by the authors. An alter-
native approach would have been a study aimed at detecting extrav-
asation visually on the scans. This would indeed have given a more
reliable figure of the frequency of RPE, which seems to be on the
very low end in this study (2). As many of us routinely observe in
daily clinical practice, many scans already show minor tracer infil-
tration, which is also illustrated by other studies such as cited by the
authors (2). One of the illustrated cases even shows only minor
tracer extravasation, which can be expected to occur in relatively
high numbers in whole-body bone scintigraphy. The used approach
does have the tendency to focus on large tracer extravasations,

which captured the attention of the reading physician and prompted
clinical follow-up. One would obviously expect more severe
adverse reactions in more prominent RPE. Despite a tendency for
lower sensitivity to include tracer extravasation, the study design
did, after all, focus on more extended extravasation cases in which
clinical consequences of RPE would be most probable.
Since the study was retrospective, patients were not actively

checked for any symptoms at planned follow-up checkups. The study
also potentially missed patients who presented with mild symptoms
to the home practitioner or other health-care professionals.
The authors’ conclusion that clinical adverse events after tracer

infiltration are rare remains plausible and is in line with our earlier
findings based on the literature and our experience in our own
clinical setting. However, the methodology of the current study,
analyzing only reported cases, inherently does not rule out RPE
completely, notably in cases for which it was not reported, there-
fore potentially missing clinical cases with an adverse reaction.
The discrepancy between extravasation frequency reported in

the current study, as opposed to frequencies reported by earlier
studies of retrospectively investigated whole-body bone scintigra-
phy and 18F-FDG PET scans for tracer extravasation, also empha-
sizes a current hiatus in the definitions and raises the question of
how a clinically significant RPE should be defined.
Of further notable interest is that in 3 of 4 RPE cases for which

an event directly attributable to RPE was documented, extravasa-
tion of iodinated contrast medium for a contrast-enhanced CT scan
earlier on that day had already been documented. This happened
despite the standard procedure for intravenous tracer injection in
operation in the authors’ medical center—a procedure that is care-
fully explained by the authors, including a patency check by con-
firming adequate blood return. Circumstances possibly leading to
the reuse of an injection site at which extravasation occurred are
not elucidated. It does emphasize the importance of a proper
patency check and to refrain from reusing an injection location
that recently was subject to extravasation.
The authors mention that from September 2017 on, all intrave-

nous injections of 99mTc-methylene diphosphonate were performed
using a small-gauge butterfly needle as opposed to a straight stick
technique injection. Unfortunately, no information is given on the
frequency of RPE before and after the change in technique.
Studies of RPE cases that report clinical follow up in other abun-

dantly used tracers, such as other 99mTc-labeled tracers, 18F-FDG,
or 68Ga-labeled tracers, are still missing. The same is true for all
new diagnostic tracers recently being introduced into the clinic.
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A dose estimation assuming the worst case of no clearance of
the extravasated radiopharmaceutical in tissue would result in
doses that have shown local deleterious effects in external-beam
irradiation. However, the real world looks different since there is
usually rapid and effective clearance via the lymphatic system.
That is the reason that reports on serious adverse events are scarce.
Only one recent study has found some cases. The investigators
summarize several cases with multiple registered clinically rele-
vant symptoms; however, the cases are not presented with enough
detail to find a causal relation to the tracer extravasation (3).
The work of Parihar et al. further supports the hypothesis that

clinical consequences of RPE in general are very rare. We encour-
age handling of clinical extravasation cases according to a stan-
dardized operating procedure, such as the local procedure we use
and published earlier, in which cases are documented (1). These
data can then be aggregated and published as Parihar and colleagues
have done. Care should also be taken with image quality, which can
suffer from extravasation. Although in only 3 of 122 cases reported
by Parihar et al. was a new whole-body bone scintigraphy ordered;
for 18F-FDG PET, it was proven earlier that SUVs can vary consid-
erably between scans with and without RPE (4).
Furthermore, in the current time of expansively growing use of

therapeutic radioactive compounds, we believe attention should be
broadened to include clinical consequences of RPE in radioligand
therapy. Since our earlier literature study, some additional cases of
therapeutic RPE of 177Lu-labeled compounds have been reported
(5–9). None of these reports indicate any serious clinical conse-
quences, however. Furthermore, the European Association of Nuclear
Medicine dosimetry committee recently published a guideline on
dosimetry of 177Lu-labeled somatostatin and prostate-specific mem-
brane antigen–targeting ligands, in which some practical points are
given in the dosimetric approach toward a therapeutic RPE case. The
committee also stresses that despite regular use of these compounds,
no serious adverse events have been observed after tissue extravasa-
tion, as can probably be attributed to rapid clearance from the
extravascular space. Estimated absorbed doses to the surrounding
tissues did not exceed the dose threshold for ulceration and desqua-
mation (10). These results suggest that a case of 177Lu-labeled com-
pound extravasation should be treated conservatively, although further
research is necessary to support this hypothesis.
Large, randomized controlled trials, notably the NETTER-1 and

