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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
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• Urinary Bladder Imaging (direct isotopic cystography) for the detection of vesico-ureteral reflux
• Nasolacrimal Drainage System Imaging
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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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Register today!
www.snmmi.org/webinars

2023 SNMMI/ACNM 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 SNMMI and ACNM members.

s Theranostics for Pheochromocytoma/
Paraganglioma
February 14 | 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: Kenneth Herrmann, MD
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Biomarkers in Neurodegeneration
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s PSMA PET
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Richly illustrated and thoroughly referenced, the MIRD Primer 2022 is a comprehensive, state-of-the-art
guide to radiopharmaceutical dosimetry that reflects the dramatic evolution of the field of nuclear
medicine, including molecular imaging and, increasingly, radiopharmaceutical therapy.

The MIRD Primer 2022 serves as

• a foundation for nuclear medicine and other medical professionals who require a working
knowledge of internal radionuclide dosimetry and its radiobiological implications—without
having to delve too deeply into the underlying mathematics.

• an authoritative reference on the latest, complete mathematical formulation of the MIRD
schema for those seeking a more rigorous understanding of internal dosimetry.

• an invaluable teaching tool, with a large number and wide variety of clinically relevant
calculational examples.

MIRD Primer 2022
A Complete Guide to Radiopharmaceutical Dosimetry

Order your copy today!
WWW.SNMMI.ORG/MIRD2022



D I S C U S S I O N S W I T H L E A D E R S

Advancing Clinical Trial Innovation in Pancreatic Cancer
A Conversation Between Diane Simeone, Ken Herrmann, and Johannes Czernin

Diane M. Simeone1, Ken Herrmann2, and Johannes Czernin3

1New York University Langone, New York, New York; 2Universit€atsklinikum Essen, Essen, Germany and 3David Geffen School of
Medicine at the University of California Los Angeles, Los Angeles, California

Ken Herrmann, MD, from the Universit€atsklinikum Essen,
and Johannes Czernin, MD, from the David Geffen School of
Medicine at the University of California Los Angeles, talked with
Diane M. Simeone, MD, about her career advancing clinical
research in pancreatic cancer. Dr. Simone is the Laura and Isaac
Perlmutter Professor of Surgery and Pathology and director of the
Pancreatic Cancer Center at New York University (NYU), where
she also serves as the associate director for Translational Research.
An internationally recognized pancreatic surgeon and researcher
with a longstanding focus on treatment of pancreatic neoplasms,
she has been the recipient of numerous National Institutes of
Health (NIH) grants investigating the molecular mechanisms of
pancreatic metastasis and developing novel therapeutic strategies.
She has a large clinical practice taking care of patients with pan-
creatic neoplasms and those at elevated risk of the disease. She
first discovered pancreatic cancer stem cells, identified ATDC as a
novel oncogene in human cancers, and defined for the first time
unique populations of cancer-associated fibroblasts in pancreatic
cancer. She has been an innovator in development of therapeutic
clinical trials for pancreatic cancer and is currently the principal
investigator of Precision Promise, an adaptive-platform clinical
trial consortium focused on next-generation trials in pancreatic
cancer. She also heads the Pancreatic Early Detection Consortium
(PRECEDE), an international collaboration studying a large cohort
of individuals at heritable risk for pancreatic cancer. She served as
chair of the scientific and medical advisory board of the Pancreatic
Cancer Action Network (PanCAN) and has previously served as
president of the Society of University Surgeons (SUS) and the
American Pancreatic Association, as well as on the National Can-
cer Institute (NCI) Pancreatic Cancer Task Force. Dr. Simeone is
a member of the National Academy of Medicine.
Dr. Herrmann: You are a leading pancreatic cancer surgeon

and also a translational researcher. Can you give us some high-
lights of your career?
Dr. Simeone: My father was an economics professor. Educa-

tion was always strongly emphasized in my family. But I also
played basketball at Brown University, which taught me that the
whole team has to perform to be able to accomplish things. My
parents strongly encouraged me to go for whatever I wanted to
accomplish.
Dr. Herrmann: Your university major was very different from

what you are doing now.

Dr. Simeone: Yes, I majored in neu-
roscience, because the brain was fasci-
nating—a black box of connections that
had not been untangled. But then I went
to medical school at Duke University
and realized that abdominal surgery was
more interesting to me. I am a hands-on
person; I like the idea of fixing things,
and that is what led me to surgery: I felt
I could do research but also have a tangi-
ble impact on patients’ lives. I was actu-
ally deterred in medical school from
pursuing a career in surgery, because I
was told that the lifestyle was just too hard and I wouldn’t have a
chance to be a mother and have balance in my life. Luckily, I was
strong willed and raised in a family that taught me not to accept
what somebody else put on me. I remember thinking: Who are these
guys to tell me what I can or can’t do? I ended up at the University
of Michigan for my surgical residency. Lazar Greenfield, MD, the
inventor of the Greenfield filter, was the chair of surgery. In 1988, 7
of the interns in the department were women, which was unheard of
at the time. Dr. Greenfield’s mantra was to take the best talent. Then
I did a 2-y research fellowship with John Williams, MD, PhD, one
of the pioneers in pancreatology, and Craig Logsdon, PhD. As men-
tors, they started me on my research path.
Dr. Czernin: What does mentorship mean to you? What is good

mentorship?
Dr. Simeone: A true mentor helps the mentee to thrive and suc-

ceed. It should be about what the mentor does for the mentee, not
what the mentee can do for the mentor.
Dr. Czernin: Do you have a mentoring structure? How often do

you meet with your trainees or your students or postdocs?
Dr. Simeone: I see my research mentees very often, multiple

times a week, and we have a weekly lab meeting. I also mentor a
whole team on the clinical and clinical research side. Many are
young women who want to know how to best look for their first
job, negotiate, and achieve balance. I’m good at negotiating now,
because I was bad at negotiating early in my career and have
learned to do it successfully. When I hire people, I push the insti-
tution to give them bigger packages and more resources, because
I want them to be successful.
Dr. Herrmann: Before Johannes sidetracked us, we were in

Michigan. How did you get from Michigan to NYU?
Dr. Simeone: I had a wonderful academic career at Michigan.

Although I did not have a tenure track position in the beginning,
I fought for and got it. I met with success gradually, with my first
grant in 1997 or 1998, and then built on that. In 2001 I established

Diane M. Simeone, MD
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a multidisciplinary pancreas tumor clinic at a time when there
were not very many multidisciplinary clinics. Only 2 people were
working on pancreatic cancer at the University of Michigan. The
senior surgeons would say, “Oh, it’s resectable!” This was an
imprecise approach to a complex problem, so I set up a database
and a tumor board. We got the radiologists to join. The point
I want to make is about valuing everyone who can contribute to
the team. By the time I left, we had 60 people working on pan-
creas cancer. We had an NCI Specialized Programs of Research
Excellence grant and helped recruit people from almost every
department to work on pancreas cancer. Then, Pfizer moved out of
Ann Arbor, and the University of Michigan bought the Pfizer cam-
pus. It was like the Louisiana Purchase—they bought 29 buildings
and 2 million square feet of space for something like $110 million.
One signature project was a translational oncology program, which
I was asked to run. I arm-twisted 6 colleagues to start this with
me. Within 3 y, we had about 30 faculty. The premise of the pro-
gram was to leverage the entire scientific strength at the University
of Michigan to tackle cancer.
Dr. Herrmann: So how did NYU poach you?
Dr. Simeone: After a change in leadership at Michigan, I ex-

plored other professional options. The chief scientific officer at
NYU reached out and asked me to join NYU, where I could con-
tinue to work on my passion, which is pancreas cancer.
Dr. Herrmann: One intriguing aspect of your personality is

passion. And 1 example is the PRECEDE project. Can you explain
what this is about?

Dr. Simeone: It all started at Michigan. I had been working on
pancreatic cancer for some time but did not know if we would be
able to change survival during my career. We needed to define the
problems in order to solve them. I worked with PanCAN to develop
a whole new platform for drug development. We developed a new
approach to clinical trials called Precision Promise, a large-scale
adaptive platform. Today it involves 30 centers, with 12 new innova-
tions never done before in clinical trials. The other component is
early detection, which is the key to improved survival. We resect
when tumors are very small, and then, as needed, supplement with
adjuvant treatment for micrometastatic disease. About 4 y ago,
I started to work on PRECEDE. The key questions focused on
obstacles to early detection. We used a nonprofit group called
Arbor Research and then invited others to come to the table if they
agreed to share data. We now have 40 centers and have enrolled
close to 3,300 patients.
Dr. Czernin: How do you go about early detection? What are

your thoughts or plans?
Dr. Simeone: The strategy was to take a group at sufficient heri-

table risk of pancreatic cancer, follow them, and enable develop-
ment of blood-based biomarkers, more sophisticated imaging, or
better multimodal data integration. That is what the PRECEDE
study is. It is a heritable risk cohort study, and we are enrolling
100–150 each month. At this pace, we will be able to enroll
10,000 patients within 5 y and then follow them for another 5 y.
Dr. Herrmann: Amazing strategy. What are your expectations for

imaging in the next 5 to 10 y to help you accomplish your goals?

Dr. Simeone: We need to take the imaging that is currently
being done and make sure that it is standardized and state of the
art. We assembled a working group that focuses mostly on MRI
and endoscopic ultrasound (EUS). The other component is to cre-
ate a data cloud into which we load deidentified and longitudinal
imaging data. This is supported by participating companies. I also
asked experts whether we can develop more sophisticated molecu-
lar imaging tools that pick up 3-mm pancreas lesions instead of
the 1.5-mm range with MRI. I do think that by having this large
cohort of patients we are in a position to develop strategies for new
imaging approaches that might not have been possible previously.
Dr. Czernin: What is your key expectation for imaging. Is it

high sensitivity, specificity, or both?
Dr. Simeone: We need high sensitivity to pick up small lesions.

Will this be a molecular probe or something with EUS and micro-
bubbles? Is it going to be nanodots? I don’t know the answer. I have
had this idea to issue a $1,000,000 challenge to imagers to come to the
table with their next greatest ideas, so that we can help to test them.
Dr. Herrmann: What kind of imaging tools, in addition to MRI,

do you use for screening?
Dr. Simeone: Mostly MRI, alternating with EUS, which, of

course, is somewhat more invasive. The algorithm is usually to
alternate them. But I do not think that we have engaged the brain
trust of the imaging community to help us solve this; this is an
opportunity. If we develop a blood test that can be, for example, a
first sieve for identifying someone at risk, we then need a very
sensitive early-detection imaging test to locate the source.

Dr. Herrmann: You talked about the importance of early detec-
tion for changing the outcome. Another opportunity is the develop-
ment of improved therapies. What about the new drugs that come
along, including KRAS inhibitors? How much can you improve
5-y survival by using these new drugs and identifying patients who
would benefit?
Dr. Simeone: That gets back to Precision Promise and setting

up the platform. How do we “de-risk” bringing new therapies to
pancreas cancer? We developed a pharma consortium. With the
platform, cost and time to FDA approval can be cut, because it is
a seamless phase II–III adaptive platform trial. You mentioned
KRAS therapeutics, an area where several companies have pretty
exciting new agents. With this platform, as soon as the safety stud-
ies are done, we have an accelerated testing path for a group of
30 centers around the country funded by PanCAN, the patient
advocacy group that has made an investment of at least $40 million
in the platform to date.
Dr. Herrmann: Before I switch to completely different areas,

what do you think about immunotherapy and CAR-T cells in pan-
creatic cancer?
Dr. Simeone: I do think now there are some interesting advances

in approaches that may be quite effective in solid cancers. They
just need to be tested. We are exploring that space. We know that
pancreatic cancer is much more immunosuppressive than just about
any other cancer. One thing we really pushed in Precision Promise
was to get paired biopsies on patients before and on treatment as a
critical piece that had never been done before, so that we can see

`̀ The strategy was to take a group at sufficient heritable risk of pancreatic cancer, follow them, and enable
development of blood-based biomarkers, more sophisticated imaging, or better multimodal data integration.´́
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what is actually happening in the tumors. It is important to understand
resistance to therapy. We are taking treatment biopsies at 8 wk for
genomic and transcriptomic analyses. There are also some immune-
based analyses. Of course, this is not done in isolation in humans, but
in coordination with a whole preclinical research community.
Dr. Herrmann: Let’s talk about the role of women in medicine.

How can we move forward to improve and support the careers of
women in academia?
Dr. Simeone: I’m disappointed that we have not seen the equity

I thought we would have achieved by now. If you look at the top
of every academic institution and of every co., men remain heavily
dominant in leadership. We have to put women in leadership posi-
tions. I’ll give you one example: When I was a member of the
SUS, I was 1 of only 2 women among a group of 12–15 men.
I gradually worked my way up to become president. By the time
I finished being on the board and president, the board was com-
posed equally of men and women. We had representation from
minorities who had never had a seat at the table. You just have to
have someone at the top who is paying attention. I give credit to
Francis Collins, MD, PhD, who as NIH director announced that he
would not participate in professional meetings that did not feature
women in prominent speaker roles.
We need to address simple things like child care. When I was at

the University of Michigan, which had thousands of employees,
they had 18 slots for child care. After a positive pregnancy test,
the first thing I did was put my name on the list for child care,
which I never got. Better systems must be in place so that women
have opportunities.
Dr. Herrmann: Let’s switch gears. We had a discussion with

Declan Murphy, MBChB, a leading genitourinary surgeon at Peter
MacCallum Cancer Centre. He said that he recently gave a talk on

“Avoiding obsolescence as a cancer surgeon.” How do you avoid
obsolescence?
Dr. Simeone: I definitely have paid attention to that during my

career. I am doing things now I never thought I would be doing,
because I kept an open mind. I helped develop the largest clinical
trial platform for pancreas cancer in the country and learned what
I needed to learn to do this. Cancer surgeons should certainly
make sure they educate themselves about precision oncology,
genomics, clinical trials, and key trends in the basic sciences. The
clinician/scientist is, unfortunately, a dying breed. Although we
are drifting away a little from obsolescence, it is vital to sustain
learning and keep an open mind. Academia must create a true con-
tinuum between basic science discovery and clinical applications.
Our patients depend on us to drive change and improvement in
their care, and that is what I encourage in all my colleagues,
whether basic scientists or clinicians I mentor: Don’t be afraid to
do something big and to be ambitious, because people are count-
ing on you to change how we care for patients.
Dr. Czernin: Much of the academic mission is now replaced by

relative value unit–driven business concepts.
Dr. Simeone: I understand the statement “no margin, no mis-

sion,” but I think we have to be true to what we’re here for!
Dr. Czernin: Maybe we should turn this around and promote

the concept of “no academic mission, no margin”!
Dr. Herrmann: Do you have a take-home message for our

young colleagues?
Dr. Simeone: We should value everybody, every team member,

who can contribute to tackling our major problems.
Dr. Czernin: With this concise message, both Ken and I are

grateful for your time and are sure that our readers will enjoy
your insights.
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Trustworthiness is a core tenet of medicine. The patient–physician
relationship is evolving from a dyad to a broader ecosystem of health
care. With the emergence of artificial intelligence (AI) in medicine, the
elements of trust must be revisited. We envision a road map for the
establishment of trustworthy AI ecosystems in nuclear medicine. In
this report, AI is contextualized in the history of technologic revolu-
tions. Opportunities for AI applications in nuclear medicine related to
diagnosis, therapy, and workflow efficiency, as well as emerging chal-
lenges and critical responsibilities, are discussed. Establishing and
maintaining leadership in AI require a concerted effort to promote the
rational and safe deployment of this innovative technology by engag-
ing patients, nuclear medicine physicians, scientists, technologists,
and referring providers, among other stakeholders, while protecting
our patients and society. This strategic plan was prepared by the AI
task force of the Society of Nuclear Medicine andMolecular Imaging.
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Medicine uses science, practical wisdom, and the best avail-
able tools in the art of compassionate care. The necessity of dealing
with maladies has motivated physicians to incorporate inventions
into medical practice to decrease or eliminate patient suffering.
During the past two centuries, along with technologic revolutions,
new medical devices have become the standard of care, from the
stethoscope and electrocardiogram to cross-sectional imaging
(Fig. 1). The stethoscope, which arose out of the first industrial rev-
olution, is so pervasive that it has become the symbol of health-care
professionals today. Compared with other medical equipment, it
has the highest positive impact on the perceived trustworthiness of
the practitioner seen with it (1).
Nuclear medicine has always embraced the progress of technol-

ogy. With the emergence of AI, we will again be poised to experi-
ence a modern renaissance, similar to the one experienced after
David Kuhl’s and Roy Edwards’ groundbreaking work in the
1960s. By applying the concepts of radon transform through newly
available computing technology, they introduced volumetric cross-
sectional medical imaging with SPECT, which was subsequently
followed by the development of x-ray–based CT and PET (2).
The past decades have seen tremendous advances in information

technology and in its integration into the practice of medicine. The
application of artificial intelligence (AI) to medicine represents the
actualization of a new era. Such transformative technologies can
affect all facets of society, yielding advances in space exploration,
defense, energy, industrial processes, and finance; and even in car-
tography, transportation, and food service, among others.
The addition of AI into clinical practice in nuclear medicine poses

opportunities and challenges. The full benefits of this new technol-
ogy will continuously evolve. It is important to recognize that the
nuclear medicine community must be actively involved to ensure
safe and effective implementation. Establishing and maintaining AI
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leadership in the realm of nuclear medicine requires a comprehen-
sive strategy to promote the application of innovative technology
while protecting our patients and society, executing our professional
and ethical obligations, and promoting our values. A potential
advantage of deploying AI techniques is that nuclear medicine meth-
odologies may become more widely available, increasing the access
of patients to high-quality nuclear medicine procedures.
Nuclear medicine professional societies such as the Society of

Nuclear Medicine and Molecular Imaging (SNMMI) and others
provide leadership to ensure that we recognize the benefits of tech-
nologic advances in a manner consistent with our core values, med-
ical ethics, and society’s best interests. In July 2020, the SNMMI
formed an AI task force by bringing together experts in nuclear

medicine and AI, including physicists, com-
putational imaging scientists, physicians,
statisticians, and representatives from in-
dustry and regulatory agencies. This article
serves as both a strategic plan and a sum-
mary of the deliberations of the SNMMI AI
task force over the past year in conjunction
with other focused topics, including best
practices for development (3) and evaluation
(4) (Table 1).

OPPORTUNITIES

Quantitative Imaging and Process
Improvement
Nuclear medicine is evolving toward

even better image quality and more accu-
rate and precise quantification in the preci-
sion medicine era, most recently in the
paradigm of theranostics.

Diagnostic Imaging
AI techniques in the patient-to-image

subdomain improve acquisition, and mod-
els in the image-to-patient subdomain im-
prove decision making for interventions on
patients (Fig. 2) (3).
Image generation considerations are elab-

orated in the supplemental section “Oppor-
tunities,” part A (supplemental materials
are available at http://jnm.snmjournals.org
(5–40)); however, examples include im-
proved image reconstruction from raw data

(list-mode, sinogram); data corrections including for attenuation,
scatter, and motion; and postreconstruction image enhancement,
among others (41–43). These enhancements could impact PET and
SPECT in clinical use today. Multiple–time-point acquisitions and
PET/MRI may see improved feasibility.
Specific opportunities in image analysis are elaborated in the sup-

plemental section “Opportunities,” part B. A few examples include
image registration, organ and lesion segmentation, biomarker mea-
surements and multiomics integration, and kinetic modeling (44).
Opportunities for clinical use of AI in nuclear medicine practice

were extensively reviewed recently, including brain imaging (45),
head and neck imaging (46), lung imaging (47), cardiac imaging
(48,49), vascular imaging (49,50), bone imaging (51), prostate
imaging (52), and imaging of lymphoma (53). Neuroendocrine
tumors, other cancers (including gastrointestinal, pancreatic, hepa-
tobiliary, sarcoma, and hereditary), infection, and inflammation are
some examples of additional areas requiring further consideration.

Emerging Nuclear Imaging Approaches
New developments are also emerging such as total-body PET

(54), which presents unique data and computational challenges.
Another potential use of AI is to separate multichannel data from
single-session multiisotope dynamic PET imaging. This pragmatic
advancement could be valuable to extract greater phenotyping
information in the evaluation of tumor heterogeneity (55).

Radiopharmaceutical Therapies (RPTs)
There are several areas in which AI is expected to significantly

impact RPTs.

FIGURE 1. New technologies in medicine have coincided with each phase of industrial revolution.
First industrial revolution was mechanization, with mechanical loom invented in 1784. The stetho-
scope was invented by Ren#e Laennec in 1816 and improved by Arthur Leared (1851) and George
Philip Cammann (1852). Second industrial revolutionwas driven by advent of electricity, with the com-
mercial light bulb (patented by Thomas Edison in 1879), telegram, and modern factory production
line. Electrocardiogramwas inventedby AugustusWaller in 1887 by projecting the heartbeat captured
by Lippmann capillary electrometer onto photographic plate, allowing heartbeat to be recorded in real
time.WillemEinthoven (1895) assigned letters P,Q, R, S, andT to the theoretic waveform. Third indus-
trial revolution, known as digital revolution, brought computing technology and refined it to personal
computer. In 1960s, Kuhl and Edwards developed cross-sectional CT and implemented this in the
SPECT scanner, which was later applied to CT scanner by Sir Godfrey Hounsfield and Allan Cormack
in 1972. Fourth industrial revolution is that ofmodern day, with big data, hyperconnectivity, and neural
networks, resulting in ability to propel self-driving cars and development of AI in nuclear medicine.
CNN5 convolutional neural network; IoT5 Internet of things.

NOTEWORTHY

! An appropriate AI ecosystem can contribute to enhancing the
trustworthiness of AI tools throughout their life cycle through
close collaboration among stakeholders.

! A trustworthy medical AI system depends on the trustworthiness
of the AI system itself, as well as the trustworthiness of all people
and processes that are part of the system’s life cycle.

! By encouraging the establishment of trustworthy AI in nuclear
medicine, SNMMI aims to decrease health disparity, increase
health system efficiency, and contribute to the improved
overall health of society using AI applications in the practice
of nuclear medicine.
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AI-Driven Theranostic Drug Discovery and Labeling. The use
of AI for molecular discovery has been explored to select the most
promising leads to design suitable theranostics for the target in
question. For example, machine learning models could be trained
using parameters from past theranostic successes and failures (e.g.,
partition coefficient, dissociation constant, and binding potential)
to establish which best predict a given outcome (e.g., specific
binding, blood–brain barrier penetration, and tumor-to-muscle
ratio). New AI approaches are revolutionizing our understanding
of protein–ligand interactions (56). New hit molecules (e.g., from
the literature or high-throughput screens) can then serve as the test
set in such AI models to speed up hit-to-lead optimization. Subse-
quently, with lead molecules identified, AI could also predict opti-
mal labeling precursors and synthesis routes to facilitate fast and
efficient development of theranostic agents (57,58). By defining
parameters from existing synthetic datasets (e.g., solvents, addi-
tives, functional groups, and nuclear magnetic resonance shifts),
models can be trained to predict radiochemical yield for a given
substrate using different precursors and radiosynthetic methods.
Subjecting new lead candidates as test sets in the models will
enable rapid identification of appropriate precursors and labeling
strategies for new theranostics, minimizing resource-intensive
manual synthetic development.
Precision Dosimetry. The field of radiopharmaceutical dosimetry

is progressing rapidly. After administration of radiopharmaceuticals,
dynamic and complex pharmacokinetics results in time-variable

biodistribution. Interaction of ionizing particles arising from the
injected agent with the target and normal tissue results in energy
deposition. Quantification of this deposited energy and its biologic
effect is the essence of dosimetry, with opportunities to link the
deposited energy to its biologic effect on diseased and normal tissues
(Fig. 3).
In dosimetry, SPECT serves as a posttreatment quantitative

measuring device. One challenge is the difficulty for patients to
remain flat and motionless on the scanning table for the required
time. AI-based image reconstruction or enhancement methods can
reduce the required SPECT scanning time for patients while main-
taining or enhancing the accuracy of quantification (59) and enable
attenuation correction in SPECT (60).
Multiple steps in dosimetry potentially can be enhanced by AI

methods, including multimodality and multiple–time-point image
registration, segmentation of organs and tumors, time–activity
curve fitting, time-integrated activity estimation, conversion of
time-integrated activity into absorbed dose, linking macroscale
dosimetry to microscale dosimetry, and arriving at comprehensive
patient dose profiling (61).
Predictive Dosimetry and Digital Twins. Existing models can

perform dosimetry before (e.g., 131I-metaiodobenzylguanidine) or
after treatment. Personalized RPTs require predictive dosimetry for
optimal dose prescription in which AI can play a role. Pretherapy
(static or dynamic) PET scans could model radiopharmaceutical
pharmacokinetics and absorbed doses in tumors and normal organs.

TABLE 1
Opportunities and Challenges Ahead for Nuclear Medicine Toward Achieving Trustworthy AI

Category Domain Subdomain

Opportunities Diagnostic imaging Emerging nuclear imaging approaches

RPTs AI-driven theranostic drug discovery and labeling

Precision dosimetry

Predictive dosimetry and digital twins

Clinical workflow: increasing throughput
while maintaining excellence

Challenges Development of AI applications/medical
devices

Data

Optimal network architecture

Measurement and communication of uncertainty

Clinically impactful use cases

Team science

Evaluation (verification of performance) Performance profiling through task-based
evaluations

Guidelines for validation

Multicenter clinical trial network

Ethical, regulatory, and legal
ambiguities

Ethical aspects

Regulatory and legal aspects

Implementation of clinical AI solutions
and postimplementation monitoring

AI platform

Barriers of dissemination and implementation of AI
technology in medicine

Postdeployment: change management and
performance

Trust and trustworthiness
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Furthermore, it is possible to additionally use intratherapy scans
(e.g., single–time-point SPECT in the first cycle of RPTs) to better
anticipate and adjust doses in subsequent cycles.
Overall, a vision of the future involves accurate and rapid evalu-

ation of different RPT approaches (e.g., varying the injected

radioactivity dose and rate, site of injec-
tion, and injection interval and coupling
with other therapies) using the concept of
the theranostic digital twin. The theranostic
digital twin can aid nuclear medicine phy-
sicians in complex decision-making pro-
cesses. It enables experimentation (in the
digital world) with different treatment sce-
narios, thus optimizing delivered therapies.
The opportunities discussed in the RPT

section above are further described in the
supplemental section “Opportunities,” part C.

Clinical Workflow: Increase Throughput
While Maintaining Excellence
AI may impact operations in nuclear

medicine, such as patient scheduling and
resource use (62), predictive maintenance
of devices to minimize unexpected down-
times, monitoring of quality control mea-
surement results to discover hidden patterns
and indicate potential for improvement, and
monitoring of the performance of devices
in real time to capture errors and detect
aberrancies (62,63). These processes will
make the practice of nuclear medicine safer,
more reliable, and more valuable.
Triage of urgent findings and augmenta-

tion of time-consuming tasks could improve the report turnaround
time for the most critical cases and increase the efficiency of
nuclear medicine physicians, allowing them to more effectively
care for patients. It is important to ensure that AI systems in
nuclear medicine are sustainable through developing new current

FIGURE 3. Dosimetry as major frontier supported by AI toward personalization of therapy: various contributions by AI to image acquisition, generation,
and processing, followed by automated dose calculations, can enable routine deployment and clinical decision support. TIAM5 Time Integrated Activity
Map.

FIGURE 2. From patient to image creation and back to physician, there are opportunities for AI
systems to act at nearly any step in medical imaging pipeline to improve our ability to care for
patients and understand disease (3).
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procedural terminology codes and assigning appropriate relative
value units for the technical and professional components. It is
also possible that increased efficiencies in interpretation (more
cases read accurately per unit time) may allow AI to be deployed
into clinical workflows in an overall cost-effective manner.

AI ECOSYSTEM

Actualization of Opportunities and Contextualization
of Challenges
Although early nuclear medicine AI systems are already emerg-

ing, many opportunities remain in which the continuous propaga-
tion of AI technology could augment our precision patient care
and practice efficiencies. The environment in which AI develop-
ment, evaluation, implementation, and dissemination occurs needs
a sustainable ecosystem to enable progress, while appropriately
mitigating concerns of stakeholders.
The total life cycle of AI systems, from concept to appropriation

of training data, model development and prototyping, production
testing, validation and evaluation, implementation and deployment,
and postdeployment surveillance, occurs within a framework that
we call the AI ecosystem (Fig. 4). An appropriate AI ecosystem can
contribute to enhancing the trustworthiness of AI tools throughout
their life cycle through close collaboration among stakeholders.

CHALLENGES FOR DEVELOPMENT, VALIDATION,
DEPLOYMENT, AND IMPLEMENTATION

Development of AI Applications and Medical Devices
Five challenges that should be addressed include availability of

curated data, optimization of network architecture, measurement and
communication of uncertainty, identification of clinically impactful
use cases, and improvements in team science approaches (supple-
mental section “Development Challenges”).