VISION trials that have recently been performed on new therapeu-
tic radiopharmaceuticals, do not report on extravasation (11,12).
We encourage future large, randomized controlled trials to actively
monitor and report on RPE, preferentially incorporating a detailed
standard operating procedure for RPE in the study protocol, includ-
ing prolonged clinical follow-up in cases of RPE.
In conclusion, RPE is a relatively common event, depending on

the definition. The work by Parihar et al. adds more evidence

supporting our earlier conclusion that RPE in abundantly used
99mTc, 123I, 18F, and 68Ga diagnostic tracers does not require inter-
vention. More research is nevertheless needed, with an emphasis
on new diagnostic tracers and therapeutic radiopharmaceuticals.
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Suborgan absorbed dose estimates in mouse kidneys are crucial
to support preclinical nephrotoxicity analyses of a- and b-particle–
emitting radioligands exhibiting a heterogeneous activity distribution in
the kidneys. This is, however, limited by the scarcity of reference dose
factors (S values) available in the literature for specific mouse kidney
tissues. Methods: A computational multiregion model of a mouse kid-
ney based on high-resolution MRI data from a healthy mouse kidney
was developed. The model was used to calculate S values for 5 kidney
tissues (cortex, outer and inner stripes of outer medulla, inner medulla,
and papilla and pelvis) for a wide range of b- or a-emitting radionu-
clides (45 in total) of interest for radiopharmaceutical therapy, using
Monte Carlo calculations. Additionally, regional S values were applied
for a 131I-labeled single-domain antibody fragment with predominant
retention in the outer stripe of the renal outer medulla. Results: The
heterogeneous activity distribution in kidneys of considered a- and
low- tomedium-energy b-emitters considerably affected the absorbed
dose estimation in specific suborgan regions. The suborgan tissue
doses resulting from the nonuniform distribution of the 131I-labeled
antibody fragment largely deviated (from 240% to 57%) from the
mean kidney dose resulting from an assumed uniform activity distribu-
tion throughout the whole kidney. The absorbed dose in the renal outer
stripe was about 2.0 times higher than in the cortex and in the inner
stripe and about 2.6 times higher than in inner tissues. Conclusion:
The use of kidney regional S values allows a more realistic estimation
of the absorbed dose in different renal tissues from therapeutic radioli-
gands with a heterogeneous uptake in the kidneys. This constitutes an
improvement from the simplistic (less accurate) renal dose estimates
assuming a uniform distribution of activity throughout kidney tissues.
Such improvement in dosimetry is expected to support preclinical
studies essential for a better understanding of nephrotoxicity in
humans. The dosimetric database has added value in the develop-
ment of new molecular vectors for radiopharmaceutical therapy.

Key Words: multiregion mouse kidney model; suborgan dosimetry;
radiopharmaceutical therapy; MIRD; autoradiography
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In radiopharmaceutical therapy, the transit and temporary reten-
tion of radioligand in the kidneys during renal elimination result in

a local irradiation of kidney tissues that can cause absorbed dose–
limiting nephrotoxicity. Consequently, nephrotoxicity is often the
focus of absorbed dose escalation studies on mice during the
preclinical testing of novel radioligands and the preclinical investi-
gation of treatment optimization strategies beyond radioligand
design. Additionally, the distribution of a radioligand is often not
uniform in the kidney (1–3). Small, fast-clearing radiopharmaceut-
icals often show increased retention in the proximal tubules of the
renal cortex and (or) in the outer stripe of the renal outer medulla
(OSOM) (Fig. 1) (2,4,5). This increase can lead to a corresponding
nonuniform distribution of absorbed dose and tissue damage
across renal regions (1,6) and even in specific substructures within
them (7), particularly for radionuclides emitting charged-particle
radiation with a limited penetration range in tissue, such as a-particles
and low- to medium-energy electrons and b-particles.
Accurate dosimetry of specific mouse kidney tissues is essential

for interpreting the outcomes of preclinical nephrotoxicity studies.
Understanding the impact in nephrotoxicity of the local tissue dam-
age resulting from the nonuniform dose distribution of radiophar-
maceuticals is of increased importance in kidney tissues, which
have a complex functional architecture and potentially differ in
radiobiologic response (8). An aspect that precludes a more realistic
kidney-tissue dosimetry of heterogeneous radioligand distributions
is the scarcity of reference radionuclide S values (factors of absorbed
dose per radionuclide decay) for relevant tissue regions of the mouse
kidney. S values are dependent on the radionuclide radiation emis-
sions and the geometry of the anatomic model used for modeling the
radiation source and for absorbed dose calculations. Some dosimetry
models of murine kidneys exist that allow an accounting, to some
extent, for nonuniform distributions of radionuclides (1,5,6). Their
application in preclinical studies is, however, limited by the few
compartments used to represent the renal structure and conse-
quently the heterogeneity of the organ activity distribution. Fur-
thermore, S values are available for only a limited number of
radionuclides.
The aim of this work was to develop a computational realistic

multiregion model of a mouse kidney, based on high-resolution MRI
data, to facilitate suborgan kidney dosimetry in preclinical investiga-
tions of radiopharmaceutical therapy. Next, the model was used to
calculate suborgan regional S values for the kidney for a wide range
of radionuclides of interest in radiopharmaceutical therapy. Finally,
suborgan kidney dosimetry was demonstrated for a 131I-radiolabeled
single-domain antibody fragment (sdAb) that has predominant reten-
tion in the outer stripe of the renal outer medulla and is currently
being evaluated clinically for radiopharmaceutical therapy of cancer
expressing the human epidermal growth factor receptor type 2 (9).
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MATERIALS AND METHODS

A condensed version of the materials and methods is given here.
The complete version can be found in the online supplemental data
(supplemental materials are available at http://jnm.snmjournals.org).

All animal experiments were conducted in accordance with the
guidelines, and after the approval, of the Ethical Committee of the
Vrije Universiteit Brussel.

Development of Kidney Model
A schematic overview of the main steps involved in the

development of the 3-dimensional (3D) kidney model is shown in Fig-
ure 2.

The kidney model was developed using as a reference high-resolution
(43 3 78 3 78 mm voxels) MRI data obtained ex vivo on a perfusion-
fixed kidney excised from a healthy mouse (C57BL/6, female, 9 wk old,
19.5-g body weight). MRI was performed with a horizontal 7-T preclini-
cal scanner (PharmaScan; Bruker BioSpin).

Ten volume regions were segmented on the MR image using 3D-
Slicer software (http://www.slicer.org). The segmented regions corre-
sponded to 4 tissues of the renal parenchyma (the renal cortex including
its vasculature [C], the OSOM including its vasculature [OS], the inner
stripe of the outer medulla [IS], and the inner medulla including some
vasculature [IM]), the main arteries and veins within the renal paren-
chyma, the renal papilla, the renal pelvis, part of the external renal ves-
sels, part of the ureter, and uniform surrounding tissue. The kidney
model was created by merging all the segmented regions into a single
3D matrix consisting of 127 3 62 3 125 (#1 million) voxels, with
same voxel dimensions as the MR dataset.

Tissue segmentation was validated against regions of interest drawn
on conventional histology images of the same kidney.

Calculation of S Values and Absorbed Energy Fractions
The S(rT rS) values (where rS is source region and rT is target

region) and absorbed energy fractions of different kidney tissues were
calculated for the kidney model using Monte Carlo radiation transport
simulations with MCNP, version 6.2 (Los Alamos National Laboratory).

Monte Carlo calculations were performed for 12 b-emitting radio-
nuclides (32P, 47Sc, 67Cu, 89Sr, 90Y, 131I, 153Sm, 161Tb, 166Ho, 177Lu,
186Re, and 188Re) and for the a-emitters shown in Supplemental Fig-
ure 1 (decay schemes for 225Ac, 227Th, 230U, 224Ra, 211At, and 149Tb)
and their progeny, which includes a-, b-, or positron emitters. Radio-
nuclide radiation emission data from International Commission on
Radiological Protection report 107 (10) were used for modeling the
radiation sources. Absorbed energy fractions for self-irradiation were
calculated for monoenergetic electrons (20–2,500 keV), a-particles
(3–10 MeV), and photons (10–1,500 keV).

rS and rT for S value and absorbed energy fraction calculations
include C, OS, IS, IM, and renal papilla and pelvis (PP). These regions,
all together, represent the whole kidney region (K), which was used
also as an rS and rT in the case of a uniform activity distribution through-
out kidney tissues. For each radionuclide, the activity was uniformly dis-
tributed in each rS and the absorbed dose per decay was simulated.

Kidney Dosimetry Study
A dosimetry study was performed to demonstrate use of the S values

calculated with the kidney model. The radioligand used to derive the mouse
kidney biodistribution was the iodinated sdAb 2Rs15d (131I-sdAb) (11).

Healthy mice (n 5 5; C57BL/6; female; 9 wk old; mean body
weight 6 SD, 20.7 6 1.0 g) were anesthetized by inhalation with
2% isoflurane and were injected in the tail vein with 13.0 6 3.3
MBq of 131I-sdAb (5 mg of sdAb). At 1, 3, 6, 24, and 70 h after
injection, mice (n 5 1 per time point) were euthanized by cervical
dislocation. The kidneys were dissected and weighed, and their

activity was measured in a g-counter using
an optimized measurement protocol (12).
The fraction of injected activity per gram of
dissected kidney tissue was calculated.

The suborgan distribution of 131I-sdAb in kid-
ney tissues was determined with high-resolution
quantitative digital autoradiography using an
ionizing-radiation quantum imaging detector
(13). Each autoradiography image was quanti-
fied in ImageJ–Fiji (https://imagej.net/software/
fiji/) using detailed regions of interest drawn on
histologic images of the same section as used
for autoradiography or an adjacent kidney sec-
tion. A region of interest was drawn on each of
the 5 tissues considered as rS in the kidney
model (C, OS, IS, IM, and PP), and the mean of
the counts per minute of the region-of-interest
pixels was estimated.
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Suborgan regional dosimetry for kidney tissues was performed fol-
lowing the MIRD methodology. Two source distributions were consid-
ered: the first was a time-dependent nonuniform activity distribution
based on the relative autoradiography data, and the second was a sim-
plified case in which activity was assumed to be uniformly distributed
throughout kidney tissues (i.e., rS 5 rT 5 K).