Evaluation (Verification of Performance)
Theories on appropriate evaluation of AI software are a broad and

active area of current investigation. Establishing clear and consistent
guidelines for performance profiling remains challenging. Most cur-
rent verification studies evaluate AI methods on the basis of metrics
that are agnostic to performance on clinical tasks (64). Although such
evaluation may help demonstrate promise, there is an important need
for further testing on specific clinical tasks before the algorithms can
be implemented. Failure-mode profiling is among the most important
challenges (supplemental section “Evaluation Challenges”).

Ethical, Regulatory, and Legal Ambiguities
Major ethical concerns include informed consent for data use,

replication of historical bias and unfairness embedded in training
data, unintended consequences of AI device agency, the inherent
opaqueness of some algorithms, concerns about the impact of AI
on health-care disparities, and trustworthiness (supplemental sec-
tion “Ethical, Regulatory, and Legal Ambiguities”). AI in nuclear
medicine has limited legal precedent (65).

Implementation of Clinical AI Solutions and
Postdeployment Monitoring
The lack of an AI platform integrating AI applications in the nuclear

medicine workflow is among the most critical challenges of imple-
mentation (66). Barriers of dissemination can be categorized at the
individual level (health-care providers), at the institutional level (orga-
nization culture), and at the societal level (67). Deployment is not the
end of the implementation process (supplemental section “Implemen-
tation of Clinical AI Solutions and Post-Deployment Monitoring”).

TRUST AND TRUSTWORTHINESS

In medicine, trust is the essence, not a pleasance.
Successful solutions to the above-mentioned challenges are neces-

sary but not sufficient for the sustainability of AI ecosystems in
medicine. Well-developed and validated AI
devices with supportive regulatory context,
appropriate reimbursement, and successful
primary implementation may still fail if
physicians, patients, and society lose trust
because of lack of transparency and other
critical elements of trustworthiness such as
perceived inattention to health disparity or
racial injustice. In a recent survey, Mar-
tinho et al. (68) found significant perceived
mistrust among health-care providers with
regard to AI systems and the AI industry
while realizing the importance and benefits
of this new technology. Responders also
emphasized the importance of ethical use,
and the need for physician-in-the-loop in-
teractions with AI systems, among the other
factors. There is a need for a comprehen-
sive analysis of the AI ecosystem to define
and clarify the core elements of trustworthi-
ness in order to realize the benefits of AI in
clinical practice.

RESPONSIBILITIES: TOWARD
TRUSTWORTHY AI

When the safety, well-being, and rights
of our patients are at stake, SNMMI should

FIGURE 4. AI ecosystem is a complex environment in which AI system development occurs. The
ecosystem connects stakeholders from industry to regulatory agencies, physicians, patients, health
systems, and payers. Proposed SNMMI AI Center of Excellence can serve as an honest broker to
empower the AI ecosystem from a neutral standpoint with focus on solutions. ACE 5 SNMMI AI
Center of Excellence; RIS5 radiology information system.
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be committed to support principles that are future-proof and inno-
vation-friendly.
The willingness of physicians and patients to depend on a speci-

fic tool in a risky situation is the measure of the trustworthiness of
that tool (69). In the case of AI systems, that willingness is based
on a set of specific beliefs about the reliability, predictability, and
robustness of the tool, as well as the integrity, competency, and
benevolence of the people or processes involved in the AI sys-
tem’s life cycle (development, evaluation/validation, deployment/
implementation, and use).
A trustworthy medical AI system depends on the trustworthiness

of the AI system itself, as well as the trustworthiness of all people
and processes that are part of the system’s life cycle (Fig. 5).
Trustworthy medical AI systems require a societal and profes-

sional commitment to the ethical AI framework, which includes 4
principles rooted in the fundamentals of medical ethics: respect for
patients’ and physicians’ autonomy, prevention of harm, benefi-
cence to maximize the well-being of patients and society, and fair-
ness. These principles should be observed in various phases of the
AI system life cycle.
In what follows, we outline 12 key elements that need to be

consistently present in AI systems.

12 Key Elements of Trustworthy AI Systems
Human Agency. AI systems should empower physicians and

patients, allowing them to make better-informed decisions and fos-
ter their autonomy (70). Effects of the AI algorithms on human
independence should be considered. It should be clear to patients
and physicians the extent to which AI is involved in patient care
and the extent of physician oversight. There must be checks to
avoid automation bias, which is the propensity of humans to value
and overly rely on observations and analyses from computers over
those of human beings (71).
Oversight. There must be sufficient oversight of AI decision

making, which can be achieved through human-in-the-loop and
human-in-command approaches (72). AI systems that are involved
in higher-risk tasks (e.g., those that drive clinical management and
diagnose or treat disease) must be closely monitored through post-
market surveillance by independent professional credentialing

organizations analogous to certification and
recertification of medical professionals. Peer
review processes in practices can be adapted
to consider the combined physician–AI
decision-making process.
Technical Robustness. AI systems must

perform in a dependable manner (sufficient
accuracy, reliability, and reproducibility)
(73). This performance should be resilient
to the breadth of clinical circumstances re-
lated to their prescribed use (generalizabil-
ity). The AI tool should explicitly convey a
degree of certainty about its output (confi-
dence score) and have a mechanism in place
to monitor the accuracy of outputs as part
of a continuous quality assurance program.
Failure modes of the algorithm should be
well-characterized, documented, and under-
stood by users.
Safety and Accountability. According to

the concepts of safety-critical systems (74),
AI systems should prioritize safety above

other design considerations (e.g., potential gains in efficiency, eco-
nomics, or performance). When adverse events occur, mechanisms
should be in place for ensuring accountability and redress. Ven-
dors must be accountable for the claims made of their AI systems.
Physicians must be accountable for the way in which AI systems
are implemented and used in the care of patients. The ability to
independently audit the root cause of a failure in an AI system is
important. Protection must be provided for individuals or groups
reporting legitimate concerns in accordance with the principles of
risk management.
Security and Data Governance. AI systems must include mech-

anisms to minimize harm, as well as to prevent it whenever possi-
ble. They must comply with all required cybersecurity standards.
There should be an assessment of vulnerabilities such as data poi-
soning, model evasion, and model inversion. Assurances should
be made to mitigate potential vulnerabilities and avoid misuse,
inappropriate use, or malicious use (such as a deep fake) (75).
Predetermined Change Control Plan. AI tools can be highly

iterative and adaptive, which may lead to rapid continual product
improvement. The plan should include types of anticipated mod-
ifications (software-as-a-medical-device prespecifications). There
must be a clear and well-documented methodology (algorithm
change protocol) to evaluate the robustness and safety of the
updated AI system. The algorithm change protocol should include
guidelines for data management, retraining, performance evalua-
tion, and update procedures. Vendors should maintain a culture of
quality and organizational excellence.
Diversity, Bias Awareness, Nondiscrimination, and Fairness. AI

systems can be affected by input data maladies (incomplete data,
inadvertent historically biased data), algorithm design insufficiencies,
or suboptimal performance assessment or monitoring strategies.
These issues may result in biases leading to unintended prejudice
and cause harm to patients. Discriminatory bias should be removed
from AI systems in the development phase when possible (67).
AI system performance should be evaluated in a wide spectrum

of diseases and in patients with a particular condition regardless of
extraneous personal characteristics. No particular group of patients
should be systematically excluded from AI device development.
Patients who are underrepresented or have rare diseases should not

FIGURE 5. Twelve core concepts critical to trustworthy AI ecosystems.

TOWARD A TRUSTWORTHY AI ECOSYSTEM ! Saboury et al. 193



be excluded from AI system development or evaluation—though
such datasets will be sparse and most likely could be used in the
evaluation of AI methods developed only in larger populations
(for generalizability). Appropriate validation testing on standard-
ized sets that incorporate patient diversity, including rare or
unusual presentations of disease, are critical to evaluate the pres-
ence of bias in results regardless of the training data used (76).
AI systems should be user-centric and developed with an aware-

ness of the practical limitations of the physician work environment.
Accessibility features should be provided to those individuals with
disabilities to the extent necessary according to universal design
principles.
Stakeholder Participation. Throughout the life cycle of an AI

system, all stakeholders who may directly or indirectly be affected
should actively participate to help, advise, and oversee the devel-
opers and industry. Participation of patients, physicians, and all
relevant providers, health-care systems, payors, regulatory agen-
cies, and professional societies is imperative. This inclusive and
transparent engagement is essential for a trustworthy AI ecosys-
tem. Regular clinical feedback is needed to establish longer-term
mechanisms for active engagement.
Transparency and Explainability. Vendors should openly com-

municate how an AI system is validated for the labeled claim (pur-
pose, criteria, and limitations) by describing the clinical task for
which the algorithm was evaluated; the composition of the patient
population used for validation; the image acquisition, reconstruc-
tion, and analysis protocols; and the figure of merit used for the
evaluation (4,73). There must be appropriate training material and
disclaimers for health-care professionals on how to adequately use
the system. It should be clear which information is communicated
from the AI system and which information is communicated by a
health-care professional. AI systems should incorporate mecha-
nisms to log and review which data, AI model, or rules were used
to generate certain outputs (auditability and traceability). The
effect of the input data on the AI system’s output should be con-
veyed in a manner whereby their relationship can be understood
by physicians and, ideally, patients (explainability) in order to
allow a mechanism to critically evaluate and contest the AI system
outputs. For diagnostic applications, the AI system should commu-
nicate the degree of confidence (uncertainty) together with its deci-
sion. To the extent possible, in high-stakes tasks the use of black
box AI systems without proper emphasis on transparency should
be avoided (77).
Sustainability of Societal Well-Being. It is important to ack-

nowledge that exposure to AI could negatively impact social rela-
tionships and attachment within the health-care system (social
agency) (78). AI systems should be implemented in a manner that
enhances the physician–patient relationship. AI systems should not
interfere with human deliberation or deteriorate social interactions.
The societal and environmental impact of an AI tool should be care-
fully considered to ensure sustainability. Health-care workers who
are impacted by the implementation of AI systems should be given
an opportunity to provide feedback and contribute to its implemen-
tation plan. Professional societies and training programs should
take steps to ensure that AI systems do not result in deskilling of
professionals, such as by providing opportunities for reskilling and
upskilling. A new set of skills, including physician oversight and
interaction with AI tools, will evolve and must be refined.
Privacy. AI systems should have appropriate processes in place

to maintain the security and privacy of patient data. The amount of
personal data used should be minimized (data minimization).

There should be a statement on measures used to achieve privacy
by design, such as encryption, pseudoanonymization, aggregation,
and anonymization. Systems should be aligned with standards and
protocols for data management and governance.
Fairness and Supportive Context of Implementation. Early

development efforts can pose more risk to developers and consu-
mers. To address liability concerns, there have been successful
programs in other industries to encourage adoption of new tech-
nology and support consumer protection, such as for vaccines and
autonomous vehicles (65).

STRATEGIES FOR SUCCESS

Part 1: SNMMI Initiatives
In July 2022, SNMMI created an AI task force to strategically

assess the emergence of AI in nuclear medicine (supplemental sec-
tion “SNMMI Initiatives”). An area of important focus was to des-
ignate working groups, such as the AI and dosimetry working
group for predictive dosimetry and treatment planning.

Part 2: SNMMI Action Plan
The AI task force recommends the establishment of an SNMMI

AI Center of Excellence to facilitate a sustainable AI ecosystem
(supplemental section “SNMMI Action Plan”). A nuclear medi-
cine imaging archive will address the need for meaningful data
access. A coalition on trustworthy AI in medicine and society will
address the need for an AI bill of rights (79).

Part 3: SNMMI Recommendations
Recommendations for the future are also provided in the supple-

mental section “SNMMI Recommendations.”

CONCLUSION

There are immense and exciting opportunities for AI to benefit
the practice of nuclear medicine. Meanwhile, there are challenges
that must and can be addressed head-on. As current challenges are
addressed and new AI solutions emerge, SNMMI and the nuclear
medicine community have the responsibility to ensure the trust-
worthiness of these tools in the care of patients.
We can all benefit from efforts to ensure fairness, inclusion, and

lack of bias in the entire life cycle of AI algorithms in different
settings.
There are 3 levels of facilitation that can support and enable the

appropriate environment for trustworthy AI. First, our community
must establish guidelines, such as those referenced in this article,
to promote the natural development of trustworthy AI. Second, we
can facilitate trustworthy AI through an SNMMI AI Center of
Excellence. Third, we can make trustworthy AI occur through
active engagement and communicative actions.
By encouraging the establishment of trustworthy AI in nuclear

medicine, SNMMI aims to decrease health disparity, increase
health system efficiency, and contribute to the improved overall
health of society using AI applications in the practice of nuclear
medicine.
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You don’t understand anything until you learn it more than
one way.

—Marvin Minsky (1927–2016)

Living organisms maintain homeostasis through dynamic mul-
tiorgan systemic interactions (1). Considerable energy is needed to
fuel these interactions to promptly orchestrate multiple organs to
respond to perturbations (allostatic load) (2). For example, inflam-
mation in response to infection or tissue damage is a critical sur-
vival mechanism to return to the original homeostatic state. In the
case of ill-compensated systemic feedback loops (allostatic over-
load), persistent disruptions in baseline homeostasis may occur,
which gives rise to chronic diseases such as arthritis, cancer, car-
diovascular disease, or diabetes (3). These pathologies can, in the-
ory, be characterized by deviations in parameters that describe a
normative multiorgan network and that extend beyond their usual
range.
Molecular imaging modalities such as PET can provide valuable

insights into the underlying homeostasis of living subjects using
target-specific radiotracer imaging (4). After the commercial incep-
tion of PET, most of its clinical investigations focused on imaging
with a single-organ field of view (FOV) (cardiology and neurol-
ogy). With the introduction of a whole-body (WB) acquisition
mode—that is, the successive translation of the subject through the
axial FOV of a PET system with slightly overlapping bed positions
(5)—the identification of hypermetabolic tumor lesions in oncology
patients became the primary application of PET. Such a reductionist
“lumpology” approach (6), however, caused a wealth of molecular
information available from PET to be overlooked and the concept
of human physiology imaging to be discarded.
The recent extension of the WB PET concept to extended axial-

imaging ranges with larger-FOV systems, colloquially referred to
as total-body (TB) PET, has sparked interest in the PET community
to conduct multiorgan systemic investigations. TB PET systems
cover axial scan ranges of 1 m (7,8) to 2 m (9), allowing synchro-
nous measurement of signals from multiple organs. In addition, the
richness of the multiorgan data derived from WB PET not-
withstanding (10,11), TB PET is particularly unique as it satisfies

2 critical criteria for such causal investigations: the simultaneous
acquisition of signals from multiple investigated distant organs and
a high temporal resolution across the FOV (12). The combination
of increased sensitivity and subsecond temporal sampling (13) pro-
vided by TB PET could potentially aid in probing real-time multior-
gan interactions (Fig. 1).

MULTIORGAN ANALYSIS WITH STANDARD WB PET

Traditional WB PET with an axial FOV of about 20 cm can
already be used for multiorgan analysis. For example, simple inter-
group comparisons of organ-based SUV can provide crucial infor-
mation on the underlying pathology. A recent study demonstrated
that in a patient cohort with resected breast cancer, a high metabolic
tumor volume and increased spleen glucose metabolism at baseline
were associated with poor 5-y recurrence-free survival (14). That
study hinted toward a possible interaction between the tumor and the
host immune system through upregulation of hematopoiesis. Diseases
formerly conceived as focal, such as myocardial infarction, have dis-
tributed effects throughout the body that are mediated through
disease-specific networks (15). And finally, mental and societal stress
triggers have been linked to various diseases associated with chronic
inflammation that can already be assessed byWB PET (16).

INTERORGAN NETWORKS THROUGH PET

Current multiorgan network investigations using WB or TB PET
are mostly fishing expeditions aiming to pinpoint stable correlations
between organs (10,11). In general, correlation analyses explore
gross systemic effects between 2 groups without causal explana-
tion. When correlation analyses are performed, the chosen sample
should represent the investigated population (e.g., healthy or patho-
logic) (17). Other factors, such as variability, linearity, and variance
of the samples, must also be considered. Since most multiorgan corre-
lation network studies seek to pinpoint monotonic relationships
between investigated organs, Spearman correlation should be chosen
over Pearson correlation, as the former is nonparametric and insensi-
tive to the linearity and homogeneity of the variance of observed data.
The ultimate goal of interorgan analysis is to identify causal rela-

tionships between organs that can facilitate the development of
impactful interventions in medicine. Here, structure learning of
Bayesian networks (18) in combination with graph models as visual
representations of causal links in complex processes can be an
attractive approach (19), which, however, still mandates the inte-
gration of a clinical expert to denounce spurious causal links.
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Both causal and correlation networks should be considered
hypothesis-generating tools rather than tools that provide solid end-
points. Such hypotheses must be proven or disproven in rigorous
validation studies (Fig. 2) in which investigators should be con-
scious of the confounders affecting the accuracy of SUV or kinetic
parameters as part of a multiorgan analysis (20).

THE PROMISE OF TB PET

Despite the increasing installed base of TB PET systems, the
number of studies that explore TB PET beyond dose reduction and
higher throughput for the sake of assessing the human connectome
studies is limited. Preliminary studies have demonstrated the poten-
tial of using the temporal domain, namely raw time–activity curves,
to derive metabolic associations between different bone compart-
ments (21) or to construct normative networks for healthy male and
female controls (22). Although neither study explained causality,

dynamic TB PET has the potential to create personalized causal net-
works from a single subject. Such a paradigm requires, however,
the subject to be challenged by a task, pharmacologic intervention,
or external stressor (e.g., pain or cold). By challenging (perturbing)
the system, simultaneous or delayed changes in signals from differ-
ent organs can be measured and used to establish causality.
For decades, such studies have been performed with functional

MRI to derive effectivity connectivity by conducting baseline and
task paradigms in a single imaging session (23). Recent innovative
brain studies in functional PET have shown the possibility of using
18F-FDG PET to study dynamic changes in glucose metabolism
within a single session with the aid of constant-infusion protocols (24).
However, conducting such challenge-based studies is nontrivial in
a TB PET setting, particularly in view of unknown response
times and downstream interactions. Therefore, test studies on well-
understood paradigms (25) should be performed before explor-
atory connectome investigations are conducted using TB PET.

FIGURE 1. Thanks to markedly increased performance, TB PET allows assessment of multiple organs synchronously, giving way to noninvasive explo-
ration of systemic, interorgan interactions.

FIGURE 2. Categoric pathway to adopting WB or TB PET for exploring human connectome: several advanced and automated tools are required to
extract robust data for hypothesis building and validation in translational setting. ECG 5 electrocardiography; EEG 5 electroencephalography; fMRI 5
functional MRI.
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ROAD MAP TO THE FUTURE: CONNECT TO
THE CONNECTOME

To date, the PET imaging community is fragmented by vendor,
geography, and skill set. There needs to be more meaningful shar-
ing of code, data, and expertise to address the novel challenges and
opportunities that arise with this technology. To fully leverage the
potential of WB and TB PET alike for health care, new analysis
methods are required, and new skills in the workforce are needed
(Fig. 2). Automated data analytics pipelines, including automatic
WB semantic segmentation (26) as well as WB and TB PETmotion
correction and spatial normalization, are prerequisites to robust TB
PET connectome studies.
The community needs to be open to the repurposing of existing

solutions (e.g., Statistical Parametric Mapping, version 12 (27))
and to be prepared to fail in this high-risk–high-gain approach to
using PET far from the comfortable notion of a high-sensitivity
lesion tracker. Fostering rigorous experiments to prove the validity
of correlations and causalities while also sharing negative results
must be encouraged. Also, rich data from healthy and pathologic
cohorts should be pooled to amass large sample sizes that help us
to better understand the actual distribution of the data and, there-
fore, to arrive at logical conclusions.

CONCLUSION

The introduction of TB PET offers unique opportunities to inves-
tigate multiorgan interactions—the organ connectome for under-
standing human physiology and pathology. Novel study protocols
and paradigms, and translational research pipelines, will be required
to support causal interpretations of interorgan relationships. As a
community, we should unite to prioritize progress over our vanities.
The same was said in the early days of PET/CT and PET/MRI, and it
still holds true. Novel and open-minded collaborative efforts beyond
the nuclear medicine comfort zone are required to unlock the power
of WB and TB PET imaging. Adopting this concept requires signifi-
cant personal and infrastructural investments; the concept may fail,
but if it does not, it will benefit our patients and medicine at large.
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Our objective was to investigate nuclear medicine scientists’ experi-
ence with scientific fraud, publication bias, and honorary authorship.
Methods: Corresponding authors who published an article in one of the
15 general nuclear medicine journals (according to Journal Citation
Reports) in 2021 received an invitation to participate in a survey on sci-
entific integrity. Results: In total, 254 (12.4%) of 1,897 corresponding
authors completed the survey, of whom 11 (4.3%) admitted to having
committed scientific fraud and 54 (21.3%) reported having witnessed or
suspected scientific fraud by someone in their department in the past
5 y. Publication bias was considered present by 222 (87.4%) respon-
dents, and honorary authorship practices were experienced by 100
(39.4%) respondents. Respondents assigned amedian score of 8 (range,
2–10) on a 1- to 10-point scale for their overall confidence in the integrity
of published work. On multivariate analysis, researchers in Asia had sig-
nificantly more confidence in the integrity of published work, with a
b-coefficient of 0.983 (95% CI, 0.512–1.454; P, 0.001). A subset of 22
respondents raised additional concerns, mainly about authorship criteria
and assignments, the generally poor quality of published studies, and
perverse incentives of journals and publishers. Conclusion: Scientific
fraud, publication bias, and honorary authorship appear to be nonnegli-
gible practices in nuclear medicine. Overall confidence in the integrity of
published work is high, particularly among researchers in Asia.

Key Words: fraud; medical imaging; nuclear medicine; research;
scientificmisconduct
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The contribution of nuclear medicine to health care has devel-
oped tremendously over the past decades (1). Continued innova-
tions will further bolster the importance of the specialty in clinical
medicine (1). Scientific publications can be considered paramount
to proving the benefit of new technology and clinical applications
to nuclear medicine patient care. They also provide an important
source of information and inspiration to other researchers to initi-
ate further studies in the same field. To avoid potential patient
harm and futile investments, it is crucial that scientific publications
be trustworthy and ethical.
Scientific fraud, defined as fabrication, falsification, or plagiarism

in proposing, performing, or reviewing research, or in reporting

research results, has been around for many centuries and still persists
(2,3). Publication bias, which refers to a greater likelihood that stud-
ies with positive results will be published than studies with negative
results, is also considered a persistent problem (4). Both scientific
fraud and publication bias lead to unreliable scientific data in medical
journals. Honorary authorship, defined as the intentional misrepresen-
tation of credit to an individual whose contributions to a biomedical
article do not meet the criteria for authorship established by the Inter-
national Committee of Medical Journal Editors (5), is a third major
undesired phenomenon in the scientific community (6). Although
honorary authorship may not undermine the validity of scientific
data, it is still considered to be unethical and to represent scientific
misconduct (6).
For nuclear medicine to prosper to its full potential, there should

ideally be no place for scientific fraud, publication bias, and hon-
orary authorship. Research into this topic in the field of nuclear
medicine has been lacking so far.
The purpose of this study was to investigate nuclear medicine

scientists’ experience with scientific fraud, publication bias, and
honorary authorship.

MATERIALS AND METHODS

Study Design and Participants
A survey study, which was approved by the institutional review

board of the University Medical Center Groningen, was conducted
among corresponding authors of all articles that were published in the
15 general nuclear medicine journals (according to Journal Citation
Reports [https://jcr.clarivate.com]) in 2021. These 15 journals are dis-
played in Supplemental Table 1 (supplemental materials are available at
http://jnm.snmjournals.org). Corresponding authors were excluded if
their e-mail address could not be found, if a message could not be deliv-
ered to their e-mail address, or if they were from the same institution as
the authors of the present work. The remaining corresponding authors
received an e-mail with an invitation to participate in a survey on scien-
tific integrity in the field of nuclear medicine, on a voluntary and anony-
mous basis. This e-mail contained a link to a digital survey that was
composed with Qualtrics Core XM survey software (Qualtrics LLC).
Eligible participants were first contacted on May 18, 2022, and received
reminders on June 1, 2022, June 15, 2022, and August 26, 2022.

Questionnaire
The survey contained 6 closed-ended or semi–closed-ended ques-

tions on participant’s characteristics (age, sex, country of work, aca-
demic degree, academic position, and years of research experience), 2
semi–closed-ended questions on scientific fraud in the past 5 y (by the
participant and by colleagues in the participant’s department), 2
closed-ended questions on publication bias and honorary authorship
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in the past 5 y, and 1 closed-ended question on the participant’s
overall confidence in the integrity of published scientific work in the
participant’s field. Finally, all participants were given the opportu-
nity to leave any comments in an open text field. All survey ques-
tions and possible answer options are displayed in Supplemental
Table 2.

Data Analysis
Participants’ characteristics were descriptively summarized. Fre-

quencies of reported scientific fraud, publication bias, and honorary
authorship were calculated. Associations between overall confidence
in the integrity of published work (1- to 10-point scale) versus partici-
pant’s age, sex, continent (countries were merged into continents),
academic degree, academic position, and years of research experience
were determined using linear regression analysis. Variables that were
significant on univariate analysis were subjected to multivariate
analysis. The category with most observations was used as a refer-
ence for each nominal variable. Categories with fewer than 10
counts were excluded. All narrative comments provided by the par-
ticipants in the open text field at the end of the survey were qualita-
tively analyzed to identify common topics of concern. P values of
less than 0.05 were considered statistically significant. Statistical
analyses were performed with the Statistical Package for the Social
Sciences, version 26 (IBM).

RESULTS

Eligible Participants
A total of 2,111 corresponding authors published an article in

the 15 journals in 2021. Of these corresponding authors, 185 were
excluded because of undeliverable e-mails and 29 were excluded
because they were from the same institution as the authors of the
present work, leaving 1,897 individuals who were contacted to
participate in the survey.

Respondents
A total of 254 (12.4%) of the 1,897 invited corresponding authors

completed the survey. Most respondents were aged 35–44 y (31.1%)
and male (77.6%); their top-three countries of residence were the
United States (16.5%), Italy (12.6%), and Germany (11.8%); and
most respondents had a medical doctor degree (60.2%), were a full
professor (32.7%), and had more than 10 y of research experience
(71.3%) (Supplemental Table 3).

Scientific Fraud
Eleven (4.3%) of the 254 respondents admitted to having com-

mitted scientific fraud in the past 5 y, with data manipulation or fal-
sification and misleading reporting being the most common types
of scientific fraud (Table 1). Fifty-four (21.3%) of the 254 respond-
ents reported having witnessed or suspected scientific fraud by
someone in their department in the past 5 y, with duplicate or
redundant publication, misleading reporting, and data manipulation
or falsification being the leading types of scientific fraud (Table 1).

Publication Bias
Two hundred twenty-two (87.4%) of the 254 respondents thought

that a study with positive results is more likely to be accepted by a
journal than a similar study with negative results, 21 (8.3%) thought
that this is not the case, and 11 (4.3%) were unsure as to whether
there is publication bias.

Honorary Authorship
One hundred (39.4%) of the 254 respondents indicated that they

had an author on one of their publications in the past 5 y who actu-
ally did not deserve this coauthorship based on the International
Committee of Medical Journal Editors criteria, 124 (48.8%) did
not, and 30 (11.8%) were unsure as to whether they had experi-
enced honorary authorship practices.

Overall Confidence in the Integrity of Scientific Publications
Respondents assigned a median score of 8 (range, 2–10) on a 1-

to 10-point scale for their overall confidence in the integrity of
published work (Fig. 1). On multivariate regression, researchers in
Asia had significantly more confidence in the integrity of pub-
lished work, with a b-coefficient of 0.983 (95% CI, 0.512–1.454;
P , 0.001) (Supplemental Table 4).

Common Topics of Concern
Twenty-two respondents provided additional narrative com-

ments, which are displayed in Supplemental Table 5. Authorship
issues were most commonly addressed (with honorary authorship
as the leading topic), followed by the generally poor quality of
published studies (because of either unintentional or intentional
scientific misconduct), and perverse incentives (e.g., financial) of
journals and publishers that impede the publication and dissemina-
tion of unbiased, high-quality scientific work.

TABLE 1
Types of Reported Scientific Fraud

Type Among survey respondents (n 5 11)* Among departmental coworkers (n 5 54)†

Data fabrication 2 10

Data manipulation or falsification 4 19

Misleading (e.g., selective) reporting 4 26

Plagiarism 2 16

Duplicate or redundant publication 3 28

Other type of publication fraud 1‡ 3¶

*Three respondents indicated to have committed multiple types of scientific fraud.
†Twenty-eight respondents indicated to have witnessed or suspected multiple types of scientific fraud among departmental

coworkers.
‡
“Including authors on papers that did not contribute enough to justify this.”