For each time point, the absorbed dose rate in each rT delivered by
the activities measured in each rS of the kidney model was based on
the S values calculated for the proposed kidney model. The activity of
the whole kidney was determined with g-counting, and the relative
suborgan distribution of activity was measured with autoradiography
(for the first type of source distribution only).

Absorbed dose rates as a function of time were analyzed by nonlinear
least-squares fitting (MATLAB; MathWorks) to a negative power func-
tion of time after injection. For each of the 2 source distributions consid-
ered, the absorbed dose per unit of injected activity (D(rT)/A0, where D is
absorbed dose and A0 is injected activity decay corrected to the mouse
time of death) was estimated for each rT, applying mathematic integration
of dose rate values from the time of injection (time5 0) to infinity.

RESULTS

Kidney Model
There was good agreement between the histology-based tissue

regions of interest and the MR-based regions of interest used to
define the kidney model (Fig. 3A, with additional comments in the
supplemental data).

The main orthogonal dimensions of the kidney model are
around 5.3 3 4.6 3 9.5 mm (excluding ureter and external ves-
sels). In mouse kidneys, unlike human kidneys, medullary tissues
are not organized into multiple pyramids and form instead a single
bean-shaped body (Fig. 3) (14). As such, there are no renal caly-
ces, and a single renal papilla connects directly and deeply with
the renal pelvis. The cortex and the OSOM tissues appear as adja-
cent rims (each with a thickness of #0.6 mm) surrounding most
of the inner tissues. The masses and percentage volume occu-
pancy of each tissue region are listed in Table 1. The 3D dataset
of the kidney model can be found in the supplemental file
“Kidney_model_dataset.nii.”

S Values
S values for the considered a- and b-emitting radionuclides are

listed in Supplemental Tables 1–3. The simulation statistical error of
all the reported S values was within 3%, unless otherwise specified.
A subset of the S values is graphically shown in Figure 4 for a selec-
tion of b- and a-emitters (and their progeny). The absorbed energy
fractions for electrons, a-particles, and photons are shown in Sup-
plemental Figure 2.
High-energy b-emitters (e.g., 90Y, 188R, and 32P) typically result

in higher S values and more cross-irradiation between the source
tissue and surrounding tissues than low-energy b-emitters (e.g.,
177Lu, 67Cu, 161Tb, and 131I). Cross-irradiation is nevertheless sub-
stantial also for low-energy b-emitters, particularly between adja-

cent target–source kidney tissue regions
(e.g., C OS and IS OS). The S values
for self-irradiation (e.g., C C and
OS OS) are somewhat higher for radio-
nuclides with an abundant yield of Auger
and internal-conversion electrons (161Tb,
153Sm, and 166Ho), as these typically low-
energy electrons are absorbed more locally
than the more energetic b- particles (Sup-
plemental Figs. 2 and 3).
The energy emitted by a-emitters is ab-

sorbed mostly within the rS itself, and cross-
irradiation is small between adjacent tissues
and negligible between more distant tissues
(e.g., IS C and IM OS). Indeed, the ab-
sorbed fractions for self-irradiation with
a-particles are mostly 0.90 or more for most
tissue regions (Supplemental Fig. 2).

Kidney Dosimetry Study
The pharmacokinetics of 131I-sdAb in

mouse kidney tissues are fast. Kidney uptake
at 24 h after 131I-sdAb administration is less
than 0.5% of that at 1 h after injection (Sup-
plemental Table 4). The autoradiography im-
ages (Fig. 5) clearly indicate a nonuniform
and time-dependent biodistribution. During
the first 24 h after radioligand administra-
tion, retention is prominent in the OSOM
tissue and then in the cortex tissue
(Supplemental Table 4). This observation
is likely due to a partial reabsorption of the
131I-sdAb in the proximal tubules located
exclusively in these 2 tissues, and particu-
larly in the straight segments that densely
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Cortex
OSOM

ISOM
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Cortex

OSOM

ISOM

IM

Papilla
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Internal
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Mouse
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FIGURE 3. (A) Validation of MR-based kidney-tissue segmentation against histology. (B and C)
Kidney model 3D rendering with transparency view (B) and coronal (left) and transverse (bottom
right) cross-section views (C) of kidney lattice as implemented in Monte Carlo code. ISOM 5 inner
stripe of the renal outer medulla.
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occupy the OSOM (Fig. 1). From 24 h after injection onward,
the little activity that remains in the kidney is more concentrated
in the cortex tissue, although the nonuniformity across tissues is
less pronounced than at earlier time points. The concentration of
activity in the inner tissues (ISOM, papilla and pelvis) is always
lower than in the renal cortex and the OSOM tissues.
The distribution of 131I-sdAb activity in kidney tissues has a sub-

stantial impact on estimation of time-dependent absorbed dose rates
(Fig. 6B) and absorbed doses (Table 2), per unit of injected activity, in
specific kidney tissues. Compared with the more realistic nonuniform
source distribution, the assumption of a uniform distribution of activity
throughout the kidney tissues (rS5 rT5 K) results in a strong under-
estimation of the absorbed dose rate in the OSOM and an overestima-
tion of the absorbed dose rate in the other tissues (including the renal
cortex) at early time points (,24 h after injection). A similar effect

results in the absorbed doses, because for 131I-sdAb the high activities
at early time points dominate the estimation of the time-integrated
absorbed dose. The absorbed dose is about 2.0 times higher in the
OSOM than in the renal cortex and the ISOM tissues, and about 2.6
times higher than in inner tissues.