¶
“A doctoral candidate pulled together study plans of others and got a grant with his application. This was noticed and he had to

withdraw his application,” “Ghost authorship,” and “Same as above.”
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DISCUSSION

The reported scientific fraud rates, with duplicate or redundant
publication, misleading reporting, and data manipulation or falsifi-
cation being the leading types of scientific fraud, can be considered
a reason for concern. These scientific integrity concerns are further
aggravated by the fact that most respondents indicated that publica-
tion bias takes place and that a substantial proportion of respon-
dents had faced honorary authorship practices. Overall confidence
in the scientific integrity of published work in the field of nuclear
medicine was generally high but was quite variable when consider-
ing the entire pool of survey participants. Interestingly, researchers
from Asia had more confidence in the scientific integrity of pub-
lished work. It can be speculated that Asian researchers generally
regard scientific journals as authoritative (14 of the 15 journals
used for the present study are based in Western countries) and
therefore trust their publications. However, this finding applies only
to the respondents who participated in this survey; more research is
necessary to investigate whether this finding can be generalized.
Survey studies similar to the present one have been performed

outside the medical imaging field. In a metaanalysis by Fanelli et al.
(7) that included 18 such studies, 2.0% of scientists admitted to hav-
ing fabricated, falsified, or modified data or results at least once, and
up to 33.7% admitted to other questionable research practices. In
addition, in surveys asking about the behavior of colleagues, admis-
sion rates were 14.1% for falsification and up to 72.0% for other
questionable research practices (7). These percentages are consider-
ably higher than those in the present study. This difference may be
explained by the fact that the metaanalysis by Fanelli et al. (7)
included studies that were not related to nuclear medicine and were
published between 1998 and 2005. Publication bias and honorary
authorship practices in nuclear medicine research have also been an
unexplored field so far. Related studies in the specialty of radiology
reported both phenomena to be widespread (8–10), in line with the
results of the present study.
Publication pressure (“publish or perish”) and the scramble for

research grants have been recognized as important factors that may
give rise to fraudulent research (11–13), because grants and
income, number of publications, publications in high-impact jour-
nals, and citations of published research are still regarded as impor-
tant criteria (either explicit or implicit) for academic appointments
and promotions (14). Funding bodies and medical journals are
often driven by the desire for positive study results, which may
also be detrimental to the scientific climate in which researchers
have to operate. Banning scientific fraud and lifting the integrity
and trustworthiness of nuclear medicine research and of research in
general may require a system change taking into account all these
different factors.

The present study had some limitations.
First, the response rate was 12.4%, and it
remains unclear whether this sample was
representative of the whole population of
nuclear medicine researchers. Second, it can
be speculated that corresponding authors fre-
quently also serve as senior authors, as a
result of which there may have been under-
reporting of scientific fraud. Further research
is necessary to investigate this speculation.
Interestingly, on univariate linear regression,
researchers aged 55–64 y had significantly
more confidence in the integrity of published

work, whereas the opposite was true for assistant professors and
those with less than 5 y of research experience—a finding that feeds
the hypothesis that there are differences in perceptions on this topic
between junior and senior researchers. However, these associations
did not remain significant on multivariate analysis. Third, only 11
respondents indicated that they themselves committed scientific
fraud, which was too low to investigate which individual factors are
associated with performing fraud. Fourth, the results of this study
apply only to the past 5 y. Fifth, it remains unclear which publica-
tions contained fraudulent data and to what extent this inflicted
patient harm and financial damage.

CONCLUSION

Scientific fraud, publication bias, and honorary authorship appear
to be nonnegligible practices in nuclear medicine. Overall confi-
dence in the integrity of published work is relatively high, particu-
larly among researchers aged 55–64 y and researchers in Asia.
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KEY POINTS

QUESTION: What is the experience of nuclear medicine scientists
concerning scientific fraud, publication bias, and honorary
authorship practices?

PERTINENT FINDINGS: In this survey study among 254 nuclear
medicine scientists, 4.3% admitted to having committed scientific
fraud in the past 5 y, 21.3% reported having witnessed or
suspected scientific fraud by someone in their department in the
past 5 y, 87.4% reported publication bias to be present, and
39.4% had experienced honorary authorship practices.

IMPLICATIONS FOR PATIENT CARE: There is considerable
room for improvement when it comes to banning scientific fraud
and lifting the integrity and trustworthiness of nuclear medicine
research, which may be achieved by cultural and policy reforms
that involve all stakeholders.
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PREAMBLE

The Society of Nuclear Medicine and Molecular Imaging
(SNMMI) is an international scientific and professional organiza-
tion founded in 1954 to promote the science, technology, and prac-
tical application of nuclear medicine. Its 18,000 members are
physicians, technologists, and scientists specializing in the
research and practice of nuclear medicine. In addition to publish-
ing journals, newsletters, and books, the SNMMI also sponsors
international meetings and workshops designed to increase the
competencies of nuclear medicine practitioners and to promote
new advances in the science of nuclear medicine. The European
Association of Nuclear Medicine (EANM) is a professional non-
profit medical association that facilitates communication world-
wide between individuals pursuing clinical and research
excellence in nuclear medicine. The EANM was founded in 1985.
The SNMMI/EANM will periodically define new standards/

guidelines for nuclear medicine practice to help advance the sci-
ence of nuclear medicine and to improve the quality of service to
patients. Existing standards/guidelines will be reviewed for revision
or renewal, as appropriate, on their fifth anniversary or sooner, if
indicated. Starting February 2014, the SNMMI guidelines have
been referred to as procedure standards. Any practice guideline or
procedure guideline published before that date is now considered
an SNMMI procedure standard.
Each standard/guideline, representing a policy statement by the

SNMMI/EANM, has undergone a thorough consensus process in
which it has been subjected to extensive review. The SNMMI/
EANM recognizes that the safe and effective use of diagnostic

nuclear medicine imaging requires specific training, skills, and tech-
niques, as described in each document.
The EANM and SNMMI have written and approved these

standards/guidelines to promote the use of nuclear medicine proce-
dures with high quality. These standards/guidelines are intended to
assist practitioners in providing appropriate nuclear medicine care
for patients. They are not inflexible rules or requirements of prac-
tice and are not intended, nor should they be used, to establish a
legal standard of care. For these reasons and those set forth below,
the SNMMI/EANM cautions against the use of these standards/
guidelines in litigation in which the clinical decisions of a practi-
tioner are called into question.
The ultimate judgment regarding the propriety of any specific

procedure or course of action must be made by medical professio-
nals taking into account the unique circumstances of each case.
Thus, there is no implication that an approach differing from the
standards/guidelines, standing alone, is below the standard of care.
To the contrary, a conscientious practitioner may responsibly adopt
a course of action different from that set forth in the standards/
guidelines when, in the reasonable judgment of the practitioner,
such course of action is indicated by the condition of the patient,
limitations of available resources, or advances in knowledge or
technology subsequent to publication of the standards/guidelines.
The practice of medicine involves not only the science but also

the art of dealing with the prevention, diagnosis, alleviation, and
treatment of disease. The variety and complexity of human condi-
tions make it impossible to always reach the most appropriate diag-
nosis or to predict with certainty a particular response to treatment.
Therefore, it should be recognized that adherence to these stand-
ards/guidelines will not ensure an accurate diagnosis or a successful
outcome. All that should be expected is that the practitioner will fol-
low a reasonable course of action based on current knowledge,
available resources, and the needs of the patient to deliver effective
and safe medical care. The sole purpose of these standards/guide-
lines is to assist practitioners in achieving this objective.

Received Aug. 30, 2022; revision accepted Aug. 30, 2022.
For correspondence or reprints, contact Thomas A. Hope (Thomas.hope@

ucsf.edu).
COPYRIGHT© 2023 by the Society of Nuclear Medicine andMolecular Imaging.
DOI: 10.2967/jnumed.122.264860

204 THE JOURNAL OF NUCLEAR MEDICINE ! Vol. 64 ! No. 2 ! February 2023



I. INTRODUCTION

Somatostatin receptor (SSTR) imaging using PET has replaced
scintigraphic imaging using 111In-pentetreotide (OctreoScan),
unless PET is unavailable. Several benefits of SSTR PET compared
with 111In-pentetreotide have driven this change: improved sensitiv-
ity of lesion detection; lower radiation dose; and shorter and more
convenient study duration. Three SSTR PET radiotracers are cur-
rently available: 68Ga-DOTATATE approved by the Food and
Drug Administration (FDA) in 2016, 68Ga-DOTATOC approved
by the European Medicines Agency in 2016 and the FDA in 2019,
and 64Cu-DOTATATE approved by the FDA in 2020. 68Ga-
DOTANOC is also used at some institutions, although has not been
approved by either the FDA or the EMA. The use of 68Ga-DOTA-
NOC generally mirrors that of 68Ga-DOTATOC and 68Ga-DOTA-
TATE and has similar accuracy at detecting SSTR-positive disease.
SSTRs are overexpressed on a wide range of neuroendocrine

tumor (NET) cells and can be targeted using somatostatin analogs
(SSAs). Initially, SSAs were used not only for treatment of hor-
mone-based symptoms but also to prevent disease progression (1,2).
The first imaging agent to target the SSTR was 111In-pentetreotide,
and imaging included the use of SPECT or SPECT/CT. Imaging
protocols typically required imaging 4 and 24 h after injection.
The development of the next generation of SSAs (DOTATATE

and DOTATOC) resulted in faster tumor targeting and therefore
enabled the use of positron emitters such as 68Ga for radiolabeling.
68Ga is most commonly produced using a 68Ge/68Ga generator,
which can yield several doses per synthesis. More recently, SSAs
have been labeled with 64Cu, which is produced using a cyclotron.

II. GOALS

The goal of providing guidelines is to assist physicians in rec-
ommending, performing, interpreting and reporting the results of
SSTR PET imaging studies for patients with NETs. This document
aims to provide clinicians with the best available evidence, to
inform where robust evidence is lacking, and to help them to
deliver the best possible diagnostic efficacy and study quality for
their patients. This guideline also presents standardized quality
control/quality assurance (QC/QA) procedures and imaging proce-
dures for SSTR PET. Adequate precision, accuracy, repeatability,
and reproducibility are essential for the clinical management of
patients and the use of SSTR PET within multicenter trials. A
standardized imaging procedure will help to promote the appropri-
ate use of SSTR PET and enhance subsequent research.

III. DEFINITIONS

Definitions are based on the EANM procedure guidelines for
tumor PET imaging, version 2.0 (3):
PET/CT: An integrated or multimodality PET/CT system is a

physical combination of PET and CT that allows sequential acqui-
sition of PET and CT portions. The patient remains in the same
position within both examinations. SSTR PET/CT examination
may cover various coaxial imaging ranges. These are described as
follows:

! Whole-body PET: From the top of the head through the feet.
! Skull base to midthigh PET: Base of the skull to midthigh. Cov-

ers most of the relevant portions of the body in many oncologic
diseases (standard for both Europe and the United States). If
indicated, cranially extended imaging may also cover the brain
in the same scan (vertex to midthigh). In PET/CT studies,

attenuation correction and scatter correction are performed
using the CT data.

CT: a combined x-ray source and detector rotating around the
patient to acquire tomographic data. CT generates 3-dimensional
images of tissue density, which allows for attenuation correction
of PET and tumor visualization with a high spatial resolution.

A PET/CT examination can include different types of CT scans
depending on the CT characteristics, the dose, and the use (or not)
of oral or intravenous contrast agents.

! Low-dose CT scan: CT scan that is performed only for attenua-
tion correction (CT-AC) and anatomic correlation of PET find-
ings (with reduced voltage or current of the x-ray tube settings),
that is, a low-dose CT is not intended a priori for a dedicated
radiologic interpretation.

! Diagnostic CT scan: CT scan with or without intravenous or oral
contrast agents, commonly using higher x-ray doses than low-
dose scans. Diagnostic CT scan should be performed according
to applicable local or national protocols and guidelines.

IV. COMMON CLINICAL INDICATIONS

Clinical indications for the use of SSTR PET have been previ-
ously discussed in the Appropriate Use Criteria (AUC) for SSTR
PET, which has recently been updated (4). Common indications
include initial staging at diagnosis, localization of primary tumor,
staging before surgery, and selection of patients for peptide recep-
tor radionuclide therapy (PRRT). Recently, the SSTR PET AUC
was updated to include a post-PRRT study to serve as a new base-
line 9–12 mo after the completion of treatment for future compari-
sons (5). Some NETs have lower expression of the SSTR, and
therefore imaging using 18F-FDG PET may be more beneficial.
Neuroendocrine neoplasms are broken down into NETs and neuro-
endocrine carcinomas (NECs). NETs are well differentiated and
are classified based on Ki-67 staining, which is a marker of cellular
proliferation: grade 1 with # 2% Ki-67 staining, grade 2 with
3%–20% Ki-67 staining, and grade 3 with . 20% Ki-67 staining
(6). Poorly differentiated NECs typically have a Ki-67 greater than
55%. Although 18F-FDG uptake in well-differentiated NETs is
only increased in part of the patients, the loss of differentiation and
loss of SSTR expression in G3 NECs is generally associated with a
significant increase in glycolytic metabolism and tumor aggressive-
ness. In general, G3 NECs rarely overexpress the SSTR and 18F-
FDG PET is usually preferred, whereas in G3 NENs, SSTR PET
may be helpful.
Additionally, benign, localized insulinomas usually lack SSTR

overexpression. In such cases, SSTR PET may not be useful and
alternative tracers, such as glucagonlike peptide-1 receptor PET
and 6-[18F]-l-fluoro-l-3,4-dihydroxyphenylalanine (18F-FDOPA)
PET, are being tested in clinical trials (7). Also, medullary thyroid
carcinomas frequently exhibit low-density and heterogeneous
SSTR expression, resulting in a suboptimal imaging performance
of SSTR PET, which is surpassed by that of 18F-FDOPA PET (8).

V. QUALIFICATIONS AND RESPONSIBILITIES OF PERSONNEL

A. Physician
SSTR PET examinations should be performed by, or under the

supervision of, a physician specialized in nuclear medicine and
certified by accrediting boards. Physicians who interpret SSTR
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PET results should also complete appropriate training programs
provided by the manufacturers of approved radiotracers.

B. Technologist
SSTR PET examinations should be performed by qualified regis-

tered or certified nuclear medicine technologists. (see (9) for further
details). According to location of practice, additional qualifications
may be requested for technologists to use the CT and MR compo-
nent of the scanner.

C. Medical Physicist
PET systems should comply with the international standard of

quality, including dosimetry and radiation protection procedure, to
limit the irradiation exposure of patients and health care personnel.
A medical physicist should optimize protocols, ensuring that the
established standards are met. A medical physicist can assist
physicians to adhere to and maintain good practice, by monitoring
and optimizing radiation dose and developing algorithms to reduce
the radiation exposure of the CT component.

VI. PROCEDURE/SPECIFICATIONS OF THE EXAMINATION

As of the publication of this document, 3 SSTR-targeted radiotracers
(including 68Ga-DOTATOC, 68Ga-DOTATATE, and 64Cu-DOTA-
TATE) have been approved by the FDA and a 68Ga-DOTATOC kit
has been approved by the EMA for imaging of SSTR-positive
malignancies. Although these radiotracers share a common imaging
target and similar imaging characteristics, SSTR PET radiotracers can
differ in their binding affinity and optimal imaging parameters. Over-
all, these radiotracers can be considered equivalent in terms of their
ability to detect SSTR-positive disease.

A. Request
The nuclear medicine imaging facility should check with its local

nuclear pharmacy provider as to the availability of the radiotracer
before scheduling the examination. Advanced notice may be re-
quired for radiotracer delivery. The study requisition should include
clinical information about the patient to justify the study and to
allow coding of the examination or study, information about the
ability of the patient to cooperate with the test, and information
about current medications in case mild sedation is necessary. It is
also helpful to know if the patient needs to be accompanied by a
guardian.

B. Patient Preparation and Precautions
1. Prearrival and Patient Instructions. It is generally recom-

mended that before SSTR PET imaging, patients discontinue all
short-acting SSAs 12 h prior. Referring physicians should be
instructed to schedule SSTR PET imaging just before dosing with
long-acting SSAs. The EANM procedure guidelines for SSTR
PET suggest an interval of 3–4 wk after administration of long-
acting SSAs to avoid potential SSTR blockade (10). However, a
recent prospective study with lanreotide (somatuline) showed that
treatment immediately before SSTR PET had minimal effect on
normal organ and tumor uptake (11). Therefore, it may be less
important to have a prolonged interval from the most recent ad-
ministered SSA than previously thought in patients receiving sta-
ble doses of long-acting SSAs, although it is unclear if this is true
with octreotide acetate LAR (sandostatin) as compared with lan-
reotide (11–13).
Patients should drink water to ensure adequate oral hydration

before administration of SSTR-targeted radiotracers and to continue
to drink and void frequently during the first hours after

administration to reduce radiation exposure to the bladder. The pro-
cedure should be carefully explained to the patient in an easily
understandable manner, and patients may require reminders of the
need for their cooperation during the scan from the technologist
(i.e., limiting motion). For a variety of reasons, some patients may
require sedation for the scan. The sedation method will vary by
patient and may need to be determined on the basis of the informa-
tion provided by the referring physician. Sedation should be
arranged at the time an SSTR PET examination is scheduled so that
the procedure will go smoothly and without delay.
It is not known whether SSTR PET radiotracers have harmful

fetal effects. SSTR PET should be performed on a pregnant woman
only if there is a clear clinical benefit. It is not known if SSTR PET
tracers have harmful effects on infants or breast tissue. However,
for caution in this rare instance and because of the potential for
radiotracer excretion in human milk and potential radiation expo-
sure to infants, either avoid performing SSTR PET imaging on a
breastfeeding mother or have the mother interrupt breastfeeding for
24 h after administration of the radiotracer. SSTR PET is safe in the
pediatric patient population (14,15), although in many countries
pediatric use may be outside the marketing authorization.

C. Radiopharmaceuticals
Several SSTR-targeting radiotracers have been investigated:

68Ga-DOTATOC, 68Ga-DOTATATE, and 64Cu-DOTATATE.
Although these radiotracers share a common imaging target and
similar imaging characteristics, they can differ in their binding
affinity and optimal imaging parameters, and hence have different
recommended injected activities, times to initiate imaging after
injection, and scan durations. Each radiotracer should be prepared
according to good manufacturing practice or other applicable good
practices within national regulations; QC procedures should follow
the pharmacopoeia standards or provisions of the competent phar-
maceutical authorities. Recommendations for kit-based radiolabel-
ing methods are outside the scope of this document.

D. Administered Activity
All SSTR PET radiotracers are administered as an intravenous

bolus injection. In adult patients, for 68Ga-DOTATOC the pre-
scribed activity is 148 MBq (4 mCi), with a range of 111–185 MBq
(3–5 mCi) based on the FDA prescribing information (16) and
100–200 MBq (2.7–5.4 mCi) based on the EMA product informa-
tion (17). For 68Ga-DOTATATE, the prescribed administered
activity is 2 MBq/kg of body weight (0.054 mCi/kg) up to 200 MBq
(5.4 mCi) (18), and for 64Cu-DOTATATE the administered activity
is 148 MBq (4 mCi) (19). 68Ga-DOTATOC has a separate weight-
based dosing for pediatric patients: 1.59 MBq/kg (0.043 mCi/kg),
with a range of 11.1 MBq (0.3 mCi) to 111MBq (3 mCi).

E. Uptake Time
In general, uptake times are similar for the 3 available SSTR-

targeted radiotracers. The uptake times reported in the prescribing
information for 68Ga-DOTATOC, 68Ga-DOTATATE, and 64Cu-
DOTATATE are 55–90 min, 40–90 min, and 45–90 min, respec-
tively (16–19). It should be noted that 64Cu has a longer half-life
than 68Ga (12.7 h vs. 68 min), and therefore a later imaging time
point with 64Cu may be feasible, although this is not acknowledged
in the package insert. It is currently unclear if delayed imaging with
64Cu-DOTATATE provides benefit compared with standard imag-
ing times, but it has recently been shown that imaging at 1 and 3 h
have comparable lesion detection rates (20).
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F. Image Acquisition
Imaging should start at the vertex and extend to the midthighs.

Although a small lesion seen on PET may be better characterized
with a diagnostic-quality CT, both CT and PET acquisition param-
eters will be scanner- and institution-dependent. Intravenous CT
contrast is optional; however, it can improve characterization of
hepatic metastases and other soft-tissue lesions. If diagnostic CT is
performed, water should be used as oral contrast, since it will not
obscure the CT identification of gastrointestinal lesions.
Time-of-flight PET with a reconstruction method including

modeling of resolution degradation, often referred to as point
spread function reconstruction, may help with the detection of
small lesions. PET data should be fused with both standard and
bone CT reconstructions.
PET/MRI may be used instead of PET/CT and may be benefi-

cial for patients with liver-dominant NETs due to the ability to
perform hepatobiliary phase imaging. Details about acquisition
protocol and reconstruction for PET/MRI are beyond the scope of
this guideline. For details, see relevant literature (21).

G. Impact of 64Cu Versus 68Ga
The range of the positrons is one of several components that will

affect the spatial resolution of PET images. The amount of image
blurring due to the positron range depends on the energies of the
positrons emitted from the particular isotope. Positron emitters such
as 18F and 64Cu emit positrons of relatively low-energy (250 and
278 keV, average energy, respectively) and the amount of resolution
loss from the positron range is 0.2 mm in full width half maximum
(FWHM) or 1.3 mm in full width tenth maximum (FWTM). The
energy of the positrons from 68Ga is significantly higher (836 keV,
average energy) and the loss in spatial resolution is 0.8 mm FWHM
or 4.7 mm FWTM. Any loss in spatial resolution will affect quanti-
fication and will underestimate activity concentration and SUV,
particularly for small lesions. It is difficult to generalize how much
of the greater positron range of 68Ga will affect quantification in
small lesions compared with 64Cu. The reason for this is the com-
plex interplay of the components that contributes to the final image
resolution (i.e., the intrinsic detector resolution, system diameter,
image reconstruction algorithm, and spatial filtering). Under typical

clinical imaging conditions, it is expected that there will be an addi-
tional 10%–20% underestimation in small lesions (10–15 mm
diameter) when imaging with 68Ga compared with 64Cu.
Additionally, the positron emission yield of 17.4% for 64Cu is

significantly lower than the yield 88.9% for 68Ga. To achieve the
same number of counts in the study, it would be necessary to image
for approximately 5 times longer, assuming the same injected activ-
ity. However, when taking into account the longer physical half-life
of 64Cu (12.7 h) compared with 68Ga (68 min), the difference in
scan time 55–90 min after injection for the same injected dose is
reduced to approximately 2 times longer. However, for practical
reasons the scan time is not increased as this may to lead to patient
motion during imaging. In theory, the injected activity could be
increased instead, but one hesitation to doing this may be the
dosimetry of 64Cu-DOTATATE as the radiation dose per injected
activity for 64Cu-DOTATATE is 20%–25% higher than for 68Ga-
DOTATATE (Table 1). The expected increase in image noise due to
the lower positron yield of 64Cu can be reduced by applying a
smoother spatial filter compared with the filter used for 68Ga. None-
theless, using standard image acquisitions, the 64Cu-DOTATATE
produces diagnostic scans equivalent to the 2 gallium-labeled
compounds.
One of the main advantages of using 64Cu over 68Ga is the lon-

ger half-life. This makes the distribution logistics easier and deliv-
ery times less critical. Furthermore, the long half-life makes the
64Cu less susceptible to delays in imaging after a patient has been
injected compared with 68Ga-DOTATATE or 68Ga-DOTATOC.

VII. DOCUMENTATION AND REPORTING

A. Study Identification
The final report should include the full name of the patient, sex

assigned at birth, medical record number, date of birth, and date of
the examination.

B. Clinical Information
As a minimum, a summary of relevant clinical history should

include reason for referral and the specific clinical question to be
answered. If known, the primary location and grade of the tumor
should be provided. The type and date of comparison studies should

TABLE 1
Dosimetry for 68Ga-DOTATATE, 68Ga-DOTATOC, 64Cu-DOTATATE, and 18F-FDG

Organ 68Ga-DOTATATE (22) 68Ga-DOTATOC (48) 64Cu-DOTATATE (49) 18F-FDG (50)

Organ (mSv/MBq)

Kidneys 9.2E–02 2.2E–01 1.4E–01 1.7E–02

Liver 4.5E–02 7.4E–02 1.6E–01 2.1E–02

Spleen 2.8E–01 2.4E–01 1.2E–01 1.1E–02

Bladder wall 1.3E–01 7.0E–02 3.7E–02 1.3E–01

Dose

ED (mSv/MBq) 2.6E–02 2.3E–02 3.2E–0.2 1.9E–02

Typical IA

MBq 200 185 148 370

mCi 5.4 5 4 10

Estimated ED per scan (mSv) 5.2 4.3 4.7 7.0

ED 5 effective dose; IA 5 injected activity.
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be stated. If no comparison studies are
available, a statement should be made to
that effect. Finally, whether the patient is on
SSA therapy and which therapy and dura-
tion of therapy should be noted.

C. Technical Details
Study-specific information should include

the radiopharmaceutical, the amount of
injected activity in megabecquerels (MBq)
or millicuries (mCi), the route (intravenous)
and anatomic site of administration, and the
date and time of administration. If extravasa-
tion is seen, it should also be noted. The
uptake time interval between the administra-
tion of the radiopharmaceutical and the start
time of the acquisition should be reported.
The body parts covered by imaging should
be described. Any nonstandard position of
the patient should be stated.
The direction and range the patient image

was acquired should be stated (i.e., “images
were acquired from the vertex to the midthigh”). If a nonoptimized
CT was performed for attenuation correction and anatomic registra-
tion of the emission images only, the description may be limited to a
short statement including the mAs and kVp. If a diagnostic CT was
performed, then a more detailed description of the CT protocol and
anatomic findings should be provided. Dosimetry parameters should
be included if required by national or local regulations. The report
should state whether contrast-enhanced or nonenhanced CT was used
for attenuation correction.

D. Description of Findings
Quality issues of the PET, for example, motion artifacts, halo arti-

facts due to high activity in the collecting urinary system, or attenu-
ation artifacts (from attenuating materials), should be reported.

E. Interpretation
1. Biodistribution. Physiologic uptake is present and most

intense in the kidneys and bladder, spleen, and liver (Fig. 1). Nor-
mal uptake is also seen in the pituitary, adrenal glands, salivary
glands, and the thyroid (22). 64Cu-DOTATATE allows for late im-
aging. At 3 h after injection, 64Cu-DOTATATE uptake decreases
for kidney and bladder, remains unchanged for spleen, and in-
creases for liver, although differences in early versus late biodistri-
bution do not impact lesion detection (20). At early time-point

acquisition, no clinically meaningful difference in organ uptake
was demonstrated for 68Ga-DOTATOC versus 64Cu-DOTATATE
(23) or 68Ga-DOTATATE versus 68Ga-DOTATOC, respectively
(20). There are no major differences between physiologic uptake of
64Cu-DOTATATE and 68Ga-labeled DOTATATE (Table 2) (24).
2. General Interpretation. Images should be interpreted by a

physician trained in SSTR PET/CT imaging and informed about
the clinical context of the scan indication (e.g., staging, assessment
for PRRT, restaging). Focal tracer uptake that cannot be explained
by physiologic biodistribution or that is higher than organ back-
ground activity is to be considered pathologic, especially if there
is a correlating abnormal structure on CT. Consistent qualitative
grading of uptake (mild5 blood pool, moderate5 liver, intense5
clearly above liver) can be used in addition to SUV-related measure-
ments and modified Krenning score.

3. Incidental Findings, Normal Variants, and Important Pit-
falls. Increased uptake on SSTR PET does not make the diagnosis
of a NET, and care should be taken in interpretation. For example,
physiologically increased uptake in the head/uncinate process of
the pancreas is observed in a large portion of patients (diffuse or
focal) and usually remains stable over time (25). This physiologic
uptake in the head/uncinate process of the pancreas is thought to be
caused by a higher concentration of pancreatic polypeptide produc-
ing cells in this region. There is a significant overlap between

FIGURE 1. Normal biodistribution of 68Ga-DOTATOC, 68Ga-DOTATATE, and 64Cu-DOTATATE.

TABLE 2
Comparison of physiologic uptake of 68Ga-DOTATATE and 64Cu-DOTATATE

Organ SUVmean - mean (SD)

68Ga-DOTATATE (60–80 min
after injection) (20)

68Ga-DOTATOC (50–70 min
after injection) (51)

64Cu-DOTATATE (43–80 min
after injection) (24)

Liver 4.5 (1.5) 5.7 (1.6) 4.0 (1.1)

Spleen 15.5 (5.5) — 8.9 (3.4)

Pituitary gland 6.8 (2.3) 4.1 (1.8) 12.9 (6.1)

Adrenal gland 10.1 (3.7) 7.2 (3.1) 9.5 (4.4)

Uncinate process of pancreas 6.7 (2.2) — 3.2 (0.5)

*Median.
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the SUVs of the physiologic pancreas and tumoral lesions of
the head/uncinate process (26), which can result in false-positive
interpretations. Correlation with MRI or multiphase CT, with sub-
sequent follow-up with SSTR PET, may be useful in challeng-
ing cases.
Splenules demonstrate high levels of physiologic uptake, similar

to the spleen (27). Avoiding a false-positive interpretation can be
especially challenging in the setting of intrapancreatic splenules,
or in differentiating peritoneal splenosis from new tumor deposits
after a splenectomy. In these cases, heat-damaged red blood cell
or sulfur colloid SPECT/CT may be useful to confirm the locations
of ectopic splenic tissue.
Finally, SSTR2 is expressed by normal osteoblasts (28) and white

blood cells including macrophages (29), which can lead to false-
positive interpretations. Areas of high osteoblastic activity can have
increased osseous uptake on SSTR PET and include degenerative
changes, fractures, and benign lesions such as fibrous dysplasia (27).
In challenging cases, correlation with dedicated CT or MRI can help
distinguish tumor from nontumor pathology. Areas of high leuko-
cyte activity can have increased uptake on SSTR PET and may be
seen in postradiation changes and reactive lymphadenopathy includ-
ing sarcoidosis and infections such as tuberculosis (27).
4. Semiquantitative Analysis. Quantification of uptake using

PET is typically defined using SUV, but it should be noted that
SUV measurements may not be reproducible across scanners and
institutions without standardization of image protocols, scanner
qualifications, and cross-calibrations. In addition, SUV can be
affected by lesion size and uptake time among other issues. The
Krenning score is the most common approach to qualitative inter-
pretation and was originally developed for planar or SPECT imag-
ing with 111In-pentetreotide. When using SSTR PET, lesional
uptake is characterized using the modified Krenning score (24,27).
Identical to the Krenning score, the modified Krenning score is
based on the lesion with the highest SSTR uptake: 0, no uptake; 1,
very low uptake; 2, uptake less than or equal to that of the liver; 3,
uptake greater than the liver; and 4, uptake greater than that of the
spleen. SSTR PET leads to higher Krenning scores than with 111In-
pentetreotide, particularly in patients with small SSTR-avid lesions
(,2 cm) (30). Additional SSTR PET–based lesion assessment
methodologies described in the literature include the use of tumor-
to-liver ratios (31) and the proposed SSTR-RADS reporting system
(32). It should be noted that an increase or decrease in uptake
within a lesion should not be taken as an indicator of response or
progression as seen with other radiotracers.
5. SSTR PET as a Predictive Biomarker for PRRT. The indica-

tion for PRRT relies on sufficient target expression. SSTR PET can
be used to assess the SSTR expression level based on the modified
Krenning score. In the NETTER-1 trial, patients with a Krenning
score . 2 were eligible, but the study used 111In-pentetreotide for
enrollment and it is unclear how SSTR PET should be used for
patient selection for PRRT (33). In general, the higher the uptake
on SSTR PET, the better the expected response to PRRT (31,34).
6. Disease Heterogeneity and False-Negatives. SSTR expres-

sion generally correlates with the degree of tumor differentiation,
with well-differentiated G1/G2 and even well-differentiated G3
tumors expressing the SSTR while poorly differentiated G3 NECs
lack the SSTR (35,36). The heterogeneity of SSTR expression
appears to be a poor prognostic factor in patients treated with PRRT
(37–39). However, within grades, tumor behavior of NET can vary
widely. Ki-67 is frequently determined based on a single metastatic
lesion that may not reflect intrapatient tumor heterogeneity. In

contrast, PET imaging provides a whole-body assessment of the
SSTR expression. 18F-FDG PET provides information complemen-
tary to SSTR PET by helping identify lesions that have lost SSTR
expression (40). 18F-FDG positivity is not rare in G1/G2 NET and
is a stronger predictor of progression and prognosis than tumor
grade (41,42). In particular, 18F-FDG PET can be useful in patients
with a negative SSTR PET result or a well-differentiated G3 tumor
(43). Combining 18F-FDG and SSTR PET imaging can identify the
highest-grade, most aggressive lesion (i.e., 18F-FDG–positivity and
SSTR-negative) that may lead to better selection of biopsy site to
identify the highest-grade disease (44). Of note, a combined 18F-
FDG and SSTR PET grading system (NETPET grade) has been
developed that relies not only on the lesion with the highest SSTR
PET uptake but also on the SSTR/18F-FDG phenotype across the
entire tumor burden (41).
False-negatives, although uncommon, can occur. For example,

G3 NECs (44), generally have lower uptake than well-differentiated
G1/G2 tumors. The term “false-negative” in this case is relative,
because the tumor has been accurately characterized versus being
detected by SSTR PET. Medullary thyroid cancer and insulinomas
also have variable expression of SSTR. Nonfunctional tumors may
be more likely than functional NETs to be negative on SSTR PET
(45). Like other radiotracer studies, lesions may be false-negative
on SSTR PET due to small size or being within or in proximity to
organs with high physiologic uptake. The higher sensitivity of SSTR
PET compared with 111In-pentetreotide planar or SPECT(/CT)
imaging has helped to overcome these limitations (46,47).

VIII. DOSIMETRY

The estimated absorbed and effective radiation doses for adult
patients after intravenous injection of 68Ga-DOTATATE, 68Ga-
DOTATOC, and 64Cu-DOTATATE are shown in Table 1. For an
adult weight of 75 kg based on the prescribing information, the
effective radiation dose is 3.2 mSv for 68Ga-DOTATATE for a
150-MBq (4.1 mCi) administration, 3.1 mSv for 68Ga-DOTATOC
for a 148-MBq (4 mCi) administration, and 4.7 mSv for a 148-MBq
(4 mCi) administration of 64Cu-DOTATATE (16,18,19).
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Although the short-term results of targeted a-therapy (TAT) with
225Ac-DOTATATE in gastroenteropancreatic neuroendocrine tumors
(GEP-NETs) have proven the therapy to be effective, to our knowledge
no one has assessed the long-term outcome results. In this study, we
aimed to evaluate the long-term outcome of 225Ac-DOTATATE TAT in
patients with somatostatin receptor–expressing advanced-stage me-
tastatic GEP-NETs.Methods: Patients with 68Ga-DOTANOC PET/CT
scans showing moderate-to-high somatostatin receptor expression
were recruited. Systemic TAT was performed on 91 adults with GEP-
NETs (54men and 37 women; mean age, 54.3 y; range, 25–75 y) using
225Ac-DOTATATE (100–120 kBq/kg of body weight). All patients were
given capecitabine therapy as a radiosensitizer (2 g/d) from days 0 to
14 of every 225Ac-DOTATATE treatment cycle. Patients were catego-
rized into 3 groups based on the status of prior 177Lu-peptide receptor
radionuclide therapy (PRRT): a prior-177Lu-PRRT–refractory group; a
prior-177Lu-PRRT disease-control group; and a 177Lu-PRRT–naïve
group. Primary endpoints were overall survival (OS), and secondary
endpoints included progression-free survival (PFS), objective tumor
response, clinical response, and assessment of treatment-related
toxicities. Results: Among the 91 patients, 57 underwent prior 177Lu-
DOTATATE therapy (24 with controlled disease [partial response/
stable disease] and 33 with progressive disease [PD]). In total, 453
225Ac-DOTATATE TAT cycles were administered (median, 4 cycles
per patient; range, 1–10) in a median follow-up of 24 mo (range, 5–
41mo). Median OS was not attained, with a 24-mo OS probability of
70.8%. In multivariate analysis, prognostic factors associated with a
poor OS included the presence bone metastases (hazard ratio [HR],
2.501; 95% CI, 1.826–5.791; P , 0.032) and 225Ac-DOTATATE
therapy–refractory disease (HR, 8.781; 95% CI, 3.843–20.062; P ,

0.0001). Median PFSwas also not reached, with a 24-moPFS probabil-
ity of 67.5%. The multivariate analysis revealed only 177Lu-PRRT–
refractory disease to be significantly associated with a reduced PFS (HR,
14.338; 95% CI, 1.853–97.698; P 5 0.011). Two of 79 patients (2.5%)
with assessable disease experienced a complete response, 38 (48%)
had a partial response, 23 (29%) had stable disease, and 16 (20.2%)

had PD. PD was observed in more patients from the prior-177Lu-PRRT–
refractory group (11/33, 34%) than in 177Lu-PRRT–naïve patients (4/24,
11%; P 5 0.056). Patients from the prior-177Lu-PRRT–refractory group
had the highest risk of poor PFS (HR, 13.553; 95% CI, 4.343–42.271;
P 5 0.0009). A significant clinical benefit was achieved after 225Ac-
DOTATATE therapywithminimal treatment-related toxicities.Conclusion:
In long-term results, 225Ac-DOTATATE TAT showed promise and
improved the OS, even in patients refractory to prior 177Lu-DOTATATE
treatment, with transient and acceptable adverse effects.

Key Words: 225Ac-DOTATATE TAT; GEP-NETs; overall survival;
progression-free survival; objective response

J Nucl Med 2023; 64:211–218
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Expanded treatment options have recently become available to
patients with well-differentiated gastroenteropancreatic neuroendo-
crine tumors (GEP-NETs) (1). Surgery offers the best chance of
curing patients with localized GEP-NETs; however, surgery is not
feasible when extensive metastases are present. In such cases, other
options include somatostatin analogs (SSAs; e.g., lanreotide and
octreotide) (2,3), interferons, tyrosine kinase inhibitors (e.g., sunitinib)
(4), mammalian-target-of-rapamycin inhibitors (e.g., everolimus) (5),
peptide receptor radionuclide therapy (PRRT) (6), systemic chemo-
therapy, and liver-targeted therapies, depending on the extent,
stage, and location of disease and the tumor grade (7). The phase III
NETTER-1 trial provided evidence for the efficacy and safety of
PRRT using 177Lu in this setting (8). However, only 18% of patients
achieved a partial or complete response, despite treatment with 177Lu-
DOTATATE, a b- and g-emitting radionuclide, and most patients
relapsed within 223 y of treatment (9,10).
One promising option that has gained interest is using high-linear-

energy-transfer a-emitting radioisotopes such as 225Ac and 213Bi
instead of low-linear-energy-transfer b-emitting radioisotopes such as
90Y and 177Lu. The theoretic physical advantages of a-radiation over
b-radiation are an endearing option to further improve the efficacy of
PRRT by labeling the peptides with a-particle emitters (11).
Results from preclinical and clinical studies have suggested that an

alternative strategy using PRRT delivering an a-emitting radionuclide
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such as 213Bi and 225Ac-DOTATOC may have promise in patients
with advanced GEP-NETs refractory to 177Lu-PRRT (12–16).
One clinical study used 213Bi-DOTATOC in 7 patients with

neuroendocrine tumor progression on b-PRRT (17). Although that
study demonstrated the therapeutic potential of this approach,
213Bi-DOTATOC was administered via intraarterial delivery, lim-
iting the more widespread application of a-radionuclide therapy in
the real-world setting. 213Bi also has a physical half-life of only
46 min, resulting in logistic challenges for broader adoption.
These studies prompted us to investigate the role of 225Ac-

DOTATATE as salvage treatment for patients with GEP-NETs
(18). Initial results from 32 patients who had previously received
177Lu-PRRT indicated that 225Ac-DOTATATE administered intra-
venously induced sustained responses. Approximately two thirds
of the 24 patients (15/24, 62.5%) who underwent interim morphologic
response analysis had a partial response, and the disease control rate
was 100% (15 with PR and 9 with stable disease). Furthermore, there
was no documented progressive disease (PD), and no deaths occurred
during a median follow-up of 8 mo (range, 2213 mo). We observed
minimal and reversible toxicities and no life-threatening adverse events
(AEs). These data suggested that multiple cycles of therapy could be
safely administered without a significant risk of either acute or
delayed radiation toxicity (18). Despite the favorable short-term
results, as far as we are aware no comprehensive long-term outcome
results have been extensively studied to demonstrate the survival
benefit of 225Ac-DOTATATE therapy in both prior-177Lu-PRRT
and 177Lu-PRRT–naïve groups of GEP-NET patients.
In the current study, we extensively studied the long-term

follow-up data in an expanded cohort of patients to assess overall
survival (OS), progression-free survival (PFS), factors predicting
survival, response to treatment, and the patterns of the delayed
AE profile in advanced metastatic GEP-NETs.

MATERIALS AND METHODS

Study Design
The independent institutional review board of All India Institute of

Medical Sciences approved the study. All patients provided written
informed consent before participating. Ethical clearance was received
(reference number IEC-517). The study design and treatment regimen
are depicted schematically in Figure 1. The methodology is detailed in
the supplemental materials (available at http://jnm.snmjournals.org).

The study was on patients with histologically well-differentiated,
inoperable, or metastatic GEP-NETs. Patients were included if they
had a history of prior concomitant therapies, such as SSAs and chemo-
therapy, as well as 177Lu-DOTATATE therapy. Essential prerequisites
were significant somatostatin receptor expression and at least 1 mea-
surable lesion on the CT component of the baseline 68Ga-DOTANOC
PET/CT scan (uptake $ liver or Krenning score $ 2 as compared on
maximum-intensity-projection, coronal, and transaxial images).

Patients with inadequate laboratory parameters (baseline hemoglobin
, 9 g/dL, platelet count , 75,000/mL, serum creatinine . 1.6 mg/dL,
or serum bilirubin . 3 mg/dL) or a Karnofsky performance status
(KPS) of less than 40 were excluded.

Treatment Planning and Follow-up
Image Acquisition. All patients underwent a baseline diagnostic

68Ga-DOTANOC PET/CT scan as a pretherapeutic work-up. For
morphologic assessment, additional 68Ga-DOTANOC PET/CT scans
were repeated within 6–8 wk after patients completed every 2–3
cycles of 225Ac-DOTATATE–targeted a-therapy (TAT), when pa-
tients presented with clinical disease progression, or at the investiga-
tor’s discretion.

68Ga-DOTANOC PET/CT Imaging. The 68Ga-DOTANOC PET/
CT scans did not require special preparation. A mean activity of 111
MBq (3 mCi) was injected, and PET/CT scans were acquired between
45 and 60 min after injection. For the acquisition, the patient lay
supine on the examination table. The protocol constituted of an initial

Recruitment

Screening

En
ro

llm
en

t

• 68Ga-DOTANOC PET/CT

• Vitals

• Hematology parameters:

CBC/LFT/KFT

• Physical examination

• Clinical status: KPS and

ECOG PS

• Concomitant treatments

4 weeks

Treatment

Every 8 weeks

C1 C2 C3

100-120 KBq/Kg body weight
per cycle

Multiple cycles up to
cumulative activity 111 MBq

(3 mCi)
• Objective response:

68Ga-DOTANOC PET/CT

• Vitals

• Hematology parameterse

• Physical examination

• Clinical response: KPS andP

ECOG PS

• Late AEs

Follow-up

• Objective response: 68Ga-DOTANOC PET/CT at 6 to 8 weeks

after 2 or 3 cycles of 225Ac-DOTATATE TAT

• Hematology parameters: 2, 4, 6 to 8 weeks after each cycle

of 225Ac-DOTATATE TAT

• Physical examination: 8 weeks after each cycle of
225Ac-DOTATATE TAT

• Vitals: 8 weeks after each cycle of 225Ac-DOTATATE TAT

• Clinical response: KPS and ECOG PS: 8 weeks after each

cycle of 225Ac-DOTATATE TAT

• AEs: continuous assessment

Nth cycle

Histologically
proven GEP-NET

patients Every 3 to 6 months up to last date of
contact, or death, or initiation of other

anti-cancer treatment

FIGURE 1. 225Ac-DOTATATE TAT treatment regimen and follow-up. CBC 5 complete blood count; ECOG 5 Eastern Cooperative Oncology Group;
KFT5 kidney function testing; LFT5 liver function testing; PS5 performance status.
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scout image to define the field of view from vertex to mid thigh,
followed by diagnostic CT and PET scans. The diagnostic whole-body
CT scan parameters involved a diagnostic-dose CT scan with 300–380
mAs, 120 kVp, a slice thickness of 3.75 mm, and a pitch of 0.6. Addi-
tionally, spot views were acquired if required, with a slice thickness of
1.25 mm on CT at 120 kVp, 300–380 mAs, and a pitch of 0.6.

The administration and route of the contrast medium depended on
the site of the tumor and scan indication. Generally, CT scans were
acquired with a nonionic, isomolar contrast medium (iodixanol
injection, U.S. Pharmacopeia; 1 mL/kg of body weight) containing
320mg I/mL intravenously or orally and a neutral oral contrast medium
(water). Fifty-six patients were injected with nonionic, isomolar con-
trast medium. Positive oral (iodixanol) and neutral (water) contrast
media were administered when indicated. All tumors were visualized
on the diagnostic CT scan, but only tumors with measurable dimen-
sions according to RECIST, version 1.1, were included for the assess-
ment of morphologic response.
Treatment. Long- and short-acting somatostatin agents were stopped

4–5 wk and 48–72 h, respectively, before 225Ac-DOTATATE therapy.
Premedications, including an antiemetic (ondansetron) or corticosteroid
(dexamethasone), were administered and repeated if necessary. For kidney
protection, a single-day kidney protection protocol was followed, which
consisted of an injection solution containing lysine (23.3 g) and arginine
(8 g) in 1 L of water. This cocktail was infused over 4 h, starting
30–60min before the 225Ac-DOTATATE infusion.

As previously described, 225Ac-DOTATATE (100–120 kBq/kg
[3–3.2 mCi/kg] of body weight per cycle diluted in 50 mL of saline)
was administered over 30 min (flow rate, 1.6 mL/min) every 8 wk up
to a maximum cumulative dose of 111 MBq (3 mCi). All patients
received capecitabine as a radiosensitizer (2 g/d) from days 0 to
14 of every cycle. Patients were monitored for 24 h after 225Ac-
DOTATATE TAT to observe any acute side effects. Patients on sup-
portive care or octreotide continued to receive those treatments at the
investigator’s discretion.

Patients were withdrawn from the study in the event of any serious
AEs; lack of adherence to the treatment protocol due to unavoidable
pandemic conditions; demonstration of disease progression; withdrawal
of consent to further treatment cycles; or death.

Assessments. Safety was monitored at baseline and at 8-wk inter-
vals thereafter. Assessments included physical examination, vital para-
meters, laboratory tests (assessed at 2, 4, and 6- to 8-week intervals),
and clinical evaluation via KPS and Eastern Cooperative Oncology
Group (ECOG) performance status. Patients were given a diary to doc-
ument any side effects or discomfort. With the exception of blood
parameters, all other assessments were conducted at baseline and at
8 wk after each cycle of 225Ac-DOTATATE TAT or on withdrawal
from the study or at treatment completion.
Patient Groups. On the basis of 177Lu-PRRT history, patients were

categorized into 2 groups: a prior-177Lu-PPRT group and a 177Lu-
PRRT–naïve group (Fig. 2). The prior-177Lu-PRRT group was further
divided according to cancer status after 177Lu-PRRT, that is, those who
were treatment-refractory and those who were stable or responded to
177Lu-PRRT (Fig. 2). Patients in the prior-177Lu-PRRT–refractory group
(n 5 33) progressed during the 177Lu-DOTATATE treatment course or
within 12 mo of completion of the 177Lu-DOTATATE treatment regi-
men. Patients in the prior-177Lu-PRRT disease-control group (n 5 24)
completed the 177Lu-DOTATATE treatment regimen and achieved dis-
ease control (partial response or stable disease) but were further treated
with 225Ac-DOTATATE because of the persistent high tumor burden.
Patients in the 177Lu-PRRT–naïve group (n 5 34) did not receive 177Lu-
DOTATATE therapy at any point in the treatment course.

Outcomes
The primary endpoint was OS (defined as the time from initiation of

225Ac-DOTATATE TAT until death due to any cause or the date of the
last contact). Patients who were lost to follow-up were considered alive
but were censored (supplemental material). The key secondary endpoint
was PFS (defined as the first observation of documented morphologic
disease progression on diagnostic CT according to the assessment by
RECIST 1.1 (19) or the development of pleural/pericardial effusion/
malignant ascites or disease-specific death, whichever occurred first.
Other cosecondary endpoints included objective tumor response by
RECIST 1.1, clinical response assessment with KPS and ECOG perfor-
mance status (20), and evaluation of treatment-related AEs using the
National Cancer Institute Common Terminology Criteria for Adverse
Events (version 5.0) and the Food and Drug Administration document

entitled, “Guidance for Industry: Toxicity
Grading Scale for Healthy Adult and Adoles-
cent Volunteers Enrolled in Preventive Vac-
cine Clinical Trials” (21,22).

Statistical Analysis
Univariate analysis was used to compare

characteristics among patient groups. On the
basis of the normality of parameters, continu-
ous variables with a normal distribution were
represented as mean, SD, range, median, and
interquartile range. Parameters of the same
population at different time points were com-
pared using a paired t-test (parametric test) or
Wilcoxon signed-rank test (nonparametric
test). OS and PFS plots were constructed
using the Kaplan–Meier methodology; a log-
rank test was used to compare survival
between groups. The Cox proportional-hazards
regression model was performed to determine
the predictive and prognostic factors associated
with OS and PFS. P values of less than 0.05
were considered to be significant. The analysis
was conducted using MedCalc statistical soft-
ware (version 15.1; MedCalc Software Ltd.).

n = 91

Prior 177Lu-PRRT
n = 57

177Lu-PRRT naïve
n = 34

Mean cumulative activity (177Lu-PRRT):
25.6 ± 10 GBq

Range: 7.4 - 39 GBq

Mean cumulative activity
(225Ac-DOTATATE): 39.6 ± 24.2 MBq

Range: 12 - 100 MBq
Median cycles: 4

IQR: 2 - 6

Mean cumulative activity
(225Ac-DOTATATE): 48.6 ± 19.4 MBq

Range: 8.9 - 80 KBq
Median cycles: 6

IQR: 5 - 8

RECIST 1.1 criteria
CR n = 1
PR n = 7
SD n = 11
PD n= 11

NOT DONE n = 3

Mean cumulative activity
(225Ac-DOTATATE): 35 ± 20 MBq

Range: 6 - 77.7 MBq
Median cycles: 3

IQR: 2 - 5

Median OS: 26 mo
24-mo OS probability: 55.6%

Alive: 17 (51.5%)
Dead: 16 (48.5%)

DSD: 10

Median OS: not attained
24-mo OS probability: 95%

Alive: 21 (87.5%)
Dead: 3 (12.5%)

DSD: 0

Median OS: not attained
24-mo OS probability: 62.6%

Alive: 27 (79.4%)
Dead: 7 (20.6%)

DSD: 4

RECIST 1.1 criteria
CR n = 1
PR n = 16
SD n = 5
PD n = 1

NOT DONE n = 1

RECIST 1.1 criteria
CR n = 0
PR n = 15
SD n = 7
PD n = 4

NOT DONE n = 8

Disease progression n = 33 Stable disease / partial response n = 24

Mean cumulative activity (177Lu-PRRT):
25.7 ± 12.7 GBq

Range: 5.5 - 49.5 GBq

FIGURE 2. Flowchart depicting treatment details and response in various groups of patients. CR 5

complete response; DSD5 disease-specific death; IQR5 interquartile range; PR5 partial response;
SD5 stable disease.
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RESULTS

Baseline Demographic and Clinical Characteristics of Patients
Between April 2018 and February 2022, 91 consecutive GEP-

NET patients (54 men and 37 women, mean [6SD] age, 54.3 6
11.6 y; range, 25–75 y) were enrolled. The first 225Ac-DOTATATE
TAT treatment was administered in April 2018, and the last patient
was recruited in October 2021. The last date for follow-up cutoff
was February 20, 2022. The median follow-up duration was 24 mo
(range, 5–41 mo) from the start of 225Ac-DOTATATE TAT.
Baseline characteristics are summarized in Table 1. The pancreas

(33%) was the most common site of the primary tumor, followed
by the duodenum (14.3%) and ileum (13%). GEP-NETs were
World Health Organization grade 1 in 33 patients (36.2%), grade 2
in 48 (52.7%), and grade 3 in 7 (7%) (Table 1; Supplemental Table 1).
Primary or residual tumor was noted in 55 patients (60.4%), and all
patients demonstrated metastases on somatostatin receptor PET/CT,
with the most common metastatic sites being the liver (n 5 88,
96.7%), lymph nodes (n 5 66, 72.5%), and bone (n 5 25, 27.5%)

(Supplemental Table 2). Eighteen patients (20%) had received prior
chemotherapy (Supplemental Table 3), most of whom had 1 previ-
ous line (n 5 12, 66.6%); 4 patients (22.2%) had 2 prior lines, and
2 (11%) had at least 3 prior lines. Ten symptomatic patients were on
long-acting SSAs, which were stopped 4 wk before commencing
225Ac-DOTATATE TAT.

Treatment
The mean cumulative radioactivity administered was 35.52 MBq

(range, 21.64–59.47 MBq [960 mCi; range, 583.7–1,607.3 mCi]).
The median interval between treatment cycles was 8 wk. In
total, 453 cycles of 225Ac-DOTATATE TAT were administered:
32 patients received 1–3 cycles, and the remaining 59 patients
received 4–10 cycles (Supplemental Table 4). Three patients
received a single cycle of 225Ac-DOTATATE TAT: the first patient
died after the first cycle, the second was lost to follow-up, and the
third withdrew consent.

Efficacy Assessment
OS and PFS. Twenty-six patients (26.5%) died during follow-

up. The causes of death are detailed in Supplemental Table 5. In
the overall patient population, the median OS was not attained,
with a 24-mo survival probability of 70.8% (Fig. 3A). On subcate-
goric analysis, whereas 16 (16/33, 48.5%) deaths occurred in the
prior-177Lu-PRRT–refractory group (median OS, 26 mo), 3 deaths
(3/24, 12.5%) and 7 deaths (7/34, 20.6%) occurred in the prior-177Lu-
PRRT disease-control group and 177Lu-PRRT naïve group, re-
spectively (P 5 0.0003) (Fig. 3B). Interestingly, in patients who
demonstrated disease control on 177Lu-PRRT, none of the 3 deaths
was disease-specific (Supplemental Table 5). The prior-177Lu-PRRT
disease-control group showed significantly better OS than the 177Lu-
PRRT–native group (95% vs. 67%) (Fig. 2). We speculated that
these differences might be due to inherent differences in the baseline
demographic or clinical characteristics of the patient cohorts. How-
ever, univariate comparison between the groups did not reveal any
differences in the demographic parameters (Supplemental Table 6).
On univariate analysis, the presence of bone metastases (Fig. 3C),

a cumulative 225Ac-DOTATATE TAT dose of less than 37,000
kBq (Fig. 3D), and PD to 225Ac-DOTATATE TAT (Fig. 3E) were
associated with significantly poorer OS (Supplemental Table 7).
However, on multivariate analysis, the presence of bone metastases
(hazard ratio [HR], 2.501; 95% CI, 1.826–5.791; P 5 0.032) and
225Ac-DOTATATE therapy–refractory disease (PD) persisted as
significant prognostic factors associated with poor OS (HR, 8.781;
95% CI, 3.843–20.062; P , 0.0001) (Fig. 3E).
At the time of this analysis, median PFS had not been attained in

the overall patient population. The median PFS was 30 mo in the
prior-177Lu-PRRT–refractory group and was not reached in the
prior-177Lu-PRRT disease-control group (HR, 13.553; 95% CI,
4.343–42.271; P 5 0.0009) (Fig. 4A). Similarly, univariate analysis
revealed an association between the presence of bone metastases
(Fig. 4B) and a cumulative 225Ac-DOTATATE dose of less than
1 mCi and PD (HR, 2.718; 95% CI, 0.999–7.393; P5 0.028) (Fig. 4C;
Supplemental Table 8). However, on multivariate analysis, only 177Lu-
PRRT–refractory disease was significantly associated with a signifi-
cantly reduced PFS (HR, 14.3; 95% CI, 1.853–97.6; P5 0.011).
Objective Response. Morphologic response to 225Ac-DOTA-

TATE TAT according to the disease status on prior 177Lu-PRRT ther-
apy is shown in Table 2. Two of the 79 evaluable patients (2.5%),
both previously treated with 177Lu-PRRT, had a complete response;
no complete responses were observed in the 177Lu-PRRT–naïve
group. 68Ga-DOTANOC PET/CT revealed a partial response in 38

TABLE 1
Patient Characteristics at Baseline (n 5 91)

Characteristic Value

Age (y)

Mean 6 SD 54.3 6 11.6

Range 25–75

Sex

Male 54 (59.4%)

Female 37 (40.6%)

Tumor location

Pancreas 30 (33%)

Stomach 7 (7.7%)

Appendix 1 (1%)

Ileum 12 (13%)

Duodenum 13 (14.3%)

Jejunum 2 (2.2.%)

Colon 2 (2.2%)

Rectum 8 (8.8%)

Abdominal neuroendocrine tumor
with unknown primary

16 (17.6%)

WHO tumor grade (Ki-67 tumor
proliferation index)

Grade I (,2%) 33 (36.2%)

Grade II (3%–20%) 48 (52.7%)

Grade III (.20%) 7 (7%)

Not accessible 3 (3.3%)

Previous surgery 20 (22%)

Prior chemotherapy 20 (22%)

Prior 177Lu-DOTATATE therapy 57 (62.6%)

ECOG status

1–2 63 (69%)

3–4 28 (31%)

WHO 5 World Health Organization.
Data are number and percentage, except for age.
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patients (48%) and stable disease in 23 (29%), for a disease control
rate of 80%. Twelve and 4 progression events occurred in the
prior-177Lu-PRRT and 177Lu-PRRT–naïve groups, respectively, repre-
senting a 40% lower estimated risk of progression in the 177Lu-
PRRT–naïve group than in the prior-177Lu-PRRT group.
In the prior-177Lu-PRRT group, among 24 patients who experi-

enced disease control with 177Lu-PRRT, 17 (74%) further showed a
response to 225Ac-DOTATATE TAT. Promising response rates
were also observed in 8 of 30 patients (27%; 1 complete response
and 7 PRs) belonging to the prior-177Lu-PRRT–refractory group,
with stable disease in a further 11 patients (36.6%; Fig. 1). PRs were
observed in 15 of 27 patients (55.5%) in the 177Lu-PRRT–naïve
groups.
Of the 17 patients with PD, 14 experienced disease-specific

deaths, 2 have been rechallenged with an escalated 150 kBq/kg
dose of 225Ac-DOTATATE and have shown disease stability, and
the remaining patient refused to undergo any further treatment but
is alive.