DISCUSSION

The calculated regional S values indicate that consideration of the
heterogeneity in activity distribution in mouse kidneys can have a con-
siderable impact on the absorbed dose estimations of specific tissues,
particularly for radionuclides that emit a-particles and low- to medium-
energy b-particles. This was demonstrated for the nonuniform mouse
kidney biodistribution of a 131I-labeled sdAb that is predominantly and
temporarily retained in the OSOM. 131I emits low- to medium-energy
b-particles (182 keV on average) with a short penetration range in tis-
sue (#0.4 mm on average) when compared with the size of mouse kid-
ney tissues. Therefore, self-irradiation is the main contributor (#87%)
to the absorbed dose rates in the OSOM at early time points (Supple-
mental Fig. 4). This holds true also for the renal cortex (#71% from
self-irradiation), although with an also-important contribution (#29%)
of cross-irradiation from activity in the OSOM. This leads to a substan-
tially nonuniform absorbed dose distribution across different kidney tis-
sues in which the OSOM is the most irradiated tissue.

This study presented a realistic 3D model of mouse kidney tissues
useful for preclinical internal radiation dosimetry. The regional S val-
ues calculated with the proposed model allow a more detailed and
realistic estimation of absorbed doses in different renal tissues from b-
and a-emitters, accounting for the heterogeneous activity distribution.
Exploitation of the full potential of the proposed model would require
information on the suborgan activity distribution at the regional-tissue
level as a function of time. Such information can be derived from ex

vivo mouse biodistribution studies using
quantitative high-resolution autoradiography
of b- or a-particles of tissue sections of
mice killed at different sampling time points,
complemented by g-counting of the whole
kidney to measure kidney activity, as dem-
onstrated in this study. Alternatively, quanti-
tative emission tomography imaging can be
used to measure kidney activity thoroughly
over time and in vivo (12), which would
enable longitudinal studies (such as nephro-
toxicity studies) on the same mice as are
used for organ-level pharmacokinetic assess-
ment. In such a case, autoradiography meas-
urements may be performed on separate
mice at selected time points of the pharma-
cokinetic profile, chosen, for example, to
sample regions of high activity or when the
subkidney distribution is more likely to vary
(absorption, distribution, elimination phases).
The mouse kidney model may be seen as an
analog of the model of a human kidney pre-
sented in MIRD pamphlet 19 (3), with some
differences being that the former is used for
preclinical dosimetry of mouse tissues and
provides a more realistic representation of
kidney tissues, which additionally considers
the OSOM as a separate source/target com-
partment. Modeling of OSOM tissues is

TABLE 1
Mass and Percentage Volume Occupancy of Kidney Model

Regions Used as rS or rT, Including Blood Vessels

rT or rS

Mass (mg)

Volume, region (%)Region Vessels

C 60.2 1.4 51

OS 37.3 3.5 32

IS 16.4 0.4 14

IM 2.0 — 2

PP 1.5 — 1

K 117.5 5.3 100
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pertinent for dosimetry in view of the possible substantial radioligand
retention in the straight segments of the proximal tubules, which physi-
cally extend from the renal cortex to the OSOM in both humans and
rodents. The early biodistribution of 131I-sdAb considered here for the
dosimetry study is a good example of such a situation.
For a-particle emitters, subregional dosimetry at the level of mouse

nephron substructures (e.g., glomerulus and specific segments of the
tubule) can be of interest. Although miniaturized versions of models of
a human nephron can be used for that purpose (7), their use in preclini-
cal investigation of radiopharmaceuticals is limited by the difficulty in
determining the distribution of radionuclide activity at the level of
nephron substructures. The intermediate (i.e., regional) dosimetry of
a-particle emitters achievable with the regional S values presented here
might be useful when suborgan activity information is available at only
a more regional (tissue) level.
S factors are sensitive to the target tissue mass and to the absorbed

energy fraction, which is sensitive to the target–source geometry.
Besides, the size of kidney tissues may vary with mouse strain, age,
health condition, and other factors. Therefore, inaccuracies in absorbed
dose estimations might arise from anatomic differences between the

kidney model and the kidneys of mice used in preclinical studies. Mass
scaling of the regional S values to the actual (measured) mass of the
kidney (factor MK/ !M kidney in Supplemental Eq. 1) can compensate for
the effect of the rT mass in the absorbed dose estimations, assuming
that the occupancy volumes of the measured tissues is the same as in
Table 1. However, mass scaling does not account for deviations in the
absorbed energy fractions due to, for example, differences in the thick-
ness of the C rim or of the OS rim associated with tissues with sizes or
volumes of occupancy different from the kidney model. The impact of
these factors may be investigated using simplified models (such as
those based on ellipsoidal shells to represent tissue compartments (6)),
and if relevant, correction factors may be determined to be applied to
absorbed dose estimations with the regional S values reported here.
Such analyses were beyond the scope of this study.
Svensson et al. used a stylized 3-region, 0.15-g kidney model

based on spheroids to calculate regional absorbed energy fractions
for 177Lu and 90Y b-particles emitted by the renal cortex (5). Com-
pared with that model, the 177Lu and 90Y b-particle absorbed frac-
tions calculated with the more realistic model proposed in this study
are, respectively, 6% and 19% lower for self-irradiation of the C

(absorbed energy fraction, 0.79 for 177Lu
and 0.23 for 90Y) and 62% and 36% higher
for cross-irradiation between the renal cor-
tex and the OSOM (absorbed energy frac-
tion, 0.082 for 177Lu and 0.10 for 90Y).
These dosimetric discrepancies are likely
related to differences in geometry and size
of kidney tissue regions between the 2
models.
More realistic absorbed dose estimates of

mouse kidney tissues can support the analy-
sis of preclinical nephrotoxicity studies of
therapeutic radioligands, such as the investi-
gation of absorbed dose thresholds for toxic-
ity of specific kidney tissues (or
substructures) resulting from nonuniform
irradiations with radionuclides (5,6,8). Such
insight can be relevant for the design of first-
in-humans trials with novel radioligands,
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by informing about potential toxicities due to the predicted absorbed
dose distribution in larger kidney tissues such as in humans. The glo-
meruli are sometimes thought to be the absorbed dose–limiting renal
substructures when dealing withb-radiotherapeutics (8,15). Yet, loss of
proximal tubules has also been associated with long-term nephrotoxi-
city in mice with either b- or a-emitting radioligands (5,16). Investigat-
ing the absorbed dose dependence of glomerular and proximal tubular
damage is therefore of high interest and would benefit from more
detailed dosimetry at the level of suborgan regions or even at the level
of nephron substructures. Additionally, translational and back-transla-
tional research on the renal absorbed dose–toxicity relationships might
support the investigation of treatment optimization strategies beyond
radioligand design, such as renoprotective agents that reduce reabsorp-
tion and internalization by the proximal tubule cells (4,5) and activity
fractionation (8,15).
An improved understanding of radiation-induced nephrotoxicity in

the presence of absorbed dose (and dose-rate) heterogeneity after
radiopharmaceutical therapy should improve the implementation of
optimized and patient-specific procedures (8). In peptide receptor
radionuclide therapy, for example, the microscopic absorbed dose dis-
tribution in human kidneys is thought to play a role in the seemingly
lower incidence of nephrotoxicity of 177Lu-labeled somatostatin ana-
logs than of similar 90Y-labeled peptides (2,17). Clinical investigation
of the influence of absorbed dose nonuniformity on nephrotoxicity is,
however, a challenge, as it would require the availability of a large
amount of good-quality patient-specific detailed dosimetry and
response data on the kidneys for each therapeutic setting (18). Con-
versely, animal experiments allow determination of the microscopic
distribution of radiopharmaceuticals in tissues ex vivo and investiga-
tion of the biologic response associated with radiopharmaceutical
therapy in a more reproducible and controlled experimental setting.
The S values for regions of the mouse kidney presented here could
facilitate preclinical absorbed dose estimations required to investigate
the contribution to nephrotoxicity of the absorbed dose-dependent
damage to different kidney tissues resulting from the nonuniform dis-
tribution of radiopharmaceuticals. Such investigations will be essential
in the development of complication-probability biophysical models
for nephrotoxicity in radiopharmaceutical therapy (8).

CONCLUSION

A computational multiregion model of a mouse kidney was
developed and used to create a database of S values for 5 tissue
regions and for a wide range of b- and a-emitters of interest in
radiopharmaceutical therapy. The comprehensive set of regional S
values facilitates preclinical internal radiation dosimetry of mouse

kidney tissues and allows a more realistic estimation of the doses
absorbed by different renal tissues from therapeutic radioligands
with a nonuniform distribution in the kidneys, such as the 131I-
labeled sdAb investigated. The proposed model and the computed
S values represent an improvement from the simplistic (less accu-
rate) renal absorbed dose estimates assuming a uniform distribu-
tion of activity throughout the entire kidney. Such dosimetric
improvement is expected to support preclinical nephrotoxicity
studies essential for a better understanding and prediction of neph-
rotoxicity in humans.
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KEY POINTS

QUESTION: How much does the nonuniform distribution of
radionuclides used for radiopharmaceutical therapy impact the
absorbed dose in mouse kidney tissues?

PERTINENT FINDINGS: A computational multiregion model of
a mouse kidney was developed and was used to calculate
S values for 5 kidney tissue regions for a wide range of b- and
a-particle emitters of interest in radiopharmaceutical therapy. The
database of regional S values indicates that consideration of a
heterogeneous activity distribution in the kidneys can have a
considerable impact on the absorbed dose estimates in specific
renal substructures, particularly when dealing with a- and low- to
medium-energy b-particle emitters.