Clinical Response. Among the patients who were alive till the
end of analysis, the median KPS significantly improved from 60 at
baseline to 70 after treatment (P , 0.0001), and the median
ECOG score enhanced from 2 to 1 (P , 0.0001). In the overall
population, whereas the KPS improved from 60 to 70 (P 5

0.053), ECOG status remained the same as the median baseline
value of 2.

Toxicity and AEs
Treatment-related AEs occurring during 225Ac-DOTATATE

TAT are shown in Supplemental Table 9. No renal or liver toxicity
and no tumor-lysis syndrome were observed. One patient had
grade 3 thrombocytopenia. Clinical disease-related symptoms,
such as fatigue, loss of appetite, nausea, gastritis, abdominal pain,
abdominal distension, and myalgia, were caused mainly by the
nature of the cancer and the site of metastasis and were prevalent
before the initiation of 225Ac-DOTATATE treatment. All the
above symptoms improved after treatment.

FIGURE 3. OA in entire cohort of 91 patients who had been treated with 225Ac-DOTATATE (A), based on disease status on prior 177Lu-PRRT (B), based
on presence of bone metastases (C), based on cumulative dosage of 225Ac-DOTATATE received (D), and based on disease status on 225Ac-DOTATATE
therapy (E). PR5 partial response; SD5 stable disease.
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Malignant ascites and pleural effusion, which are signs of PD,
were observed in 14 and 2 patients, respectively. Grade 1 of 2
malignant ascites was present in 8 patients at baseline. Eventually,
4 patients experienced grade 2 malignant ascites, and 10 experi-
enced life-threatening malignant ascites and died. One patient with
pleural effusion also died.
Before initiation of 225AC-DOTATATE, flushing was docu-

mented in 8 patients, 3 of whom had grade 3 flushing. After treat-
ment, flushing improved to grade 1 in all patients.
Transient symptoms, including nausea, vomiting, and abdominal

discomfort, were encountered in most patients during the amino acid
infusion and 225Ac-DOTATATE administration and settled within
24 h after treatment. Fatigue, myalgia, and loss of appetite were also
observed and resolved within 1 wk after treatment.

DISCUSSION

In our short-term analysis on the first clinical experience with
the a-emitting conjugate 225Ac-DOTATATE TAT in 32 patients
with GEP-NETs who had exhausted or were refractory to b-emit-
ting 177Lu-DOTATATE therapy, we observed favorable responses
with low toxicities (18). The study included an expanded cohort of
91 patients with an extended median follow-up of 24 mo, ranging
from 5 to 41 mo. Our results provide further evidence that 225Ac-
DOTATATE is effective in patients with neuroendocrine tumors, a
group with few therapeutic options, especially after progression on
other therapies. Median OS and PFS were not attained. The objective
response rate and disease control rates were 48% and 80%, respec-
tively, and were lower than our previously reported short-term data
showing a response rate of 63% and a disease control rate of 100%.
Though the current study had broad and heterogeneous inclu-

sion criteria, it was conducted in a real-world setting based on
everyday clinical practice that includes patients of poor perfor-
mance status (31%) (ECOG status $ 3)—a critical and optimistic
perspective of this study. We believe that real-world–based clini-
cal study results can be extended and translated to the general pop-
ulation. Moreover, in this study, several demographic and clinical
variables were compared among 3 groups of patients whose cate-
gorization was based on the status of prior 177Lu-PRRT therapy
and who were matched (Supplemental Table 6), which ruled out
the potential inherent bias.

Comparisons with the NETTER-1 median long-term OS result
(23), 48 mo, revealed that 225Ac-DOTATATE provided an addi-
tive OS benefit of 26 mo in the worst-outcome patient cohort, who
were refractory to prior 177Lu-PRRT. Well in line with the phase
III NETTER-1 (8) short-term result showing 14 deaths (12%) in
the 116 neuroendocrine tumor patients who underwent 177Lu-
DOTATATE therapy as a first-line treatment option, our cohort of
34 177Lu-PRRT–naïve patients reported a similar disease-specific
death rate of 11.7% (4/34) in a median follow-up of 24 mo.
Another finding meriting comment is that in this cohort of

patients from our group and the NETTER 1 group, the median OS
was not attained. An interpretation of this finding is that the
upfront use of 225Ac-DOTATATE therapy in advanced neuroen-
docrine tumors may not be necessary as a mainstay option. Ir-
respective of the disease burden, patients can first be challenged
with 177Lu-PRRT and eventually be rechallenged with a-based
225Ac-DOTATATE therapy when a high disease burden is persistent
despite attaining a maximum tolerable dose of 177Lu (#1.2 Ci) or the
patient is refractory to 177Lu-PRRT.
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Patients who achieved disease control (partial response or stable
disease) with prior 177Lu-PRRT (n 5 24) followed by retreatment
with 225Ac-DOTATATE showed the best outcome, with a 24-mo
OS probability of 95%, which was remarkably higher than in the
177Lu-PRRT–refractory (55.6%) and –naïve (62.6%) groups. More-
over, only 3 deaths occurred in this group of patients, and none of
the events was disease-specific. There may be 2 possible explana-
tions for these findings. The first possibility is that 225Ac-DOTA-
TATE significantly increased the OS as an adjuvant treatment option
after 177Lu-PRRT. The alternative possibility is simply that patients
had already achieved disease control on 177Lu-PRRT and could be
followed up with a wait-and-watch approach until the disease pro-
gressed. However, only a double-arm randomized, controlled trial
between the wait-and-watch group and the group receiving further
225Ac-DOTATATE treatment can be the definitive answer.
Rudisile et al. (24) studied the outcomes of 177Lu-PRRT retreat-

ment in the salvage setting for all patients who responded to the
initial standard 4 cycles of 177Lu-PRRT. They observed an addi-
tional response rate of 3%, PFS of 6 mo, and OS of 51 mo. The
largest systematic review and metaanalysis, by Strosberg et al.
(25), examined published evidence of 177Lu-PRRT retreatment
efficacy and safety in patients with advanced progressive neuro-
endocrine tumors. 177Lu-PRRT retreatment provided encourag-
ing results, with a median PFS of 12.5 mo and a median OS of
26.7 mo. In a similar salvage treatment setting, our results go beyond
the previous reports, as we observed a remarkably higher response
rate of 74% (17 with complete response and 23 with partial response),
and promising prolonged survival benefits, as neither PFS nor OS
was attained with 225Ac-DOTATATE therapy.
Although several groups reported variations in the site of metas-

tases associated with poor survival, it is apparent that the presence
of distant metastases has a significant impact on survival, irrespec-
tive of the treatment modality. Regarding the impact of bone
metastases on survival, our results with 225Ac-DOTATATE TAT
are similar to those reported by Rudisile et al. (24) and Swiha et al.
(26), who demonstrated that the presence of bone metastases was
associated with a shorter OS in patients with well-differentiated
neuroendocrine tumors who received 177Lu-DOTATATE.
In addition to morphologic responses, improvements in overall

patient well-being were observed, with the median KPS increasing
from 60 before treatment (patients requiring medical care and much
assistance with self-care) to 70 after treatment (patients being able to
care for themselves but unable to do their usual activities or active
work). This finding highlights the potential for 225Ac-DOTATATE to
improve the quality of life in the worst-outcome patient population.
Treatment with 225Ac-DOTATATE TAT was well tolerated. As

previously described, low-grade hematologic AEs were the most com-
mon side effect of treatment with 225Ac-DOTATATE. Grade 3 and
higher AEs were uncommon and transient or unlikely to be treat-
ment-related. The total amount of 225Ac administered (#111 MBq)
did not correlate with AEs. Interestingly, AEs also did not correlate
with 177Lu-naïve or prior 177Lu-PPRT therapy, which suggests that
dosing with 225Ac-DOTATATE TAT should not be influenced by
prior treatment with 177Lu. Moreover, similar to the short-term results
(18) by our group on 225Ac-DOTATATE, there were minimal hema-
tologic, kidney, and liver function toxicities. However, over time dur-
ing the long-term follow-up, when making comparisons with our pilot
results we observed a significantly high incidence of malignant ascites
and pleural effusion; whether they were related to disease per se or

were TAT-related, longer follow-up of this cohort will clarify. In
agreement with our findings, another study using 225Ac-DOTATOC
reported that cumulative doses of 60,000–80,000 kBq were tolerated
with minimal acute and chronic grade 3 or 4 hepatotoxicity in patients
with advanced-stage malignancies (27). Looking at the toxicity pro-
file, it seems that there is scope to further escalate the individual activ-
ity per kilogram or use higher cumulative activity of 225Ac in the
future. Thus, the only approach is to rigorously follow these patients
for long-term side effects of 225Ac-DOTATATE TAT.
High-level evidence for long-term safety and sustained benefits

to OS and radiologic PFS in patients with GEP-NETs treated with
225Ac-DOTATATE is crucial and warrants well-controlled, multi-
center, randomized trials to determine its role and the best treat-
ment algorithm for this challenging disease.
Our study had some limitations. The results are exploratory and

single-center and are based on a heterogeneous patient population.
Although not conducted as a clinical trial with strict inclusion crite-
ria, we believe the study had the advantage of enrolling the largest
(to our knowledge) GEP-NET population treated with 225Ac-DOTA-
TATE therapy, including poor-outcome patients, and better reflects
the results of treatment-related toxicity, confirming the benefit of effi-
cacy, survival, and improvement in quality of life in a real-world
clinical setting. Though all the CT scans of the CT component of
PET/CT were of diagnostic quality, contrast was not administered to
all patients, resulting in suboptimal-quality images.

CONCLUSION

225Ac-DOTATATE–based PRRT was effective in the heavily pre-
treated GEP-NET cohort of patients, with good survival rates, high
response rates, improvements in KPS, and an acceptable toxicity pro-
file. 225Ac-DOTATATE TAT may be a suitable treatment option for
patients with stable disease or PD after 177Lu-DOTATATE b-therapy.
Patients refractory to 225Ac-DOTATATE treatment have the worst
outcome. We strongly advocate a large multicenter, randomized, con-
trolled trial to assess the potential of this strategy as a new therapeutic
paradigm for patients with GEP-NET who have exhausted all other
options. Further, a balanced approach that exploits our long-term
results and clinical trials can best aid the oncology community in
delivering the most beneficial, individualized care to patients.
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KEY POINTS

QUESTION: What is the long-term outcome for GEP-NET patients
treated with 225Ac-DOTATATE TAT?

PERTINENT FINDINGS: The median OS was not attained, and
the 24-mo OS probability was 70.8%. Median PFS was also not
reached, with a 24-mo PFS probability of 67.5%. A significant
clinical benefit was achieved after 225Ac-DOTATATE therapy, with
minimal treatment-related toxicities.

IMPLICATIONS FOR PATIENT CARE: Even in patients resistant
to prior 177Lu-DOTATATE, 225Ac-DOTATATE TAT has shown
promising long-term results, with transient and acceptable
adverse effects.
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Among the advances in radiopharmaceutical therapy, few inno-
vations have shown more promise than targeted a-therapy. By
inducing double-strand DNA breaks, high-linear-energy-transfer iso-
topes such as 213Bi, 212Pb, and 225Ac have the potential to produce sub-
stantially higher cytotoxicity than existing b-emitters (e.g., 177Lu).
Indeed, since approval of 223Ra for castration-resistant prostate cancer
metastatic to bone, there has been a 6-fold increase in the number of
prospective trials ofa-emitters.
In this issue of The Journal of Nuclear Medicine, Dr. Ballal and

colleagues (1) have accumulated the largest real-world experience
using targeted a-therapy in neuroendocrine tumor patients by radio-
labeling DOTATATE with 225Ac in-house and treating patients
with multiple cycles (#10) at a dose of 100–120 kBq/kg per cycle.
At the time of the most recent data analysis (cutoff, February
2022), 91 patients at the All India Institute of Medical Sciences
had been treated with this therapy: a mixed population of patients
who included peptide receptor radionuclide therapy (PRRT)–naïve
individuals (n5 34), patients refractory to 177Lu-PRRT (n5 57),
patients with progressive disease, and patients with stable disease
but presumably treated because of symptom burden or tumor
volume.
The results have been encouraging. At the time of analysis,

median PFS had not been reached in the overall patient population
and was reported to be 30 mo in patients who had received prior
177Lu-PRRT—patients who frequently do not exhibit long PFS
intervals at the retreatment. Objective response rates were also
impressive, at 44% both in patients who had received prior 177Lu-
PRRT (25/57) and in those who were 177Lu-PRRT–naïve (15/34).
No cases of myelodysplastic syndrome or acute leukemia have
been reported as of yet, and treatment was described overall as
tolerable.
Nevertheless, there are reasons to interpret these data with cau-

tion. The authors have, on occasion, described their work as a pro-
spective phase II study (2). However, the term phase II study

implies certain prerequisites, including a predetermined sample
size, strict eligibility criteria, a clear prospective treatment proto-
col, and strict criteria for interpretation of response. These criteria
do not apply to this analysis, which is best described as a retro-
spective study of real-world experience. The eligibility criteria
seem to have shifted between the initial analysis of 32 patients in
2019 (3) and the current analysis. For example, exclusion of
patients with a European Cooperative Oncology Group status of
more than 2 (3) seems to have been unheeded (31% of patients were
described as having status 3 or 4, which is, in itself, remarkable).
Disease response and progression were evaluated using RECIST,
version 1.1, despite the fact that many patients lacked contrast-
enhanced anatomic imaging and were evaluated for response based
on PET findings.
A notable revelation in this paper is that patients received cape-

citabine concurrently with 225Ac-DOTATATE. To our knowledge,
this component of therapy was not reported in prior published
analyses of the same patient cohort (2,3). While the contribution
of radiosensitizing doses of capecitabine may have been minor,
the display of this critical information is of the utmost importance
to allow for reproducibility of the results.
Although many advances in nuclear medicine began with compas-

sionate administration of in-house–radiolabeled drugs, drug approvals
depend on prospective trials that are strictly followed. It is therefore
fortunate that such trials are rapidly proliferating, including studies of
targeted a-therapy for patients with neuroendocrine tumors. Examples
are a phase II study of 212Pb-DOTAMTATE in 177Lu-PRRT–naïve
and –refractory patients (NCT05153772) and a phase I/III study of
225Ac-DOTATATE in patients who have received prior 177Lu-PRRT
(NCT05477576). If the outcomes are nearly as favorable as those
described by Dr. Ballal et al., the future of targeted a-therapy in neu-
roendocrine tumors is promising.
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177Lu-PSMA-617 is an effective and novel treatment in metastatic cas-
tration-resistant prostate cancer (mCRPC). Our ability to assess
response rates and therefore efficacy may be improved using predic-
tive tools. This study investigated the predictive value of serial 177Lu-
PSMA-617 SPECT/CT (177Lu SPECT) imaging in monitoring treatment
response. Methods: Fifty-six men with progressive mCRPC previ-
ously treated with chemotherapy and novel androgen signaling inhibi-
tor were enrolled into the LuPIN trial and received up to 6 doses of
177Lu-PSMA-617 and a radiation sensitizer (3-(4-hydroxyphenyl)-2H-
1-benzopyran-7-ol [NOX66]). 68Ga-PSMA-11 and 18F-FDG PET/CT
were performed at study entry and exit, and 177Lu SPECT from vertex
to mid thighs was performed 24 h after each treatment. SPECT quanti-
tative analysis was undertaken at cycles 1 (baseline) and 3 (week 12)
of treatment. Results: Thirty-two of the 56 men had analyzable serial
177Lu SPECT imaging at both cycle 1 and cycle 3. In this subgroup,
median prostate-specific antigen (PSA) progression-free survival
(PFS) was 6.3 mo (95% CI, 5–10 mo) and median overall survival was
12.3 mo (95% CI, 12–24 mo). The PSA 50% response rate was 63%
(20/32). 177Lu SPECT total tumor volume (SPECT TTV) was reduced in
68% (22/32; median, 20.20 m3 [95% CI, 21.4 to 20.001]) and
increased in 31% (10/32; median, 0.36 [95% CI, 0.1–1.4]). Any
increase in SPECT TTV was associated with shorter PSA PFS (hazard
ratio, 4.1 [95% CI, 1.5–11.2]; P 5 0.006). An increase of 30% or
more in SPECT TTV was also associated with a shorter PSA PFS
(hazard ratio, 3.3 [95% CI, 1.3–8.6]; P 50.02). Tumoral SUVmax was
reduced in 91% (29/32) and SUVmean in 84% (27/32); neither was
associated with PSA PFS or overall survival outcomes. PSA progres-
sion by week 12 was also associated with a shorter PSA PFS (hazard
ratio, 26.5 [95% CI, 5.4–131]). In the patients with SPECT TTV pro-
gression at week 12, 50% (5/10) had no concurrent PSA progression
(median PSA PFS, 4.5 mo [95% CI, 2.8–5.6 mo]), and 5 of 10 men
had both PSA and SPECT TTV progression at week 12 (median PSA
PFS, 2.8 mo [95% CI, 1.8–3.7 mo]). Conclusion: Increasing SPECT
TTV on quantitative 177Lu SPECT predicts a short PFS and may play
a future role as an imaging response biomarker.

Key Words: metastatic prostate cancer; SPECT; lutetium-PSMA;
response biomarker
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Although treatment resistance and short response duration re-
main common, 177Lu-PSMA-617 is an effective therapy in metastatic
castration-resistant prostate cancer (mCRPC) (1–4). Accurate monitor-
ing of response to 177Lu-PSMA-617 may improve patient outcomes
by enabling treatment escalation, change in treatment, or a treatment
holiday, dependent on imaging results. Interim and serial prostate-
specific membrane antigen (PSMA) PET has recently been shown
to be predictive of progression-free survival (PFS) with PSMA-
targeted radionuclide therapy (5). Quantitative 177Lu-PSMA-617
SPECT/CT (177Lu SPECT) imaging after each 177Lu-PSMA-617
dose may also be valuable in response monitoring in addition to pro-
viding dosimetric information. This LuPIN trial substudy aimed
to determine whether quantitative parameters on serial 177Lu SPECT
imaging 24 h after 177Lu-PSMA-617 therapy were predictive of treat-
ment response and PFS.

MATERIALS AND METHODS

The LuPIN trial is a prospective single-center phase I/II dose escalation
and expansion trial of combination 177Lu-PSMA-617 and 3-(4-hydroxy-
phenyl)-2H-1-benzopyran-7-ol (NOX66) for men with mCRPC previously
treated with at least 1 line of taxane chemotherapy and androgen signaling
inhibitor. The clinical results have been previously published (6,7). The
St. Vincent’s Hospital institutional review board approved the study proto-
col (HREC/17/SVH/19 and ACTRN12618001073291), and all patients
provided informed written consent.

Screening
Men with progressive mCRPC, based on either conventional im-

aging (CT and bone scanning) or a rising prostate-specific antigen
(PSA) level according to Prostate Cancer Working Group 3 criteria (8),
were eligible for screening. Prior treatment with at least 1 line of taxane
chemotherapy (docetaxel or cabazitaxel) and an androgen signaling
inhibitor (abiraterone or enzalutamide) was required for inclusion.
Men underwent screening with 18F-FDG and 68Ga-HBEDD-PSMA-11
PET/CT, bone scanning, and CT of the chest, abdomen, and pelvis.
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Molecular screening criteria were based on SUVmax rather than physi-
ologic activity (liver or parotid). Men were eligible if they had an
SUVmax of more than 15 on PSMA PET at 1 or more sites, an SUVmax

of more than 10 at all measurable sites, and no 18F-FDG avidity with-
out corresponding PSMA uptake.

Study Treatment
Men received up to 6 doses of 177Lu-PSMA-617 at 6-wk intervals,

with 3 dose-escalated cohorts of NOX66 (400, 800, 1,200 mg). NOX66
suppositories were administered as a radiosensitizer on days 1–10 after
each 177Lu-PSMA-617 injection. All cohorts were administered 7.5 GBq
of 177Lu-PSMA-617 on day 1 via slow intravenous injection. The
PSMA-617 precursor (AAA Novartis) was radiolabeled to no-carrier-
added 177Lu-chloride according to the manufacturer’s instructions.
Quality control tests for radionuclide and radiochemical purity were per-
formed using high-pressure liquid chromatography and thin-layer chro-
matography. Blood was prospectively collected before assessment of
adverse events and biochemical responses. The patients were treated on
trial until they were no longer clinically benefiting from treatment.

Imaging Procedures and Analysis
68Ga-PSMA and 18F-FDG PET/CT scans were obtained at baseline

and trial exit (after completing 6 cycles or when treatment was ceased),
using the imaging acquisition and analysis parameters previously pub-
lished (7). 177Lu SPECT (vertex to mid thighs) was performed 24 h
after 177Lu-PSMA-617 injection using a Discovery 670 system (GE
Healthcare) with the following parameters: medium-energy collimators,
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 keV 6 10% with a 165 keV 6 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. The SPECT projection images were reconstructed with an
iterative ordered-subset estimation-maximum algorithm that used 4
iterations and 10 subsets using SPECTRA Quant (MIM Software, Inc.).
No pre- or postreconstruction filters were applied. CT-based attenuation
correction, dual-energy-window scatter correction, collimator-based
resolution recovery, and quantitative conversion to SUV were per-
formed during the reconstruction. The conversion from counts to units
of activity was based on a cylinder phantom with known activity.

Quantitative Analysis
177Lu SPECT and 68Ga-PSMA PET/CT were analyzed semiquantita-

tively by a nuclear medicine physician using MIM (LesionID; MIM
Software Inc.) software and a standardized semiautomated workflow
to delineate regions of interest with a minimum SUV cutoff of 3. All
lesions identified quantitatively were manually reviewed and physio-
logic activity removed. Whole-body quantitation was used to derive
total tumor volume (TTV), SUVmax, and SUVmean for both

68Ga-PSMA
PET and 177Lu SPECT (9).

Statistical Analysis
We measured PSA decline from baseline ($50%) at any time point,

PSA PFS as defined by Prostate Cancer Working Group 3 criteria, and
overall survival (8,10). The Kaplan–Meier method was used to character-
ize time-to-event endpoints and estimate medians (presented with 95%
CIs). We correlated changes in TTV, PSMA intensity, clinical para-
meters, and biochemical parameters with time-to-event outcomes, using
univariate Cox proportional-hazards regression models (11,12). Continu-
ous variables included increase in TTV, SUVmax, and SUVmean. P values
below 5% were considered significant. We compared 68Ga-PSMA PET
TTV with cycle 1 SPECT TTV using scatterplots and Pearson correlation
coefficients. Reproducibility testing of SPECT TTV and PSMA SUVmax

was undertaken using repeatability statistics calculated from a hierarchic
linear mixed model that accounted for variance in score at the patient
level (13). A 95% CI for the repeatability statistics was derived via boot-
strapping. Analyses were performed using R (version 4.0.5).

RESULTS

Baseline Patient Characteristics
Of the men enrolled in LuPIN, 57% (32/56) had 177Lu SPECT

imaging suitable for analysis, 30% (17/56) had incomplete SPECT
data precluding analysis, and 13% (7/56) did not reach cycle 3 of
treatment. Baseline characteristics are summarized in Table 1. In
this LuPIN substudy, 53% (17/32) completed 6 cycles of treatment
whereas 47% (15/32) completed between 3 and 5 cycles, and 63%
(20/32) achieved at least a 50% PSA decline from baseline at any
time point. At the time of analysis, 84% (27/32) were deceased.

TABLE 1
Baseline Patient Characteristics

Characteristic Data

Total patients 32

Age (y) 69 (66–73)

ECOG

0 or 1 25 (78)

2 7 (22)

Prior systemic treatments

LHRH agonist/antagonist 32 (100)

Chemotherapy 32 (100)

Docetaxel 32 (100)

Cabazitaxel 29 (91)

Androgen signaling inhibitor 32 (100)

Sites of disease

Lymph nodes 18 (56)

Bone 30 (94)

Viscera 6 (19)

Median PSMA tumor volume
at screening (cm3)

670 (275–1,736)

Number of cycles of
177Lu-PSMA-617 received

6 (3–6)

LHRH 5 luteinizing hormone-releasing hormone.
Qualitative data are absolute counts and percentage;

continuous data are median and interquartile range.

TABLE 2
Summary of 177Lu SPECT Quantitation at Cycles 1 and 3

Parameter Cycle 1 Cycle 3

TTV (cm3) 787 (282–1,298) 492 (191–1,190)

SUVmax 70 (57–100) 36 (27–60)

SUVmean 10.1 (8–12) 8 (6–9)

Data are median and interquartile range.
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There was no difference in either PSA PFS or overall survival based
on NOX66 dose. Overall, median overall survival was 12.3 mo
(95% CI, 11.7–23.6 mo). Median PSA PFS was 6.3 mo (95% CI,
5.1–9.8 mo).

177Lu SPECT Quantitation
SPECT quantitation measures at baseline and week 12, including

SPECT TTV, SUVmax, and SUVmean, are summarized in Table 2.
SPECT TTV was reduced between baseline and week 12 in 68%
(22/32; median,20.20 m3 [95% CI,21.4 to20.001]) and increased
in 31% (10/32; median, 0.36 [95% CI, 0.1–1.4]). A 30% increase in
SPECT TTV by week 12 was identified in 19% (6/32). SUVmax was
reduced between baseline and week 12 in 91% (29/32; median,
228.9 [95% CI, 2195 to 142]), and SUVmean was reduced in 84%
(27/32; median,22.6 [95% CI,212 to110]).

Correlation with Patient Outcomes
An increase in SPECT TTV between baseline and week 12 was

associated with a significantly worse PSA PFS (hazard ratio, 4.1
[95% CI, 1.5–11.2]; P 5 0.006). Median PSA PFS in those with an
increase in SPECT TTV was 4.5 mo (95% CI, 2.8–5.6 mo), com-
pared with 7.1 mo (95% CI, 6.3–10.7 mo) for those with no increase
in SPECT TTV. A SPECT TTV increase of at least 30% was also
associated with a shorter PSA PFS (hazard ratio, 3.3 [95% CI,
1.3–8.6], P 5 0.02) (Fig. 1). Increased SUVmax or SUVmean between
baseline and week 12 was not associated with PSA PFS or overall
survival (Table 3). By week 12, 25% (8/32) of patients demonstrated
PSA progression. PSA progression at week 12 was associated with
significantly worse PSA PFS (hazard ratio, 26.5 [95% CI, 5.4–131];
P , 0.001). Patients with PSA progression at week 12 had a median

PSA PFS of 3.5 mo (95% CI, 1.1–4.5 mo),
versus 7.9 mo (95% CI, 6.3–10.7 mo) in
those without PSA progression. In the 10
patients with SPECT TTV progression at
week 12, 50% (5/10) had no concurrent PSA
progression (median PSA PFS, 4.5 mo [95%
CI, 2.8–5.6 mo]), and 5 of 10 men had both
PSA and SPECT TTV progression at week
12 (median PSA PFS, 2.8 mo [95% CI,
1.8–3.7 mo]) (Fig. 2).

Reproducibility
TTV was compared between 68Ga PSMA-

11 PET/CT at screening (PSMA PET TTV)
and the baseline 177Lu SPECT (median time

between scans, 15 d [range, 6–56 d]). There was a strong correla-
tion between PSMA PET TTV and cycle 1 SPECT TTV (R 5 0.87
[95% CI, 0.74–0.93], P , 0.001) (Fig. 3). Mean TTV was similar
between PSMA PET and SPECT (PET TTV, 925 6 856 cm3;
SPECT TTV, 949 6 852 cm3).
The repeatability of 177Lu SPECT quantitative analysis was

assessed in all 32 patients. There was no evidence of a systematic dif-
ference between test and retest for SUVmax, SUVmean, or TTV. The
repeatability estimate was 0.99 for SUVmax (95% CI, 0.97–0.99),
0.90 for SUVmean (95% CI, 0.81–0.95), and 0.99 for TTV (95% CI,
0.98–0.99) (Table 4).

DISCUSSION

This study found that quantified changes in SPECT TTV between
baseline and 12-wk 177Lu-PSMA-617 predict PFS in men treated
on a prospective PSMA-targeted therapy trial. To our knowledge,
this was the first study to evaluate SPECT parameters for response
biomarker capability, a potentially valuable development that uses
a readily available tool to potentially enhance personalized treatment
by directly assessing treatment response. 177Lu-PSMA-617 has
proven an effective therapy for mCRPC, with randomized trials dem-
onstrating both improved overall survival and improved radiographic
PFS compared with the standard of care (3), as well as increased
PSA 50% response rates and improved patient-reported outcomes
compared with cabazitaxel (2). However, responses can be heteroge-
neous, and PFS remains relatively short (2,3). Combination trials
with 177Lu-PSMA-617 are under way to investigate whether combin-
ing 177Lu-PSMA-617 with other agents may deepen and prolong
responses (NCT04419402, NCT03658447, and NCT03874884) (14).
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FIGURE 1. Kaplan–Meier curve for PSA PFS stratified by any increase in SPECT TTV at cycle 3 (A)
or.30% increase in SPECT TTV at cycle 3 (B). TV5 tumor volume.

TABLE 3
Univariable Analysis of Clinical and Imaging Markers and Association with PSA PFS and Overall Survival

Univariable analysis Overall survival PSA PFS

Increase in SPECT TTV (m3)* 1.5 (0.6–4.1); P 5 0.40 4.1 (1.5–11.2); P 5 0.006

Increase in SPECT SUVmax* 1.002 (0.99–1.01; P 5 0.75 1.004 (0.99–1.02); P 5 0.51

Increase in SPECT SUVmean* 1.11 (0.98–1.24); P 5 0.09 1.11 (0.99–1.23); P 5 0.06

PSA progression* 5.6 (2.1–14.8); P , 0.001 26.5 (5.4–131); P , 0.001

PSA decline $ 50%* 0.31 (0.1–0.8); P 5 0.02 0.40 (0.2–0.9); P 5 0.02

Time since diagnosis 0.95 (0.88–1.03); P 5 0.18 0.93 (0.87–1.01); P 5 0.09

*At week 12.
Data are hazard ratios and 95% CIs.
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Predictive and interim response biomarkers, both imaging and
genomic, will be critical in personalizing treatments to optimize
longer-term responses to PSMA-targeted radionuclide therapy (5,7).
Although there are limitations in spatial resolution with 177Lu
SPECT, its elegant potential as a response biomarker warrants further
evaluation. Molecular imaging as an interim response biomarker has
been particularly successful in optimizing treatment responses with

12-wk 18F-FDG PET in lymphoma (15–19).
More recently, Gafita et al. proposed a 12-wk
interim PSMA PET scan on the basis of its
predictive value for early disease progression
in a multicenter 177Lu-PSMA-617 therapy
trial (RECIP 1.0) (5). Being able to identify
treatment-resistant phenotypes early could
allow either intensification with the addition
of synergistic drugs or a change in treatment,
thereby maximizing opportunities for treat-
ment response in individuals and avoiding the
clinical and financial costs of continuing futile
treatment. Generally, this has been done in
mCRPC by monitoring serum PSA response
(20). Similarly to PSMA, there is heteroge-
neity of PSA expression, meaning it is not an
accurate measure of disease volume in a sig-
nificant proportion of men with mCRPC (21).
In this study, both SPECT TTV and PSA
progression were predictive of PFS. However,
21% of those in this study with no PSA pro-
gression had SPECT TTV progression. Gafita
et al. had a similar finding, with 14% demon-
strating PSMA PET progression before PSA
progression (5). Larger numbers are required
to determine whether use of SPECT TTV in
combination with PSA can more effectively
identify disease progression, but this study
provides strong preliminary evidence, with
177Lu SPECT identifying progression in a
subset of patients who had not yet experi-

enced a PSA rise. These results raise the question of whether 177Lu
SPECT or PSMA PET should be the preferred interim imaging
response biomarker for 177Lu-PSMA-617 therapy.
Posttherapy imaging both with planar imaging and with 177Lu

SPECT after radionuclide therapy has traditionally been used for
dosimetric calculations to determine the dose to nontarget organs
and tumor (22–25). Because of its significantly lower spatial reso-
lution and inability to detect small lesions relative to PET imaging,
177Lu SPECT has not been considered for treatment response. In
our direct comparison of quantitative findings between 68Ga-
PSMA PET and 177Lu SPECT within 2 wk, TTV was very similar
between 177Lu SPECT and PET, with a high correlation between
the 2 modalities, although theoretically 177Lu SPECT will under-
estimate small-volume disease (26). However, evaluating disease
progression requiring treatment change or intensification should
not depend on identifying small-volume disease. A lesion that is
below the spatial resolution for detection on 177Lu SPECT will
become visible as its size increases. Although the findings from
this trial confirm that 177Lu SPECT has potential for identifying
clinically significant disease progression, the opposite may be a
more difficult issue. 177Lu SPECT may struggle to confirm com-
plete resolution of all sites of disease in men with exceptional
responses to 177Lu-PSMA-617 therapy. Confirmation of an excep-
tional response may indeed require the spatial resolution of PSMA
PET, and further research is required to more precisely define the
limitations of 177Lu SPECT and appropriate minimal volume
changes required to identify progression.
This study relied on quantitation of 177Lu SPECT data, rather than

visual assessment, to determine an increase in TTV. It is becoming
clear that assessment of treatment response using PSMA-based
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FIGURE 2. (A and B) Maximum-intensity projection and quantitation of 177Lu SPECT at cycle 1 (A)
and cycle 3 (B) for patient with reduction in SPECT TTV and PSA and PSA PFS of 22 mo. (C and D)
Maximum-intensity projection and quantitation of 177Lu SPECT at cycle 1 (C) and cycle 3 (D) for
patient with increase in SPECT TTV. 30% but no increase in PSA and PSA PFS of 5 mo.

FIGURE 3. Scatterplot of log(PSMA TTV) at baseline vs. log(SPECT TTV)
at cycle 1.
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imaging for PSMA-targeted therapy must focus on changes in vol-
ume rather than measures of intensity (27,28). Accurate visual
assessment of changes in tumor volume can be difficult, especially in
the presence of large-volume metastatic bone disease. We found that
the repeatability of tumor volume on 177Lu SPECT was high and
comparable to PSMA PET/CT (29). However, quantitation remains
outside routine reporting guidelines and is time-intensive. Further
work is needed both to evaluate the accuracy of quantitation over
visual assessment and to streamline quantitation to be more user-
friendly for integration into routine clinical practice (9).
Changes in SPECT TTV were predictive of progression-free

but not overall survival in this study. Although this finding may be
due to the small patient cohort, it may also be due to the many
patients with progressive disease on 12-wk posttherapy SPECT
who were taken off trial and changed to an agent that proved
effective. Further work is required to evaluate the benefit of 177Lu
SPECT as a prognostic biomarker.
There were several limitations to this study. First, the patient num-

bers were small, and a larger cohort is needed to validate these find-
ings. This was a single-center study, and 177Lu SPECT quantitative
measures can vary significantly between centers and systems (30).
Further evaluation is required to harmonize image acquisition and
reconstruction across centers and imaging systems for results to be
reproducible. Finally, appropriate volume cutoffs for a significant
increase in SPECT TTV need to be defined. This will require trials
with larger patient numbers and outcome data. However, this study
provided a strong foundation on which to build further work.

CONCLUSION

Increasing SPECT TTV on quantitative 177Lu SPECT predicted
a short PFS and identified progression in some men who had yet
to demonstrate PSA progression. This tool shows promise as an
imaging response biomarker.
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KEY POINTS

QUESTION: Do the SPECT images acquired 24 h after 177Lu
PSMA-617 therapy provide predictive information on patient
outcomes?

PERTINENT FINDINGS: A change in SPECT TTV between dose 1
and dose 3 177Lu PSMA-617 is predictive of PFS.

IMPLICATIONS FOR PATIENT CARE: SPECT images early in
treatment have the potential to predict the response to therapy,
potentially allowing adjustment of treatment combinations or
changes in therapy to improve patient outcomes.
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Eligibility for 177Lu-PSMA Therapy Depends on the Choice
of Companion Diagnostic Tracer: A Comparison of
68Ga-PSMA-11 and 99mTc-MIP-1404 in Metastatic
Castration-Resistant Prostate Cancer
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177Lu-prostate-specific membrane antigen-617 (177Lu-PSMA-617) is
an effective therapy formetastatic castration-resistant prostate cancer
(mCRPC), with evidence of improved survival over standard care. The
VISION trial inclusion criteria required a metastatic lesion-to-liver ratio
of greater than 1 on 68Ga-PSMA-11 PET scans. We aimed to deter-
mine whether an equivalent ratio is suitable for a SPECT tracer, 99mTc-
MIP-1404, and to compare lesion and lesion–to–normal-organ ratios
between the 2 radiotracers. Methods: Two cohorts of patients with
mCRPC matched for age, prostate-specific antigen level, and total
Gleason score, with either 99mTc-MIP-1404 SPECT/CT (n 5 25) or
68Ga-PSMA-11 PET/CT (n 5 25) scans, were included for analysis. Up
to 3 lesions in each site (prostate/prostate bed, lymph nodes, bone and
soft-tissue metastases) as well as normal liver, parotid gland, spleen,
and mediastinal blood-pool SUVmax were measured. Results: 99mTc-
MIP-1404 SPECT lesion SUVmax was not significantly different from
68Ga-PSMA-11 PET (median, 18.2 vs. 17.3; P5 0.93). However, 99mTc-
MIP-1404 liver SUVmax was higher (median, 8.5 vs. 5.8; P5 0.002) and
lesion-to-liver ratios were lower (median, 2.7 vs. 3.5; P 5 0.009).
There was no significant difference in parotid gland or splenic SUVmax or
lesion–to–parotid gland ratios between the 2 tracers although there was
a small difference in lesion-to-spleen ratios (P 5 0.034). Conclusion:
There are differences in biodistribution and, in particular, liver activity,
between 68Ga-PSMA-11 and 99mTc-MIP-1404. Therefore, if 99mTc-MIP-
1404 is used to assess eligibility for 177Lu-PSMA-617 therapy, a lower
adjusted lesion-to-liver ratio should be used.

KeyWords: 177Lu-PSMA-617; 68Ga-PSMA-11; 99mTc-MIP-1404
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The therapeutic options for metastatic castration resistant pros-
tate cancer (mCRPC) are rapidly expanding, especially in the area
of targeted radionuclide therapy. In particular, exploiting prostate-
specific membrane antigen (PSMA) overexpression in metastatic
disease is an appealing option for targeted therapy (1). The recently
reported VISION trial confirmed an improvement in progression-
free survival and overall survival after treatment with radiolabeled
PSMA therapy, 177Lu-PSMA-617 (2). In keeping with optimal
practice and the principles of theranostics, and given the knowledge
that some prostate cancers do not express PSMA, target expression
was mandated by 68Ga-PSMA-11 PET imaging as an inclusion cri-
terion (3). Specifically, the trial required at least 1 PSMA-positive
metastasis, defined as uptake greater than liver with no PSMA-
negative lesion (uptake # liver) in any measurable metastasis (lymph
node . 2.5 cm, solid organ . 1.0 cm, bone . 1.0 cm soft-tissue
component). In the trial, 126 of 995 subjects did not meet imaging
criteria.
The inclusion criteria were based on pragmatic reasons, includ-

ing the widespread use and availability of 68Ga-PSMA-11 (2,3)
and that screen failures were subsequently shown to have worse
outcomes (4).
As eligibility for 177Lu-PSMA-617 therapy requires only a binary

decision depending on the level of lesion uptake rather than requir-
ing maximal sensitivity for lesion detection, several alternative PET
and SPECT PSMA ligands exist that could potentially be used to
confirm metastatic PSMA expression, some of which may be less
costly or more readily available and accessible in different geo-
graphic areas of the world. These include other 68Ga-, 18F-, and
99mTc-labeled ligands that have demonstrated utility in detection of
PSMA-expressing metastases in prostate cancer (5–12). For exam-
ple, 99mTc-MIP-1404 has shown efficacy in patients with interme-
diate- and high-risk prostate cancer undergoing prostatectomy and
extended pelvic lymph node dissection (5) and has favorable radia-
tion dosimetry (0.0088 mSv/MBq) compared with 68Ga-PSMA-11
(0.022 mSv/MBq) (13,14). However, these ligands have biodistri-
butions different from 68Ga-PSMA-11, and particularly in those
where biliary rather than renal excretion predominates, the use of a

Received May 20, 2022; revision accepted Aug. 11, 2022.
For correspondence or reprints, contact Gary J.R. Cook (gary.cook@kcl.

ac.uk).
Published online Oct. 27, 2022.
Immediate Open Access: Creative Commons Attribution 4.0 International

License (CC BY) allows users to share and adapt with attribution, excluding
materials credited to previous publications. License: https://creativecommons.
org/licenses/by/4.0/. Details: http://jnm.snmjournals.org/site/misc/permission.
xhtml.

COPYRIGHT! 2023 by the Society of Nuclear Medicine andMolecular Imaging.

68GA-PSMA-11 & 99MTC-MIP-1404 COMPARISON ! Cook et al. 227



lesion- to-liver ratio of greater than 1 may deny patients access to
177Lu-PSMA-617 treatment when 68Ga-PSMA-11 would have con-
firmed eligibility. There is therefore a need to determine appropri-
ate quantitative criteria for different PSMA ligands to ensure
equity of eligibility to 177Lu-PSMA-617 therapy.
Our aim was to compare the biodistributions of 68Ga-PSMA-11

and 99mTc-MIP-1404 (ROTOP Pharmaka GmbH) in metastases
and potential reference organs in matched cohorts of patients with
mCRPC. Our hypothesis was that differences in biodistributions
would be present, requiring an appropriate equivalent metric for
99mTc-MIP-1404 to define treatment eligibility.

MATERIALS AND METHODS

Institutional approval was acquired for analysis of anonymized retro-
spective data without the need for further consent. Two cohorts of 25
consecutive patients who had undergone 68Ga-PSMA-11 PET/CT or
99mTc-MIP-1404 SPECT/CT scans were included in the analysis. Inclu-
sion criteria were CRPC with metastatic disease being considered for
systemic therapy including 177Lu-PSMA-617. Patients were excluded if
they did not have mCRPC or information on a prostate-specific antigen
(PSA) level within 1 mo of the PSMA scan or no history of the original
Gleason score. Age, PSA level closest to the time of scanning, and origi-
nal Gleason score data were collected.

68Ga-PSMA-11 PET/CT Scan
No specific patient preparation was required except bladder voiding

immediately before imaging. All patients were injected intravenously
with 68Ga-PSMA-11 (mean, 169.6 6 16.5 MBq). At 60 min, a scan
was acquired from pelvis to skull base at 4 min per bed position with
an axial field of view of 15.7 cm and an 11-slice overlap between bed
positions, using a Discovery 710 PET/CT scanner (GE Healthcare). A
low-dose CT scan (140 kV; mAs, 15–100; noise index, 40; rotation
time, 0.5 s; and collimation, 40 mm) was obtained at the start of im-
aging to provide attenuation correction and an anatomic reference. PET
image reconstruction used a Bayesian penalized likelihood algorithm
(Q.CLEAR; GE Healthcare) with a b penalization factor of 800 as
previously described (15,16).

99Tc-MIP-1404 SPECT/CT Scan
No specific patient preparation was required except bladder voiding

immediately before imaging. All patients were injected intravenously
with 99mTc-MIP-1404 (mean 705 6 61 MBq). At 2–4 h, SPECT scans
were acquired on a Symbia T2 SPECT/CT system (Siemens Health-
care) from midthigh to skull vertex with low-energy high-resolution
collimation, a 128 3 128 matrix with 4.8-mm pixel size, and 120 pro-
jections over 360" for 15 s per projection. SPECT scans were followed
by low-dose CT (130 kV, 30 mAs) using adaptive dose modulation
(CAREDose 4D; Siemens Healthcare). CT data were reconstructed
with 3- and 5-mm slice thicknesses using B70s and B41s kernels for
image analysis. The SPECT dataset was reconstructed using an ordered-
subset expectation maximization algorithm with 4 subsets and 8 iterations,
including point-spread-function modeling with CT-based attenuation
correction and dual-energy window scatter correction as previously
described (10). Both PET and SPECT scanners underwent routine qual-
ity control measures.

Scan Analysis
For each subject, SUVmax was measured in any malignant lesion in

the prostate or prostate bed and up to 3 lesions in each of pelvic nodes
(N1), extrapelvic nodes (M1a), and skeletal (M1b) and visceral metas-
tases (M1c) using Hermes Gold software (Hermes Medical Solution).
A semiquantitative expression score was measured by comparison to
normal tissues including the mediastinal blood pool (MBP), liver, spleen,

and parotid glands, according to the PROMISE proposed classification
for PSMA ligand PET/CT interpretation (17). For the liver, a 3-cm
spheric volume of interest was placed in the center of the right lobe
avoiding metastases if present, with 2-cm volumes of interest used for
spleen, MBP (aortic arch), and parotid glands. SUVmax was calculated
for each. For each malignant lesion, a lesion-to-liver, lesion-to-spleen,
lesion–to–blood-pool, and lesion–to–parotid gland ratio was calculated.

Statistical Analysis
Statistical analyses were performed using SPSS (version 27; IBM

Corp). Data were tested for normality, and comparisons made with
either the t test or the Mann–Whitney test and values presented as
mean 6 SD or median and range accordingly. A P value of , 0.05
was taken for statistical significance.

RESULTS

The 99mTc-MIP-1404 group and the 68Ga-PSMA-11 group of
mCRPC patients were matched for age (median, 72 and 71 y,
respectively), PSA level (mean, 413.4 and 415.6 ng/mL, respec-
tively), and Gleason score (median, 9 and 9, respectively). The
previous rates of androgen deprivation therapy and other local or
systemic therapies (except prostatectomy rate) were also similar
between the 2 groups (Table 1). The 2 groups showed a similar distri-
bution of metastatic disease on either 99mTc-MIP-1404 SPECT or
68Ga-PSMA-11 PET in the prostate/prostate bed (7 and 10 patients,
respectively), N1 (8 and 13 patients, respectively), M1a (8 and 9
patients, respectively), M1b (23 and 23 patients, respectively), and
M1c (4 and 4 patients, respectively).
Lesion SUVmax measurements were not statistically different

between the 2 groups (median, 18.2, range, 4.1–52.1 for the
99mTc-MIP-1404 group; and median, 17.3, range, 3.4–128 for the

TABLE 1
Characteristics in 99mTc-MIP-1404 and

68Ga-PSMA-11 Groups

Characteristic 99mTc-MIP-1404 68Ga-PSMA-11

Median age (y) 72
(range, 62–91)

71
(range, 54–84)

Median Gleason score 9 (SD, 8–9) 9 (SD, 7–9)

Mean PSA 413.6
(SD, 581.6)

415.6
(SD, 1,101.7)

Prior ADT 24 25

Current ADT 6 8

Prior prostatectomy 14 4

Prior prostate
radiotherapy

13 13

Prior chemotherapy 20 15

miTNM

Prostate 7 10

N1 8 13

M1a 8 8

M1b 23 23

M1c 3 4

ADT 5 androgen deprivation therapy; miTNM 5 molecular
imaging tumor, node and metastasis staging.
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68Ga-PSMA-11 group; P 5 0.93). However, liver SUVmax was
higher in the 99mTc-MIP-1404 scans (median, 8.5, range, 4.7–13.9
for the 99mTc-MIP-1404 group; and median, 5.8, range, 3.9–9.0 for

the 68Ga-PSMA-11 group; P 5 0.002) (Fig. 1A). Lesion-to-liver
ratios were lower in the 99mTc-MIP-1404 group (median 2.5, range
0.6–10.5 for the 99mTc-MIP-1404 group; and median, 3.7, range,
0.8–17.1 for the 68Ga-PSMA-11 group; P 5 0.009) (Fig. 1B).
Lesion-to-liver ratios of 99mTc-MIP-1404 SPECT were on average
57% of those with 68Ga-PSMA-11 PET.
There was no significant difference in parotid gland SUVmax

between the 99mTc-MIP-1404 and the 68Ga-PSMA-11 group
(mean, 13.4 6 7.1 and 16.8 6 6.4, respectively; P 5 0.23) or
lesion–to–parotid gland ratios (median, 1.8, range; 0.3–6.4; and
median, 1.4, range, 0.3–7.0, respectively; P 5 0.5). Similarly, there
was no difference between spleen SUVmax (median, 11.5, range,
5.4–22.5; and median, 9.3, range, 4.9–16.0, respectively; P 5 0.072),
but there was a small difference in lesion-to-spleen ratios (median,
1.4, range, 0.3–6.1; and median, 2.0, range, 0.4–14.9, respectively;
P 5 0.034). There was a difference between MBP SUVmax measure-
ments (mean, 1.1 6 0.3 and 1.6 6 0.3, respectively; P 5 0.003) and
lesion- to-MBP ratios (median, 19.9, range, 3.8–114.5; and median,
13.5, range, 2.7–57.6, respectively; P5 0.011) (Table 2).

DISCUSSION

Although we have not measured a difference in lesion avidity
between 99mTc-MIP-1404 SPECT and 68Ga-PSMA-11 PET PSMA
ligands in patients with mCRPC, there are differences in biodistribu-
tion. In particular, liver activity and hence lesion-to-liver ratios differ
between the 2 tracers with higher liver uptake but lower lesion-to-liver
ratios with 99mTc-MIP-1404 SPECT. This is potentially of importance
as the eligibility for 177Lu-PSMA-617 therapy in the VISION trial
depended on a lesion-to-liver ratio greater than 1 using 68Ga-PSMA-
11 (2,3). Another phase 2 study used a lesion-to-liver ratio of 1.5 and
absence of 18F-FDG–positive and 68Ga-PSMA-11–negative lesions
to determine eligibility (18).
Different eligibility criteria would therefore need to be consid-

ered for different PSMA ligands so that patients are not deemed
ineligible from treatment when they may benefit if confirmation of
PSMA expression at all metastatic sites is mandated by reimburse-
ment guidelines before treatment.

FIGURE 1. Box plots of 99mTc-MIP-1404 and 68Ga-PSMA-11 liver SUVmax

(P 5 0.002) (A) and lesion-to-liver SUVmax ratios (P 5 0.009) (B) in patients
with mCRPC. median 5 central line; mean 5 X; box 5 interquartile range
(IQR); whiskers5 maximum and minimum values; O 5 outliers. 1.5 IQR.

TABLE 2
Lesion, Normal-Organ (Liver, Spleen, Parotid Gland, MBP), and Lesion–to–Normal-Organ Ratios Between 99mTc-MIP-1404

and 68Ga-PSMA-11 mCRPC Patients

99mTc-MIP-1404 68Ga-PSMA-11

Parameter Median Mean 6 SD Median Mean 6 SD P

Lesion SUVmax 18.2 (4.1–52.1) 17.3 (3.4–128.0) 0.93

Liver SUVmax 8.5 (4.7–13.9) 5.8 (3.9–9.0) 0.002

Lesion-to-liver SUVmax ratio 2.5 (0.6–10.0) 3.7 (0.8–17.1) 0.009

Parotid gland SUVmax 13.4 6 7.1 16.8 6 6.4 0.23

Lesion–to–parotid gland SUVmax ratio 1.8 (0.3–6.4) 1.4 (0.3–7.0) 0.5

Spleen SUVmax 11.5 (5.4–22.5) 9.3 (4.9–16.0) 0.072

Lesion-to-spleen SUVmax ratio 1.4 (0.3–6.1) 2.0 (0.4–14.9) 0.034

MBP SUVmax 1.1 6 0.3 1.6 6 0.3 0.003

Lesion-to-MBP SUVmax ratio 19.9 (3.8–114.5) 13.5 (2.7–57.6) 0.011

Data in parentheses are ranges.
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Although the predominant renal excretion route of 99mTc-MIP-
1404 is not dissimilar to that of 68Ga-PSMA-11 (10), there appear to
be sufficient differences to provide variation in lesion-to-liver ratios
between the 2 tracers. This is probably even more relevant for other
PSMA ligands that have a predominant hepatobiliary route of excre-
tion such as 18F-PSMA-1007, for which liver SUVmax has been
shown to be more than double that of 68Ga-PSMA-11 in a compara-
tive study (8). We found the mean 99mTc-MIP-1404 lesion-to-liver
ratio to be 57% of that of 68Ga-PSMA-11, suggesting that a corre-
spondingly lower lesion-to-liver ratio would be required to achieve
equitable eligibility for 177Lu-PSMA-617 therapy if applying the
VISION trial, or other previously reported, eligibility criteria (2,18).
Although an optimal level of lesion uptake has not been defined for
177Lu-PSMA-617 efficacy, it is generally accepted that a theranostic
pair is required to ensure targetable disease and to avoid futile therapy
in the minority of patients with non–PSMA-expressing disease (4,11).
To standardize PSMA ligand PET reporting, it has been suggested

that uptake in metastatic lesions should be graded by comparison to
blood pool, liver, or parotid gland (or spleen in liver-dominant excre-
tion ligands) (17). We have therefore measured uptake in these
organs in our series. Our results compare closely with another pub-
lished series of 68Ga-PSMA-11 with respect to liver, spleen, and
parotid gland SUVmax measurements with a small difference in
blood-pool values, possibly due to methodologic differences in mea-
surement of the latter (6). Interestingly, the 99mTc-MIP-1404 ligand
shows no significant difference from 68Ga-PSMA-11 with respect to
lesion uptake, parotid gland uptake, lesion–to–parotid gland ratio,
spleen, and lesion-to-MBP ratios. Apart from the previously men-
tioned lesion-to-liver ratio differences, lesion-to-spleen ratios and
MBP SUVmax were lower for 99mTc-MIP-1404, reflecting differ-
ences in biodistribution and pharmacokinetics of the 2 PSMA
ligands. We also noted higher variability in splenic and parotid gland
uptake between patients for both tracers compared with liver SUV-

max, suggesting these organs may be less suitable than the liver as
semiquantitative comparators. Rather than using a liver threshold,
other studies have used a lesion SUVmax of 20 as an eligibility crite-
rion (19,20), and it is possible that this would present an effective
alternative treatment threshold. Indeed, our data show a similar
SUVmax between 99mTc-MIP-1404 and 68Ga-PSMA-11 (Table 2),
but further work would be required to determine comparable lesion
avidity in other PSMA tracers.
Our analysis has some limitations. First, the 2 types of PSMA

scan were not performed in the same patients. Nevertheless, both the
groups analyzed included patients with mCRPC who would poten-
tially be eligible for 177Lu-PSMA-617 therapy and were reasonably
well matched for age, PSA level, Gleason score, and other relevant
characteristics. However, perfect matching is unlikely and a study of
both scans in the same patients, or a study evaluating 68Ga-PSMA-
11 uptake in 99mTc-MIP-1404–negative patients, would provide
more robust data. Second, not all of the patients in our cohorts
received 177Lu-PSMA-617 therapy and so we do not know if poten-
tial differences in eligibility for therapy would have had an impact
on clinical outcomes. In addition, we cannot exclude systematic dif-
ferences in SUV calculation between the SPECT and PET modali-
ties, weakening a comparison of SUVmax between lesions and
organs in the 2 cohorts. However, the ratios that we measured would
not be significantly affected by systematic differences.