IMPLICATIONS FOR PATIENT CARE: An improved dosimetry
of therapeutic radiopharmaceuticals in mouse kidney tissues
will contribute to a better understanding and prediction of
nephrotoxicity in the presence of heterogeneous absorbed dose
depositions in human kidneys.

TABLE 2
Absorbed Doses Delivered to Different Tissue Regions and to K per Unit of Injected Activity Decay Corrected to the Mouse
Time of Death, for Heterogeneous Activity Distribution Based on Autoradiography Data* and for Assumed Uniform Activity

Distribution Throughout K

Parameter

Heterogeneous activity distribution
Uniform activity

(rS 5 K), KK C OS IS IM PP

Absorbed dose per injected activity,
D(rT)/A0 (mGy$MBq21)

73.1 54.8 111.6 62.3 43.0 43.6 71.2

Deviation from D(rT 5 rS 5 K)/A0 (%) 3 223 57 212 240 239 —

*Supplemental Table 4.
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Progression or Response: New Liver Lesions in a Patient with
Responding Hodgkin Lymphoma

Ashwin Singh Parihar, Adeel Haq, Richard L. Wahl, and Amin H. Jahromi

Mallinckrodt Institute of Radiology and Siteman Cancer Center, Washington University School of Medicine, St. Louis, Missouri

A 29-y-old woman with relapsed
Hodgkin lymphoma was being assessed for
response to ifosfamide, carboplatin, and eto-
poside therapy. 18F-FDG PET/CT showed
progressive hypermetabolic mediastinal
lymphadenopathy (Fig. 1A) with diffuse
hypermetabolism in the bone marrow, likely
secondary to marrow stimulation by granu-
locyte–colony stimulating factor therapy.
Treatment was escalated to gemcitabine,
vinorelbine, and doxorubicin and to pem-
brolizumab. 18F-FDG PET/CT performed
6 wk later showed nearly complete meta-
bolic resolution of the prior mediastinal
lymphadenopathy. However, interval devel-
opment of hepatomegaly with multifocal
hypermetabolic lesions throughout the liver
was noted (Fig. 1B). In view of the favor-
able response at the primary site, the new
hepatic lesions were favored to represent
immune-related hepatitis over progressive
lymphomatous involvement of the liver. The
patient’s laboratory results obtained within
4 d of the PET/CT showed elevated levels
of aspartate transaminase (115 U/L) and ala-
nine transaminase (151 U/L) (11 and 15 U/L,
respectively, 1 mo beforehand). On the basis
of the suggestion of immune-related hepatitis,
pembrolizumab was discontinued and pred-
nisone 40 mg daily was started, tapering by
10 mg weekly over 4 wk. The regimen of gemcitabine, vinorelbine,
and doxorubicin was continued. Reassessment 18F-FDG PET/CT
performed 5 wk later showed continued remission of the mediastinal
disease, with marked anatomic and metabolic improvement of the
liver lesions (Fig. 1C). The patient received an autologous stem
cell transplantation 2 wk later, and reassessment 18F-FDG PET/CT
(Fig. 1D) showed continued response by the mediastinal disease and
complete resolution of the liver lesions.

Immune-related adverse events, such as hepatitis, are known
to occur in patients treated with immune-checkpoint inhibitors.
However, the presentation of immune-related hepatitis as multifo-
cal involvement of the liver is uncommon and can mimic the
appearance of progressive disease. In such cases, a reassessment
18F-FDG PET/CT performed at least 4 wk after discontinuation of
immunotherapy can help improve the diagnostic accuracy. The
detection of immune-related adverse events on PET/CT is critical,
as patients with severe immune-related adverse events require ces-
sation of immunotherapy and initiation of corticosteroids.
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FIGURE 1. (A) 18F-FDG PET/CT maximum-intensity projection (top) and PET/CT transaxial images
(bottom) at baseline show hypermetabolic mediastinal lymphadenopathy (dashed arrows). (B) 18F-FDG
PET/CT performed 6 wk after treatment with pembrolizumab shows metabolic resolution of mediastinal
lymphadenopathy and interval development of multiple discrete hypermetabolic lesions in liver (solid
arrows). (C and D) 18F-FDG PET/CT performed 5 wk after discontinuation of pembrolizumab and treat-
ment with prednisone shows significant improvement in liver lesions (C), which resolved completely at
8 wk (D).
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L E T T E R S T O T H E E D I T O R

Theranostic Digital Twins: An Indispensable
Prerequisite for Personalized Cancer Care