CONCLUSION

There are differences in biodistribution between 99mTc-MIP-
1404 and 68Ga-PSMA-11 in patients with mCRPC who might be

eligible for 177Lu-PSMA-617 therapy such that different semi-
quantitative criteria may need to be adopted for different ligands if
lesion-to-liver ratios are the main parameter under consideration.
This is likely to be even more important for PSMA ligands that
are predominantly excreted via the hepatobiliary route. Prospective
analysis of the optimal imaging metrics to predict treatment out-
comes will be an important goal in future trials, particularly if
SPECT agents that offer increased availability and access with
reduced costs are used.
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KEY POINTS

QUESTION: Can differences in PSMA imaging tracer
biodistribution affect selection of patients for 177Lu-PSMA-617
therapy if lesion-to-liver ratios are used for treatment selection?

PERTINENT FINDINGS: This comparison of retrospective
matched 68Ga-PSMA-11 PET and 99mTc-MIP-1404 SPECT data
in 2 cohorts of 25 patients with mCRPC has shown differences
in biodistribution that led to greater liver activity but lower
lesion-to-liver ratios for 99mTc-MIP-1404.

IMPLICATIONS FOR PATIENT CARE: Different semiquantitative
data may be required for different PSMA imaging tracers used
as companion diagnostics to ensure equal eligibility for
177Lu-PSMA-617 therapy in mCRPC.
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F E A T U R E D T R A N S L A T I O N A L S C I E N C E A R T I C L E

68Ga-DOTATATE Prepared from Cyclotron-Produced 68Ga:
An Integrated Solution from Cyclotron Vault to Safety
Assessment and Diagnostic Efficacy in Neuroendocrine
Cancer Patients

S#ebastien Tremblay1, Jean-François Beaudoin2, Oph#elie B#elissant Benesty1,2, Samia Ait-Mohand1,
V#eronique Dumulon-Perreault2, #Etienne Rousseau1,2, #Eric E. Turcotte1,2, and Brigitte Gu#erin1,2

1Department of Nuclear Medicine and Radiobiology, Universit#e de Sherbrooke, Sherbrooke, Quebec, Canada; and 2Sherbrooke
Molecular Imaging Center of the CRCHUS, Sherbrooke, Quebec, Canada

Cyclotron production of 68Ga is a promising approach to supply 68Ga
radiopharmaceuticals. To validate this capability, an integrated solution
for a robust synthesis of 68Ga-DOTATATE prepared from cyclotron-
produced 68Ga was achieved. A retrospective comparison analysis
was performed on patients who underwent PET/CT imaging after injec-
tion of DOTATATE labeled with 68Ga produced by a cyclotron or eluted
from a generator to demonstrate the clinical safety and diagnostic effi-
cacy of the radiopharmaceutical as a routine standard-of-care diagnos-
tic tool in the clinic. Methods: An enriched pressed 68Zn target was
irradiated by a cyclotron with a proton beam set at 12.7 MeV for
100 min. The fully automated process uses an in-vault dissolution sys-
tem in which a liquid distribution system transfers the dissolved target
to a dedicated hot cell for the purification of 68GaCl3 and radiolabeling
of DOTATATE using a cassette-based automated module. Quality con-
trol tests were performed on the resulting tracer solution. The internal
radiation dose for 68Ga-DOTATATE was based on extrapolation from
rat biodistribution experiments. A retrospective comparison analysis
was performed on patients who underwent PET/CT imaging after
injection of DOTATATE labeled with cyclotron- or generator-produced
68Ga. Results: The synthesis of 68Ga-DOTATATE (20.7 6 1.3 GBq)
with high apparent molar activity (518 6 32 GBq/mmol at the end of
synthesis) was completed in 65 min, and the radiopharmaceutical met
the requirements specified in the European Pharmacopoeia mono-
graph on 68Ga-chloride (accelerator-produced) solution for radiolabel-
ing. 68Ga-DOTATATE was stable for at least 5 h after formulation. The
dosimetry calculated with OLINDA for cyclotron- and generator-
produced 68Ga-DOTATATE was roughly equivalent. The SUVmean or
SUVmax of tumoral lesions with cyclotron-produced 68Ga-DOTATATE
was equivalent to that with generator-produced 68Ga. Among physio-
logic uptake levels, a significant difference was found in kidneys,
spleen, and stomach wall, with lower values in cyclotron-produced
68Ga-DOTATATE in all cases. Conclusion: Integrated cyclotron pro-
duction achieves reliable high yields of clinical-grade 68Ga-DOTATATE.
The clinical safety and imaging efficacy of cyclotron-produced
68Ga-DOTATATE in humans provide supporting evidence for its use
in routine clinical practice.

Key Words: cyclotron 68Ga; in-vault dissolution system; 68Ga-DOTA-
TATE; PET imaging; cancer patients

J Nucl Med 2023; 64:232–238
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Commercial production of the 68Ge/68Ga generator increased
accessibility and kick-started metal radiolabeling of peptides for
medical diagnosis. The demand for 68Ga now greatly exceeds the
production capacity of generators (1), and the use of cyclotrons
for production of 68Ga by a 68Zn(p,n)68Ga reaction at energies of
12–14MeV on a larger scale is becoming a necessity.
Use of cyclotrons for the production of 68Ga first expanded with

liquid targets for a yield increase of 10 times generator production,
with the convenience of enriched 68Zn recycling and compatibility
with existing distribution systems for the liquid targets (2–4). How-
ever, problems of target density, high pressure, and metal contami-
nation by the targets limit the maximum production quantity and
labeling efficiency (2–4). The use of solid targets allows much
higher yields from 50 to 100 times generator capacity. However,
its spread to different sites is limited by the complexity of target
production, the recovery of the solid target while avoiding a high
dose for handling, and the complex, expensive systems required for
transfers from the cyclotron vault to the units of synthesis (5–11).
The aim of this study was to give a complete high-yield inte-

grated solution, from simple target preparation, irradiation, and
dissolution to production of good-manufacturing-practice–compli-
ant 68Ga-DOTATATE. To take advantage of the higher production
capacity of cyclotrons with solid targets, we first investigated the
quality of 68Ga produced at 12.7 MeV to demonstrate robustness in
the production of multiple doses of 68Ga-DOTATATE. The chemi-
cal and radiochemical purity and the dosimetry of this radiopharma-
ceutical were examined for human use. A phase 3 study aiming to
evaluate the innocuity and safety profile of 68Ga-DOTATATE pre-
pared from 68Ga produced by a cyclotron was initiated to establish
the procedure as a routine standard-of-care diagnostic tool for all
neuroendocrine cancer patients. This was a single-center study but
with recruitment across all of Canada. The trial was prospective,
nonrandomized, and open-label and had no control group (Clinical-
Trials.gov identifier NCT04847505, approved by Health Canada).
From this study, a retrospective comparison analysis was performed
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on patients who underwent PET/CT imaging after injection of
DOTATATE labeled with 68Ga produced by a cyclotron or eluted
from a generator (ClinicalTrials.gov identifier NCT02810600, a
completed phase 2 study with 2,120 participants).

MATERIALS AND METHODS

68Zn metal powder ($98.1% enriched) was purchased from ISO-
FLEX USA and Neonest AB. Nitric acid, 70% ($99.999% trace met-
als basis); hydrochloric acid, 37% ($99.999% trace metals basis);
ammonium formate ($99.995% trace metals basis); sodium phosphate
dibasic ($99.99% trace metals basis); potassium phosphate monobasic
(99.99% trace metals basis); acetonitrile; hydroxylamine hydrochloride,
99% (ReagentPlus); 2,3,5,6-tertrafluorophenol; and sodium hydroxide,
98% (of American Chemical Society grade) were purchased from
Aldrich Chemical. Ascorbic acid ($99.99998% trace select) was ob-
tained from Honeywell. All solutions and dilutions were prepared
with Optima (Sorbent Technologies) ultra-performance liquid chro-
matography/high-performance liquid chromatography water. Metha-
nol of high-performance liquid chromatography grade and NaCl were
purchased from Fisher Scientific. The reverse-phase cartridge and
Accell Plus CM cationic exchange resin were purchased from Waters.
Empty cartridges were purchased from UCT, and N-(3-dimethylamino-
propyl)-N9-ethylcarbodiimide hydrochloride was from Matrix Innova-
tion. DOTATATE was obtained from AUSPEP. The radio thin-layer
chromatography (TLC) was performed using instant-TLC silica gel
paper from Agilent and a radio-TLC scanner (Bioscan AR-2000).
g-ray spectrometry was conducted on a high-purity germanium detec-
tor (GMX; Ortec) calibrated with a National Institute of Standards and
Technology–traceable g-set (133Ba, 109Cd, 57Co, 60Co, 137Cs, 54Mn,
and 22Na) from Eckert and Ziegler Isotope Products. The pH strips
(range, 2–10) were purchased from Millipore-Sigma, and Quantofix
(Macherey-Nagel) iron and zinc test strips were from Aldrich. Hydrox-
amate resin was prepared from the modified Accell Plus CM cationic
exchange resin using the procedure developed by Verel et al. (12) and
was packed in a 1-mL cartridge (United Chemical Technologies). Ben-
zene sulfonic resin (CUBCX123 and CUBCX111) was bought from
UCT. A IGGl00 68Ge/68Ga generator was obtained from Eckert and
Ziegler EUROTOPE.

Target Preparation
The target preparation was already described by Alnahwi et al. (6).

Briefly, isotopically enriched 68Zn powder was pressed in a die of 8 mm
(155 mg) by a hydraulic press (module 3912; Carver) and deposed in the
appropriate cavity diameter of the magnetic target carrier (6).

Irradiation Procedure
Targets were irradiated facing a perpendicular proton beam in a

solid target holder, TA-1186D (ACSI), mounted to a target selector
installed directly on a TR-19 or TR-24 cyclotron (Advanced Cyclotron
Systems) in conjunction with our customized magnetic target carrier (6).
Beam degradation was achieved by the combined density of a tantalum
foil (125–150 mm; Goodfellow) and the target carrier. The resulting
energy was determined using the SRIM 2013 simulator (13). For irradia-
tion, the incident energy beam was set to 18.2 MeV and degraded to
12.7 MeV with the aluminum degrader of 0.4 mm to minimize forma-
tion of 67Ga by the nuclear reaction 68Zn(p,2n)67Ga (14), with a target
current of 20 mA applied during approximately 100-min irradiations on
both cyclotrons.

In-Vault Dissolution System
After the irradiation in the cyclotron target holder, the target carrier

was released down a tube line into a dissolution system (Fig. 1). This
custom-built system is located in the cyclotron vault and remotely
automated by an industrial programmable logic controller. The top

portion of the system funnels the target carrier into an air-activated
vacuum clamp that opens and closes the magnetic target carrier to
release the 68Zn target payload into the polyvinylidene fluoride disso-
lution chamber. The middle section gates the passage of the target to
the dissolution chamber with an air-activated union ball valve (19-mm
opening) that seals off the chamber during the target dissolution pro-
cess. The final portion of the system is the dissolution chamber, where
an air/vent port (Fig. 1A) and an air-activated distribution valve
(VICI) govern the incoming injections of 1.5 mL of 7 M nitric acid,
3mL of water, and 2.75 mL of 2.5 M ammonium formate buffering
solution through the liquid port (Fig. 1A) during the dissolution
sequence and selects the destination line of the dissolved target to the
proper synthesis unit. Inside the chamber, a magnetic stirring bar is
activated for 2 min for complete dissolution (6), after which water and
ammonium formate were added. The dissolved target solution arrives
about 7 min after the cyclotron irradiation in the destination hot cell.
With the process completed, the vacuum clamp and air-actuated release
pin (Fig. 1B) allow the magnetic target carrier to exit the system via
the ejection slide (Fig. 1C). At this point, all valves are reset, and the
system is ready for another combined synthesis–dissolution process to
target water flushing; the overall step is accomplished in 20 min after
the end of bombardment.

Peptide Radiolabeling
The 68GaCl3 purification (6) and peptide radiolabeling steps were

both performed on an AllInOne automated module (TRASIS), as
shown in Figure 2. The 68GaCl3 purification was performed using the
optimized procedure described by Alnahwi et al. (6). After the transfer
of 68Ga, the line was rinsed with 0.01 M HCl (0.5 mL) for maximum
recovery. The pH was adjusted to 3.5 with 1.2 mL of a 0.2 M ammo-
nium formate metal trace buffer solution. The buffered solution was
transferred to the reactor prefilled with a 1-mL solution of 60 mg of
DOTATATE and 25 mg of ascorbic acid of traceSELECT (Sigma-
Aldrich) grade. After mixing with nitrogen, the pH was 3.4–3.8 and
the reaction mixture was raised to 100"C during 13 min. The radiola-
beling yield was greater than 98%. After the labeling step, the reactor
was cooled to 50"C, and the solution was then drawn into a syringe
prefilled with 5 mL of water at room temperature. The peptide solution
was passed through 500-mg C18 reversed-phase resin, and the reactor
was rinsed with an extra 4 mL of water. The column was then washed
twice with 10 mL of water. The 68Ga-DOTATATE was recovered

FIGURE 1. In-vault dissolution system: component assembly (A), 68Zn-
enriched target release (B), and magnetic target carrier release (C). PTFE 5

polytetrafluoroethylene; PVDF5 polyvinylidene fluoride.
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with 3.5 mL of 55% (v/v) ethanol/water solution through the C18 col-
umn to the product vial for final formulation. The formulation was
achieved by adding 17.5mL of solution containing 0.14g of Na2HPO4,
0.024 g of KH2PO4, 0.1 g of NaCl, and 100 mg of ascorbic acid to the
product vial for a total volume of 21 mL and 9.4% ethanol. This solu-
tion was filtered through a sterile 0.22-mm polyvinylidene fluoride
membrane filter (Millipore) and fractionized with the Eckert and Zie-
gler module in the clean room.

Quality Control Tests
Quality control tests were performed on formulated 68Ga-DOTA-

TATE. The pH was measured with pH strips. The radiochemical
identity and purity were determined by ultra-high-performance liq-
uid chromatography (Acquity; Waters) with an evaporative light-
scattering detector, a flow-count radiodetector (Bioscan), and instant
TLC. Samples (1 mL) were injected and analyzed on an Acquity BEH
C18 column (1.7 mm, 2.1 3 50 mm) and compared with a home-made

FIGURE 2. AllinOne schematic of 68Ga-DOTATATE synthesis, including 68GaCl3 purification. Exh5 exhaust; mbar5 millibar; vac5 vacuum.

TABLE 1
Quality Control Results for 68Ga-DOTATATE

Analysis Method Specifications EOS Results (n 5 14)

Appearance Visual Clear, no color Pass

pH pH strip 4.0–8.0* 5.4 6 0.2

Peptide DOTATATE Calculation #60 mg* 57.3 6 0.5 mg

Radiochemical identity Ultra-performance liquid
chromatography retention time

610% 0.90% 6 0.05%

Radiochemical purity (100-A) 3 T 5 % $91% 98.4% 6 0.9%

Radionuclidic purity g-511 and 1,077 keV $98% 99.7% 6 0.3%

Radionuclide identification Half-life 62–74 min* 67.5 6 0.5 min

Pyrogenicity Inoculation #8.3 IU/mL* Pass

Filter integrity Bubble point $345 kPa (50 psi) Pass

Zinc/iron Strips #10 mg/GBq ,1 mg/GBq
67Ga and 66Ga contents g-ray analysis #2% 67Ga # 0.052% 6 0.004%†

66Ga # 0.017% 6 0.006%†

*Our release criteria.
†Values recalculated to moment of EOS from results obtained 16–24 h after EOS.
A 5 percentage of radioactivity due to 68Ga impurity (retardation factor 5 0–0.1) determined by instant TLC; T 5 proportion of the

radioactivity in the area of the peak due to 68Ga-DOTATATE relative to the total areas of the peaks in the chromatogram obtained from
ultra-high-performance liquid chromatography analysis.
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nonradioactive gallium-DOTATATE standard. The instant-TLC silica
gel paper was eluted with a 77 g/L solution of ammonium acetate:
MeOH (1:1). The radionuclidic purity was verified by g-ray spectrome-
try on a calibrated high-purity germanium detector with a zoom energy
window of 1–2,000 keV. Samples were counted for 2 min after the end
of synthesis (EOS). In addition, the tests were repeated at 16–24 h after
EOS to quantify radionuclidic impurities (67Ga [half-life, 3.26 d] and
66Ga [half-life, 9.49 h]). Chemical purity was evaluated using commer-
cially available indicator strips to measure iron and zinc in the formu-
lated 68Ga-DOTATATE. The endotoxin levels were assayed by the
Limulus amebocyte lysate method with an Endosafe-PTS test system
(Charles River Laboratories International). Sterility tests were per-
formed by a licensed laboratory (Nucro-Technics).

Animals
All animal studies were conducted in compliance with the Canadian

Council on Animal Care guidelines and with the approval of the Ani-
mal Care Committee of the Universit#e de Sherbrooke.

Biodistribution Studies
Biodistribution studies were conducted on 12-wk-old Fisher female

rats weighing 150–175 g (Charles River) to determine the uptake of
68Ga-DOTATATE in various organs. A 7- to 14-MBq dose of cyclo-
tron- or generator-produced 68Ga-DOTATATE was injected into the tail
vein of the isoflurane-anesthetized rats. At 15, 30, 45, 60, or 120 min
after injection, while anesthesia was maintained, blood was taken by
cutting the femoral artery. The animals were then killed by CO2 inhala-
tion and the organs of interest were removed, rinsed, and blotted dry
before the radioactivity was counted in a Hidex g-counter. The results
were expressed as percentage injected dose per gram of tissue.

Clinical PET Imaging
A retrospective comparison analysis was performed on patients

who underwent PET/CT imaging after injection of DOTATATE
labeled with cyclotron- or generator-produced 68Ga. The institu-
tional ethic board approved the study, and all subjects gave written
informed consent.

Patients with progressive disease between the 2 examinations (defined
by at least one new lesion) or examinations performed with different
cameras were excluded.

PET/CT imaging was performed from head to mid thigh, on a Gem-
ini TF or Gemini GXL PET/CT scanner (Philips). An unenhanced CT
scan was obtained using the following parameters: slice thickness,
3 mm; increment, 3 mm; 120 kVp, and 55–83 mAs, depending on the
patient’s weight. Immediately after CT scanning, whole-body PET
was performed in 3-dimensional mode (matrix, 144 3 144). For each
bed position (15 cm; overlapping scale, 5 cm), a 2-min acquisition
with a 57.6-cm field of view was used.

The emission data were corrected for decay and for random and
scatter events. Reconstruction used the 3-dimensional row-action max-
imum-likelihood algorithm with 2 iterations, a relaxation parameter of
0.5, and a 2-mm-radius spherically symmetric basis function (blobs).
Attenuation was corrected using the low-dose unenhanced CT data.
Image analysis was performed using OASIS software (Segami).

To compare both cyclotron- and generator-produced 68Ga-DOTA-
TATE, regions of interest were drawn on transaxial slices around areas
of focal uptake in the pituitary gland; lacrimal, parotid, submandibular,
and sublingual salivary glands; nasal mucosa; thyroid gland; mediasti-
nal blood pool (aortic arch); adrenals; liver; spleen; stomach wall;
bowel; kidney cortex; uncinate process; and gluteal musculature (as
background). Isocontour volumes at 70% of the maximum pixel value
were drawn automatically, and the SUVmean and SUVmax were mea-
sured in all these volumes. The SUVmean and SUVmax of neuroendo-
crine lesions were also recorded for up to 10 lesions per patient.

Cyclotron- and generator-produced 68Ga-DOTATATE values were
compared using Wilcoxon matched-pairs rank tests for each patient.
A P value of less than 0.05 was considered statistically significant.

RESULTS

Target Preparation and Irradiation
The 68Zn-pressed target irradiation challenge was to manage the

low melting point of the zinc (419.5"C) and the focused beam on the
solid target. To avoid target overheating at low current, a 125-mm
tantalum foil was efficiently used to diffuse the beam and reduce the
proton energy to 12.7 MeV on the target.

68Ga-DOTATATE Preparation
A fully automated dissolution system was developed to facilitate

the radiosynthesis of 68Ga for large-scale and routine production using
a pressed 68Zn target. The activity of the transferred 68GaCl3 solution
from the vault to the hot cell was 46.2 6 2.2 GBq (56.6 GBq at the
end of bombardment), with a saturated yield of 4.4 6 0.1 GBq/mA
when using the 8-mm-diameter 68Zn target irradiated at 12.7 MeV for
100.36 2.4 min at 206 0.4 mA. The 68GaCl3 was purified using the
optimized procedure described by Alnahwi et al. (6).
DOTATATE aliquots (60 mg) formulated in water (300 mL)

were stable for up to 30 d when the solution was kept frozen at
220"C. To avoid radiolysis at high activity levels, the peptide

FIGURE 3. Biodistribution in rats of DOTATATE labeled with generator-
produced (A) and cyclotron-produced (B) 68Ga at various time points. %ID5

percentage injected dose.
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precursor was loaded in the reaction vessel in the presence of
ascorbic acid, and the pH was adjusted before transfer of the puri-
fied 68GaCl3 solution. A mean of 20.7 6 1.3 GBq (n 5 14) of
68Ga-DOTATATE at EOS was produced in less than 35 min, for a
global decay-corrected yield of 66% 6 5% (n 5 14). The final
formulation, filtration, and distribution process was performed
within 10–15 min.
The estimated apparent molar activity at EOS was 518 6 32

GBq/mmol (n 5 14), which is 20-fold higher than the 25 GBq/mmol
reported by Thisgaard et al. (11) for cyclotron-produced 68Ga-
DOTATATE. From our previous studies, new generators produce
0.665 6 0.043 GBq (n 5 10) of 68Ga-DOTATATE that has an
apparent molar activity of 63 6 13 GBq/mmol with a performance
that decays over time.

Quality Control Results
Samples of all productions (n 5 14, Table 1) complied with all

specifications. 67Ga and 66Ga contents were, respectively, 0.052% 6
0.004% and 0.017% 6 0.006% at EOS (n 5 14).

Assessment of Internal Radiation Dose
To estimate the dosimetry of the 68Ga-DOTATATE, biodistribu-

tion experiments were conducted on female Fischer rats at different
time points after injection (Fig. 3). Cyclotron-produced 68Ga-DOTA-
TATE showed significantly higher uptake in the adrenals and

TABLE 2
Dosimetry Extrapolated to Humans for 68Ga-DOTATATE

Absorbed dose (mGy/MBq)

Tissue
Generator

68Ga
Cyclotron

68Ga

Adrenals 1.33e201 1.52e201

Brain 5.45e204 7.41e204

Breasts 8.99e204 9.52e204

Gallbladder wall 1.66e203 1.85e203

Lower large intestine wall 9.41e204 9.78e204

Small intestine 1.21e203 1.20e203

Stomach wall 1.42e203 1.79e203

Upper large intestine wall 1.14e203 1.14e203

Heart wall 2.52e202 2.69e202

Kidneys 9.01e202 6.29e202

Liver 4.42e203 5.30e203

Lungs 1.12e202 1.17e202

Muscle 3.23e203 3.41e203

Ovaries 7.95e203 4.94e203

Pancreas 1.36e202 7.28e202

Red marrow 6.46e203 6.68e203

Osteogenic cells 7.25e203 8.96e203

Skin 6.10e204 6.35e204

Spleen 5.42e203 5.79e203

Thymus 1.61e203 1.70e203

Thyroid 7.12e204 7.60e204

Bladder wall 7.51e204 7.83e204

Uterus 5.28e203 6.67e203

Total body 2.83e203 3.00e203

TABLE 3
Comparison of SUVmax of Physiologic and Tumoral Uptake

Between Cyclotron- andGenerator-Produced 68Ga-DOTATATE

SUVmax

Tissue Cyclotron 68Ga Generator 68Ga P

Pituitary 4.56 6 1.57 5.13 6 1.54 0.3291

Liver 8.33 6 2.19 8.95 6 2.47 0.3804

Thyroid 4.25 6 2.03 4.25 6 2.11 .0.9999

Parotid 2.37 6 1.01 2.41 6 1.04 0.8657

Submandibular 2.77 6 1.21 2.87 6 1.17 0.6079

Nasal mucosa 2.16 6 0.54 2.34 6 0.45 0.9463

Aortic arch 0.95 6 0.36 0.97 6 0.20 0.6221

Kidneys 14.30 6 5.23 16.76 6 4.12 0.0024*

Spleen 22.79 6 5.29 26.44 6 5.33 0.0015*

Uncinate process 5.31 6 2.45 5.96 6 2.88 0.1475

Stomach wall 6.30 6 3.36 8.69 6 2.37 0.0093*

Bowel 6.91 6 1.94 7.96 6 1.92 0.1294

Adrenal 11.09 6 4.41 12.44 6 4.39 0.0923

Gluteal
musculature

1.19 6 0.49 1.31 6 0.33 0.292

Tumors 9.13 6 6.18 7.94 6 5.61 0.346

*P value # 0.05.
Data are mean 6 SD.

TABLE 4
Comparison of SUVmean of Physiologic and Tumoral Uptake

Between Cyclotron- andGenerator-Produced 68Ga-DOTATATE

SUVmean

Tissue Cyclotron 68Ga Generator 68Ga P

Pituitary 3.82 6 1.34 4.32 6 1.31 0.457

Liver 6.56 6 1.67 6.95 6 1.81 0.4131

Thyroid 3.43 6 1.65 3.42 6 1.72 .0.9999

Parotid 1.89 6 0.83 1.91 6 0.82 0.8657

Submandibular 2.22 6 0.96 2.31 6 0.95 0.6377

Nasal mucosa 1.75 6 0.45 1.85 6 0.33 0.8945

Aortic arch 0.76 6 0.29 0.79 6 0.19 0.5879

Kidneys 11.09 6 4.07 13.00 6 3.36 0.0049*

Spleen 18.72 6 4.24 21.41 6 4.14 0.002*

Uncinate process 4.25 6 1.56 4.80 6 2.29 0.083

Stomach wall 5.04 6 2.74 6.96 6 1.87 0.0093*

Bowel 5.49 6 1.56 6.33 6 1.48 0.1099

Adrenal 9.01 6 3.59 10.05 6 3.55 0.1133

Gluteal
musculature

0.97 6 0.39 1.09 6 0.28 0.207

Tumors 5.14 6 5.42 6.52 6 4.59 0.583

*P value # 0.05.
Data are mean 6 SD.
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pancreas, organs of interest rich in somatostatin receptors, at early
time points (15 and 30 min, P , 0.005) after injection. A potential
explanation is that the cyclotron-produced 68Ga-DOTATATE has
the larger apparent molar activity. Cyclotron-produced 68Ga-
DOTATATE and generator-produced 68Ga-DOTATATE were bio-
logically equivalent at late time points, giving identical kinetic and
biodistribution patterns in animals.
Dosimetry extrapolated to humans was computed using OLINDA/

EXM (Vanderbilt University, 2003) from the residence times scaled
to humans. Since female rats were used for the biodistribution experi-
ments, the adult female model provided by the software was applied
for computations. Extrapolated dosimetry is detailed in Table 2 as
absorbed dose.
Estimated 68Ga-DOTATATE dosimetry is acceptable when

compared with other PET tracers in use in humans and shows that
dosimetry for 68Ga-DOTATATE synthesized from cyclotron-
produced 68Ga and generator-produced 68Ga is roughly equivalent.
The main difference in calculated dosimetry between the 2 tracers
is in the pancreas, kidneys, and adrenals.

Clinical Studies
PET/CT examinations after injection of cyclotron- and generator-

produced 68Ga-DOTATATE were compared for 12 patients (14
lesions): 4 using the Gemini GXL scanner and 8 the Gemini TF
PET/CT scanner. The mean interval between the examinations was
373.56 315.8 d.
Cyclotron production allowed injection of a higher radiotracer

activity than did generator production (3.9 6 1.0 MBq/kg and 1.9 6
0.6 MBq/kg, respectively; P 5 0.01). There was no difference in
injection-to-acquisition interval between the examinations (69.5 6
11.9 and 65.4 6 11.6 min, respectively; P5 0.34).
SUVmax and SUVmean are compared in Tables 3 and 4, respec-

tively. The SUVmean and SUVmax of tumoral lesions did not differ
between cyclotron and generator production. Regarding physiologic
uptake, a significant difference was found in the kidneys, spleen, and
stomach wall, with lower values in cyclotron-produced 68Ga-DOTA-
TATE in all cases (Fig. 4). All these organs are large and highly

somatostatin receptor–expressing (15), but
to our knowledge, the effect of injected
activity or apparent molar activity on physi-
ologic uptake in somatostatin receptor PET
imaging has not been described.