TO THE EDITOR: Recently, cancer patient digital twins have
been astutely proposed as a conceptual framework with the vision of
performing simulations for different treatment options before treat-
ment is started (1). A digital twin is a virtual representation of the
patient that uses mathematic and computational models to simulate
personalized diagnosis and therapy. We strongly believe an optimal
platform for more immediate actualization of the framework for can-
cer patient digital twins is theranostic nuclear medicine. Here, the
theranostic digital twin (TDT) stands on the shoulders of two path-
breaking visions: precision medicine and complexity modeling.
Nuclear medicine imaging techniques and the inherent advan-

tage of using theranostic pairs make treatment personalization
based on physiologically based pharmacokinetic (PBPK) models
readily feasible (2,3). Patient-specific optimization and personali-
zation of radiopharmaceutical therapies (RPTs) can be obtained
within the TDT framework, even before the first therapy cycle —
a paradigm shift from existing one-size-fits-all therapies.
New technologic developments such as PET scanners with a long

axial field of view provide a basis for extended-body PBPK model-
ing to strengthen TDTs (4). Artificial intelligence complements mul-
tiscale modeling (5,6) and offers the unique opportunity to improve
every step of data acquisition, generation, and analysis. Theranostic
imaging combined with artificial intelligence can be used to predict
voxelwise absorbed doses and the effectiveness of RPTs (7).
The five pillars of cancer management can be divided into locore-

gional treatments (surgery, interventional radiology, and radiation
therapy) and systemic treatments (oncology and RPT). Generally,
the TDT not only serves as a prerequisite for personalized RPTs but
will further support all five pillars. Residual disease after surgery or
interventional radiology will result in an increased likelihood of
local recurrence; theranostic imaging and TDTs can guide and
verify the success. Although radiation therapy and brachytherapy are
beneficial for localized diseases, systemic therapies present valuable
options for metastasized diseases. TDTs can help in the personal-
ization of systemic therapies by highlighting targets for medical
oncology therapies using molecular imaging and PBPK modeling
within the TDT. For RPTs, we believe that improvements in out-
comes are possible when treatment with a TDT is optimized in terms
of radioactivity, tracer amount, number of therapy cycles, and timing
to an individual patient’s needs, conditions, and preconditions. There
is evidence suggesting that with personalization, patient progression-
free survival and overall survival can improve (8,9).
TDTs accept the challenge of combining existing multidisciplin-

ary knowledge of cancer management, patient-specific data, and
population-based models and create a 3-dimensional digital model
representing the individual patient’s physiology and disease. Mac-
roscopic observations (organ level, tissue level) are merged with

microscopic effects (cell damage, tumor microenvironment), and
the TDT evolves on the basis of (theranostic) imaging and physio-
logic information (i.e., PBPK). Incorporation of radiomics, per-
sonal physiology, and genomics enables rich TDT models. In the
future, TDTs may be essential in determining whether a patient
will benefit from one therapy and whether a different treatment is
advisable, or TDTs may even predict how a particular treatment
may inevitably fail, necessitating adjunctive and adjuvant therapies
and interventions. TDTs will be updated continuously.
The TDT will facilitate and enhance therapeutic decisions to

permit truly personalized cancer care. Being strongly committed
to providing cancer patients with the best available treatment, we
anticipate different solutions to enable TDTs to proliferate over
the next decade. We encourage researchers to unlock the full
potential of theranostics to support this important paradigm shift
toward precision medicine.
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The ASNC/SNMMI 80 Hour Authorized User Training Course is designed to provide
nuclear medicine physicians with the knowledge needed to establish a culture of
safety and quality in their practice.

Featuring more than 40 expert lecturers from across nuclear medicine, the course
fulfills the 80 hours of classroom training that the U.S. Nuclear Regulatory Commission
(NRC) and Agreement States require for physicians to become authorized users of
radioisotopes for imaging and localization studies.

This popular course is available as a standalone program or as a special package for
training programs.

LEARN MORE: www.snmmi.org/80HourCourse
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Register today!
www.acnmonline.org/webinars

2023 ACNM/SNMMI HOT TOPICS Webinar Series
SNMMI and ACNM are excited to announce the lineup for the 2023 Hot Topics Webinar Series.
These informative webinars will take place at 12:00 pm ET on the second Tuesday of each month
and are complimentary for ACNM and SNMMI members.

s Theranostics for Prostate Cancer
On Demand | Speaker: Stephan Probst, MD

s Theranostics for Pheochromocytoma/
Paraganglioma
On Demand | Speaker: Erik Mittra, MD, PhD

s FDG PET/CT for Infection Imaging
March 14 | Speaker: Gad Abikhzer, MDCM, FRCPC

s From Beta to Alpha in Theranostics
April 11 | Speaker: Chandrasekhar Bal, MD

s Myocardial Flow Reserve
May 9 | Speaker: Ron Schwartz, MD

s PET/MR
June 25 | Speaker: Andrei Iagaru, MD
in-person during the SNMMI 2023 Annual Meeting

s Theranostics for Neurodegenerative
Disease-Final Frontier for Health Span
July 11 | Speaker: Phillip Kuo, MD, PhD

s Cardiac Infection and Inflammation Imaging
August 8 | Speaker: Vasken Dilsizian, MD

s Whole Body PET
September 12 | Speaker: Ramsey Badawi, PhD

s FAPI PET: Make it or break it?
October 10 | Speaker: Ken Herrmann, MD

s Landscape of Molecular Imaging and Fluid
Biomarkers in Neurodegeneration
November 14 | Speaker: Alexander Drzezga, MD

s PSMA PET
December 12 | Speaker: Jeremie Calais, MD
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