DISCUSSION

In recent years, several groups, including
ours, have developed new liquid and solid
targets and robust separation procedures to
manufacture high-purity 68Gawith cyclotrons
(2–11). As previously described by Alnawhi
et al. (6), the preparation and assembly of
68Zn-pressed target was easy, time-effective
for serial production, and inexpensive. There
is clear and convincing evidence that the
quality of cyclotron-produced 68Ga is compa-
rable to that of generator-produced 68Ga
(2–11) and that large quantities can be pre-
pared (5,6,10,11), which enable transporta-
tion of 68Ga tracer. 68Ga-DOTATATE can
safely be used up to 5 h after EOS, when the
combined value for 66Ga and 67Ga content

reaches 1.25% of the activity of 68Ga as compared with the 2% limit
prescribed in the European Pharmacopoeiamonograph (16).
The lower physiologic uptake and similar tumor uptake

obtained with 68Ga-DOTATATE produced by cyclotron could
result in only a better tumor-to-background ratio in these areas.
For the last 18 mos, a weekly production of 68Ga-DOTATATE
was successfully performed and more than 1,075 clinical scans
were done. One should note that a single cyclotron production of
68Ga-DOTATATE allowed for scheduling of 10 patients on 2
simultaneously running PET scanners, compared with 2 patients
for generator-produced 68Ga-DOTATATE.
The present clinical trial confirmed that 68Ga-DOTATATE pre-

pared from cyclotron-produced 68Ga is safe and provides diagnos-
tic efficacy equivalent to that of the radiopharmaceutical prepared
from generator-produced 68Ga.

CONCLUSION

We propose a complete high-yield integrated solution for cyclo-
tron-produced and good-manufacturing-practice–compliant 68Ga-
DOTATATE. Use of the in-vault dissolution system combines the
high-yield production of the solid target with the versatility of the
liquid-target distribution to multiple synthesis units. The results of
the present study further support adoption of cyclotron-produced
68Ga-DOTATATE in clinical practice.
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FIGURE 4. Example of 2 examinations, with cyclotron-produced (top row) and generator-pro-
duced (bottom row) 68Ga-DOTATATE PET/CT. From left to right in each row maximum-intensity pro-
jection (MIP), axial, sagittal and coronal planes. Examinations were performed 16 mo apart on same
patient, who was being followed after removal of left pheochromocytoma but had secondary supra-
clavicular (black arrows) and retroperitoneal (white arrows) node metastasis.
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KEY POINTS

QUESTION: How does the development of cyclotron-produced
68Ga-DOTATATE facilitate PET imaging of neuroendocrine cancer
patients?

PERTINENT FINDINGS: A robust and good-manufacturing-
practice–compliant synthesis of 68Ga-DOTATATE from
cyclotron-produced 68Ga was achieved, expanding the imaging
time window and the number of patients per production compared
with generator-based 68Ga-DOTATATE. We also showed that
cyclotron-produced 68Ga-DOTATATE is safe for clinical use.

IMPLICATIONS FOR PATIENT CARE: Cyclotron-produced
68Ga-DOTATATE can provide high-contrast detection of
neuroendocrine tumors with reduced physiologic uptake in highly
somatostatin receptor–expressing organs.
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The aim of this initiative was to provide consensus recommendations
from a consortium of academic and industry experts in the field of
lymphoma and imaging for the consistent application of imaging
assessment with the Lugano classification.Methods: Consensus was
obtained through a series of meetings from July 2019 to October 2021
sponsored by the PINTaD (Pharma Imaging Network for Therapeutics
and Diagnostics) as part of the ProLoG (PINTaD RespOnse criteria in
Lymphoma wOrking Group) consensus initiative. Results: Consensus
recommendations encompass all technical imaging aspects of the
Lugano classification. Some technical considerations for PET/CT and
diagnostic CT are clarified with regards to required imaging series and
scan visits, as well as acquisition and reconstruction of PET images
and influence of lesion size and background activity. Recommenda-
tions are given on the role of imaging and clinical reviewers as well as
on training and monitoring. Finally, an example template of an imaging
case report form is provided to support efficient collection of data with
Lugano Classification.Conclusion: Consensus recommendations are
made to comprehensively address technical and imaging areas of
inconsistency and ambiguity in the classification encountered by end
users. Such guidance should be used to support standardized acqui-
sition and evaluation with the Lugano 2014.

Key Words: Lugano classification; technical recommendations;
consensus; standardization
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In 2014, the Lugano classification (1) together with an imaging-
focused companion report (2) (referred together as Lugano 2014)
provided a standardized approach to classifying response based on
18F-FDG PET/CT in 18F-FDG–avid lymphomas. The Lugano 2014
was an update to the Revised Response Criteria for Malignant Lym-
phoma published in 2007 (referred to as Cheson 2007) (3).
The Lugano 2014 has since been used by regulatory agencies

for recent drug approval and widely adopted both by the pharma-
ceutical industry and also by clinicians for evaluation of Hodgkin
lymphoma (HL) and non-Hodgkin lymphoma (NHL). Currently,
hundreds of actively recruiting and ongoing investigational trials
are using the Lugano classification (https://clinicaltrials.gov).
The PRoLoG committee (PINTaD RespOnse criteria in Lym-

phoma wOrking Group), sponsored by the PINTaD (Pharma Imaging
Network for Therapeutics and Diagnostics) (https://www.pintad.net),
is a cross-functional group of volunteers from the industry and acad-
emy who engaged in discussions to provide expert end-users consen-
sus recommendations for the consistent application of the Lugano
classification.
This article, focusing on the technical imaging recommendations,

is not intended to replace the classification. It may also be applied to
some extent to the newer lymphoma response assessment criteria
(e.g., Lymphoma Response to Immunomodulatory Therapy Criteria
2016 (4) and Response Evaluation Criteria in Lymphoma 2017 (5)).
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Although these recommendations are primarily given for clinical
trial end-users, it may be valuable information for health-care provi-
ders as well.

MATERIALS AND METHODS

Task forces (TFs) were created to evaluate technical imaging and
clinical considerations of the Lugano classification that could affect its
uniformity in evaluating lymphoma response.

The TF members included representatives from academic or scientific
organizations (n5 3), pharmaceutical industry (n5 9), clinical research
organizations (n5 13), and other clinical trial specialists (n5 4), as well
as independent research leaders. A steering committee oversaw the activ-
ities of each TF. All meetings were held virtually, from July 2019 to
October 2021, recorded and transcribed into minutes that were approved
by the TF members. In instances for which there was lack of evidence-
based data, or consensus, a call for future research on that topic was sug-
gested. Additional recommendations from the TF, primarily for clinical
imaging considerations, have been previously published (6).

Any individual involved in the implementation of the Lugano clas-
sification is considered an end-user. Any physician responsible for
assessing response in lymphoma is considered a reviewer.

TECHNICAL CONSIDERATIONS FOR IMAGE ACQUISITION,
RECONSTRUCTION, AND EVALUATION

Required Images and Viewing Stations
The assessment of the Lugano classification is informed by both

anatomic imaging (diagnostic CT preferred; however, it can be
interchangeable with MRI; ultrasound should not be used because
of the operator-dependency of the method) and metabolic (18F-
FDG PET/CT) imaging, for 18F-FDG–avid lymphomas.
The following images should be provided to the reviewers, when

available: 18F-FDG PET/CT images and diagnostic CT images.
18F-FDG PET/CT images include PET attenuation-corrected (AC)
images; PET non– attenuation-corrected images; low-dose CT for
attenuation correction (CTAC) and for localization purposes; and
reconstructed images—AC MIP (maximum-intensity-projection) and
PET/CT fusion images, unless the viewing software enables creation
from AC images, and care should be taken that no patient identifiers
are embedded on reconstructed images.
Diagnostic CT images should include CT images with anatomic

coverage to encompass all areas of known or suspected disease
with appropriate acquisition settings for kVp, mAs, slice thickness
of # 5 mm, intravenous contrast, and patient positioning and
breathing instructions (e.g., deep inspiration breath-hold); and
standard soft-tissue and lung reconstruction images.
Viewing stations for image review and interpretation should pro-

vide adequate functionality to allow multiplanar display (i.e., axial,
coronal and sagittal views) of PET, diagnostic CT and fused PET/CT
images for image interpretation and lesion cross-referencing purposes.
PET images should be scaled to a set SUV range and color table.
PET software should allow creation of maximum-intensity-

projection images (of special importance for providing visual scor-
ing assessments of distant lesions to mediastinum and liver reference
tissues). Reading software should allow for vendor-neutral evalua-
tion of PET images, including semiquantitative uptake measure-
ments, and of CT images, including size measurements, and
may ideally allow for volumetric assessments (which are inte-
resting exploratory measurements but not included in the Lugano
classification). The Quantitative Imaging Biomarkers Alliance
(QIBA [https://rsna.org/QIBA]) has provided guidance on system’s

technical performance standards (7,8) when the aim is to use 18F-
FDG PET as a quantitative imaging biomarker.

18F-FDG PET/CT and Diagnostic CT Scan Visits
PET/CT should provide sufficient anatomic coverage to accu-

rately assess whole-body tumor burden. As a minimum for all
patients, PET/CT should include common areas of disease involve-
ment including the neck, chest, abdomen, and pelvis (including
groin). Coverage should be adjusted to include additional areas of
known or suspected disease (e.g., extremities). Inclusion of the brain
is dependent on the lymphoma disease status and imaging center
standard protocol. It is highly recommended that 18F-FDG PET
emission scanning commences in the pelvis or thigh region and
extend to the upper body, to avoid reconstruction artifacts due to
high bladder uptake. The same PET/CT scanner and scanning direc-
tion should be used on follow-up time points, and consistent patient
positioning and breathing instructions should be ensured across all
imaging visits. Time from injection of 18F-FDG to acquisition of
PET images should be kept rigorously constant across successive
scans in a patient to allow for comparability of metabolic images
(ideally 65 min, up to 610 min, compared with time used at base-
line), and acquisition should always be timed to close to 60 min after
injection (55–75 min is acceptable) (7–10). Factors affecting SUV
calculation (e.g., injection time, but also administered activity,
weight) that are entered manually onto the scanner should be care-
fully checked and documented for quality control purposes.
Whenever possible, 18F-FDG PET/CT and diagnostic CT scans,

if both are required at the same time point, should be acquired on
the same scanner during the scheduled imaging visit for patient
convenience. CTAC scans should be obtained without intravenous
or positive oral bowel contrast. Diagnostic CT with intravenous
contrast should be performed after the PET CTAC acquisition in
order to avoid overattenuation of the PET images from the CT
contrast medium.
A CT should be considered of diagnostic quality (so-called diag-

nostic CT) if it has adequate resolution to detect and accurately mea-
sure lesions and spleen size and should contain intravenous contrast,
unless contraindicated, ideally in the portal venous phase for clinical
trials. Oral contrast is recommended per site standard of care, espe-
cially in patients with known or suspected hollow viscus involvement
or mesenteric lymphadenopathy. Technical acquisition parameters,
use of intravenous contrast unless medically contraindicated, breath-
hold techniques, and arm positioning should be specified beforehand
in study documents and kept as consistent as possible for a given sub-
ject across time points, and as much as possible for the trial. The CT
portion of a PET/CT can be used for lesion and spleen measurements
if it is considered of acceptable diagnostic quality.
For situations in which a patient is diagnosed at a center differ-

ent from the treating institution, it is of utmost importance that the
baseline scan (images and image acquisition fields) be made avail-
able in DICOM format to enable comparison to subsequent im-
aging. Ideally, all scans for a same patient should be conducted
with the same scanner and at same institution throughout the trial.
Further recommendations are provided in Supplemental Table 1

(available at http://jnm.snmjournals.org).

PET Acquisition and Image Reconstruction
Phantom-based quantitative calibration validation is strongly

recommended before a clinical trial is started, and is even critical
in trials in which main endpoints require SUV/activity concentration–
based quantitative measurements. However, for trials with no
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quantitative measurements, the regular quality control that is used
for clinical care recommended by the imaging facilities, manufac-
turer, and institution may be sufficient.
Semiquantitative SUV read-outs can be of interest in trials using

the Lugano classification (2), and it is highly recommended that
the comprehensive QIBA 18F-FDG profile (7,8) be implemented
at each site as a guideline for standardization of the 18F-FDG PET
workflow. Other guidance exists, such as the European Associa-
tion of Nuclear Medicine procedure guidelines for tumor imaging
with 18F-FDG PET/CT (10). The scanning sites and study sponsor
should agree on key PET reconstruction parameters in order to
harmonize image quality and quantification.
Change in SUVmax (DSUV) and metabolic tumor volume may be

promising tools for response evaluation and prognosis in lymphoma
(11,12), including for clinical trials, further emphasizing the need
for standardization of PET acquisition (13). A change in SUV mea-
surement (e.g., DSUVmax of less than or equal to 66% in 18F-FDG
PET/CT after 2 cycles of chemotherapy for diffuse large B-cell
lymphoma as a correlate to an unfavorable outcome (14–17)) has
been suggested for response and prognosis evaluation at interim
PET as well as for assessment in PET-guided therapy (18). This
promising measurement is undergoing further validation (19–21).
Acquisition and reconstruction methods should be kept consistent

throughout the trial and between patient visits. PET 3-dimensional
mode acquisition with time-of-flight is preferred when available. In
the interest of harmonizing image acquisition across sites, newer
reconstruction methods that may not be widely available (e.g., point
spread function corrections, regularized reconstructions, artificial
intelligence–based acquisition and reconstruction algorithms) and
for which the effect on the 5-point scale (5-PS) is not yet known
should be used cautiously to assess study outcomes for PET-guided
therapy decisions until the impact of these newer methods on the
5-PS is better understood.
However, the TF acknowledges that phantom harmonization pro-

grams that align scanner performances across institutions may help
to mitigate such differences between newer reconstruction methods,
especially for semiquantitative assessments (e.g., SUV and meta-
bolic tumor volume). Although prospective harmonization of PET
scanners in a multiinstitutional clinical trial setting is desirable, it
may not always be entirely practical or feasible due to variety of
reasons (including the use of different reconstruction algorithms,
such as Bayesian penalized likelihood and point spread function,
compared with older methods, such as traditional ordered-subset
expectation maximization).

Technical Influence of Lesion Size and Background Activity
The influence of lesion size and activity concentration on partial

volume is difficult to correct for in smaller lesions. This is particu-
larly relevant when using the 5-PS to assess small residual lesions
in lymphoma response assessment. In phantom studies using dif-
ferent sized spheres filled with identical concentrations of 18F to
mimic tumor sizes, smaller lesions (,2 cm) appeared to have less
18F-FDG activity than larger lesions ($2 cm) (22–24). This is due
to the inability of PET scanners to fully recover all the counts (i.e.,
partial-volume effects) from smaller compared with larger spheres
(or lesions) (22).
Although newer scanners may have advanced reconstruction algo-

rithms to account for the loss of signal (point-response function or
regularized reconstructions), there have been no well-controlled stud-
ies addressing this issue or its influence on the application of the 5-PS.

Therefore, a uniform recommendation by the TF on how to inte-
grate lesion size information into Lugano evaluation is not possi-
ble at this time, and further investigation is encouraged.
Signal-to-noise ratio plays an important role in lesion detection.

Image reconstruction and postprocessing of images with available
reconstruction algorithms and filtering help to control for and
remove noise, which should be optimized for individual scanners
based on either phantom testing or according to the suggested rec-
ommendations of manufacturers’ specifications. However, the con-
spicuity of lesions is not only dependent on lesion signal but also on
the uptake or signal in surrounding tissue and organs. Therefore,
the reader should be aware of this phenomenon when interpreting
scans.

SUV Measurements
Some semiquantitative measurements are routinely recorded (e.g.,

most hypermetabolic lesion, reference regions), and such mea-
surement may be used to confirm visual assessment, for example, to
assign a score of 5 on the 5-PS (2,11).
SUVs that are captured (e.g., most hypermetabolic lesion, refer-

ence regions) usually represent the SUVmax, in alignment with the
Lugano classification. However, other types of measurements (e.g.,
lesion SUVpeak, reference region SUVmean) are frequently recorded
in clinical trials (11).
SUVmax represents the uptake in the single voxel exhibiting the

highest tracer uptake in the region of interest. It is easily available
on read stations, has good interreader reproducibility, and is rela-
tively unaffected by partial-volume effects. However, SUVmax is
influenced by noise.
SUVpeak is the average of the SUV in the 1 cm3 of voxels with

the highest activity in a volume of interest. SUVpeak (corrected for
lean body mass) is used in PERCIST (25). PERCIST was proposed
in 2009 to better standardize PET response criteria in solid tumors
and to combine good interreader reproducibility, reduce the influence
of partial volume with SUVmax, and improve count rate stability.
SUVmean represents the mean tracer uptake in the region of inter-

est. Usually, the most metabolically active portion within the area
of interest should be used within the region of interest in which
SUVmean is calculated. Measurement of the mean is dependent on the
size of the region or volume of interest, which should be standardized.
Further work is warranted in this field to identify the optimal

measure for lymphomas. Besides, metabolic assessments (e.g., met-
abolic tumor volumes) and other radiomic features may become
more important in the future.

Terminology for Image Evaluation and Reporting
Lugano 2014 considers both metabolic and anatomic assess-

ments when evaluating 18F-FDG–avid lymphomas. With regard to
response assessed on diagnostic CT, both radiographic and ana-
tomic terminology have been used. The TF recommends using the
term “anatomic” to describe response.
When response to therapy is evaluated, it is recommended that

the metabolic, anatomic, imaging (metabolic response, anatomic
response, or combination of both when both available), and overall
(used to determine endpoints, integrating clinical data when avail-
able) responses be assessed and recorded. In order to differentiate
anatomic and overall responses—which currently are using the
same terminology—it was suggested to incorporate “anatomic”
when recording the anatomic response. Thus, the anatomic response
is now referred to as complete anatomic response (CAR), partial ana-
tomic response (PAR), stable anatomic disease (SAD), and
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progressive anatomic disease (PAD). Metabolic response remains
defined as complete metabolic response or partial metabolic response
(CMR or PMR, respectively), no metabolic response (NMR, pre-
ferred term, because “stable disease” usually refers to radiographic
stability) or stable metabolic disease (SMD), and progressive meta-
bolic disease (PMD). The overall response remains defined as com-
plete response, partial response, stable disease, and progressive
disease. Thus, it is clear what each component of the response is,
and how each component complementarily results in the overall
response.

ROLE OF THE REVIEWERS: EXPERIENCE AND
QUALIFICATIONS, TRAINING, AND MONITORING

Imaging Reviewers Qualifications and Experience
Dependent on the read requirements of a clinical protocol, the

imaging reviewers should meet certain qualifications, including
documentation of competency in diagnostic CT or PET/CT.
Reviewers should be board-eligible (BE) or board-certified

(BC) nuclear medicine physicians (or the regional/national equiva-
lent) with experience or certification in CT/MRI, or BE/BC radiol-
ogy physicians with experience or training in PET/CT imaging.

Clinical Reviewers Qualifications and Experience
Although Lugano classification does not specifically recommend

separate imaging and clinical reviews, if a hematology–oncology
review is requested, then the selection of clinical reviewers should
meet prespecified qualifications including the credentials as a BE or
BC physician in hematology or oncology (or the regional/national
equivalent).
Additional experience in clinical care of hematologic malignan-

cies—either through clinical practice or in clinical trials—is required.
In addition, all reviewers, both imaging and clinical, should pro-

vide documented evidence of prior clinical experience with lympho-
mas and clinical trial participation in lymphoma studies on their CV
or through attestations of participation. In cases where a reviewer
may have no prior experience in clinical trial reads, a program of
appropriate training about the application of the Lugano classifica-
tion in the context of clinical trials and including test cases is
required.
Close monitoring of on-trial performance is recommended for

all reviewers, both imaging and clinical, regardless of training or
experience.

Role of the Imaging Reviewer
The role of a blinded independent central reviewer (BICR) is to

provide independent review of cases without bias or unblinding to
treatment. It is recommended, when possible, that the reviewer
remains the same throughout the reads of all time points for a
patient. Where feasible, it is ideal to have the same reviewer pro-
vide assessment of both the 18F-FDG PET/CT and the diagnostic
CT throughout the entire study for an individual patient basis. If
separate reads of diagnostic CT and 18F-FDG PET/CT occur, it is
recommended that both readers meet for an integration read of
anatomic and metabolic assessments that should be conducted to
provide 1 patient-level imaging time-point assessment.
Whenever there are 2 BICRs evaluating scans from the same

patient and modality, a third independent reviewer (adjudicator)
should be assigned to review the scans in cases of time-point
assessment discrepancies to resolve any disagreements that would
impact the overall time-point responses.

During an adjudication event, the adjudicator should select
which reader he or she most closely agrees with, rather than pro-
viding a third independent assessment, and a rationale for the
selection should be provided. Alternative adjudication workflows
exist, which are beyond the scope of this article.

Reviewers Training and Monitoring
Recommended activities that both imaging and clinical reviewers

should complete before the start of on-study reads include training
on Lugano classification (and any protocol-specified modifications
or clarifications) and on completion of imaging case report forms as
well as familiarization with workstation usage and group review of
clinical cases for formulating consensus on scan interpretation and
time-point responses.
Borderline and challenging cases should be involved in the

training; the number of cases to be included should be dependent
on the study design and experience of reviewers with the response
criteria (best practice is to consider 3 cases as a minimum and it
should be more especially in the case of less-experienced readers
or more complex studies), being mindful that statistics on such
small sample of training may not be significant.
Monitoring (e.g., intra- and interreader variability, adjudication

rates) is recommended per guidance documents of the Food and
Drug Administration (26) and should be performed for all reviewers
regardless of training or experience. Members from the PINTaD
recently published additional information on reader variability and
monitoring of performance (27,28). Reader monitoring should start
early in the course of the trial to allow for timely retraining when
necessary. Group retraining is recommended on the basis of
monitoring results or as periodic follow-up group retraining or
reviews to ensure that all readers are provided with identical infor-
mation to ensure systematic discordance is not introduced.
An example of an imaging case report form and a summary of

recommendations can be found in the supplemental materials and
Supplemental Table 1, respectively.

CONCLUSION

The PRoLoG initiative has created a platform to gather recom-
mendations from an international group of recognized imaging
and clinical expert end-users from academia and industry in the
field of lymphoma response assessment to standardize application
of the Lugano classification in clinical trials and beyond.

These recommendations are intended for clinical users, at local sites
and central facilities, in academic and pharmaceutical clinical trials to
enhance standardized acquisition and evaluation with the Lugano clas-
sification, facilitating conduction of clinical trials and regulatory
review, ultimately leading to improved lymphoma patient outcome.
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KEY POINTS

QUESTION: How can the Lugano classification be consistently
applied among imaging end-users?

PERTINENT FINDINGS: These consensus recommendations
should be used as a companion to the Lugano classification with
regards to required imaging series and scan visits and acquisition
and reconstruction of PET images. The roles of imaging and clinical
reviewers as well as of training and monitoring are clarified.

IMPLICATIONS FOR PATIENT CARE: This guidance will
enhance usage of the Lugano classification, facilitating the
conduction of clinical trials and regulatory review, ultimately
leading to improved lymphoma patient outcome.
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Pancreatic ductal adenocarcinoma (PDAC) may arise from intraductal
papillary mucinous neoplasms (IPMN) with malignant transformation,
but a significant portion of IPMN remains to show benign behavior.
Therefore, it is important to differentiate between benign IPMN and
IPMN lesions undergoing malignant transformation. However, nono-
perative differentiation by ultrasound, CT, MRI, and carbohydrate anti-
gen 19-9 (CA19-9) is still unsatisfactory. Here, we assessed the
clinical feasibility of additional assessment of malignancy by PET
using 68Ga-labeled fibroblast activation protein inhibitors (68Ga-FAPI
PET) in 25 patients with MRI- or CT-proven cystic pancreatic lesions.
Methods: Twenty-five patients with cystic pancreatic lesions who
were followed up in the European Pancreas Center of Heidelberg Uni-
versity hospital and who were led to surgical resection or fine-needle
aspiration due to suspicious clinical, laboratory chemistry, or radio-
logic findings were examined by static (all patients) and dynamic (20
patients) 68Ga-FAPI PET. Cystic pancreatic lesions were delineated
and SUVmax and SUVmean were determined. Time–activity curves and
dynamic parameters (time to peak, K1, k2, K3, k4) were extracted from
dynamic PET data. Receiver-operating curves of static and dynamic
PET parameters were calculated. Results: Eleven of the patients had
menacing IPMN (high-grade IPMN with [6 cases] or without [5 cases]
progression into PDAC) and 11 low-grade IPMN; 3 patients had other
benign entities. Menacing IMPN showed significantly elevated 68Ga-
FAPI uptake compared with low-grade IPMN and other benign cystic
lesions. In dynamic imaging, menacing IPMN showed increasing
time–activity curves followed by slow decrease afterward; time–
activity curves of low-grade IPMN showed an immediate peak
followed by rapid decrease for about 10 min and slower decrease for
the rest of the time. Receiver-operating curves showed high sensitivity
and specificity (area under the curve greater than 80%) of static and
dynamic PET parameters for the differentiation of IPMN subtypes.
Conclusion: 68Ga-FAPI PET is a helpful new tool for the differentiation

of menacing and low-grade IPMN and shows the potential to avoid
unnecessary surgery for nonmalignant pancreatic IPMN.

Key Words: fibroblast activation protein; FAPI; PET; dynamic PET;
cancer; PDAC; IPMN
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The pancreatic ductal adenocarcinoma (PDAC) belongs to the
most lethal cancers, with a poor 5-y survival rate of less than 10%
despite surgical resection, radiotherapy, and chemotherapy (1).
Intraductal papillary mucinous neoplasms (IPMN) with high-grade
dysplasia (hg-IPMN) are precursors for malignant transformation
into PDAC (2). Therefore, resection of hg-IPMN before the devel-
opment of invasive PDAC is mandatory (3,4). hg-IPMN with and
without development into PDAC are grouped together in this arti-
cle as menacing IPMN (men-IPMN). In contrast, IPMN with low-
grade dysplasia (lg-IPMN) are regarded as benign lesions that
should be controlled regularly but not resected (3,4). Regarding
the significant risk of complications in pancreatic surgery (morbid-
ity rates of 35%–50% and mortality rates up to 1% (5,6)), the
selective resection of men-IPMN is an important goal.
Currently, evaluation of IPMN regarding malignant potential is

controversial and mostly based on the Fukuoka consensus criteria
of 2017 or the European guidelines for pancreatic cystic neo-
plasms. Both rely on multiple clinical and morphologic parameters
(3,4). However, several publications have shown the shortcomings
of these guidelines due to their limited specificity and sensitivity
(7–9). Recent studies revealed that only 35% of IPMN were
resected in a timely fashion (10). Therefore, the decision for surgi-
cal treatment remains challenging, and clinical tools to distinguish
between lg-IPMN and men-IPMN are urgently needed.
PET using 68Ga-labeled fibroblast activation protein inhibitors

combined with CT (68Ga-FAPI PET/CT) has shown excellent
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imaging properties and high clinical potential for PDAC. The
intense FAPI tracer accumulation in PDAC is based on the strong
stromal portion of PDAC including fibroblast activation protein
(FAP)–positive cancer-associated fibroblasts (11). We hypothe-
sized that FAP-positive stroma could be a common feature of
PDAC and men-IPMN, but not of lg-IPMN, as the desmoplastic
stromal reaction is a prominent hallmark of malignancy but not of
benign lesions (12). Here, we retrospectively analyzed preopera-
tive static and dynamic 68Ga-FAPI PET data of 25 patients with
suspected IPMN and compared imaging features with histologic
diagnoses to evaluate the potential value of 68Ga-FAPI PET for
the differentiation of lg- and men-IPMN.

MATERIALS AND METHODS

Patient Characteristics
Patients were selected for 68Ga-FAPI PET according to the follow-

ing criteria: age, 18 y or older; MRI- or CT-proven pancreatic cyst
leading to the clinical diagnosis of IPMN; absolute or relative indica-
tion for surgery; and sufficient compliance for and consent to the
68Ga-FAPI PET procedure. All patients conforming to these selection

criteria who presented in the European Pancreas Center Heidelberg
during the examination period (June 2020 to December 2021) were
included in our analysis. Twenty-five patients (mean age, 63.8 y; max-
imum age, 83 y; minimum age, 38 y; 13 men) with contrast-enhanced
MRI- (24 patients) or CT- (2 patients) proven cystic pancreatic lesions
planned for surgery underwent 68Ga-FAPI PET imaging. All patients
were referred by their treating physicians to exclude metastatic disease.
Additionally, in 8 patients an endoscopic ultrasound (EUS)–guided
fine-needle aspiration (FNA) cytology was obtained. No malignant
results were found. Clinical diagnosis of IPMN was based on the iden-
tification of a cystic lesion larger than 10 mm, related to the pancreatic
main duct, or a main duct dilatation of more than 5 mm without
signs of chronic pancreatitis using MRI or CT. All patients had a rela-
tive or absolute indication for pancreatic surgery according to recent
European guidelines (4). In 7 patients the diameter of the pancreatic
main duct exceeded 10 mm, in 1 patient diameter was more than
5 mm, and 1 patient presented with jaundice. Four patients showed an
elevated carbohydrate antigen 19-9 (CA 19-9) level and 9 a branch
duct dilatation greater than 40 mm; in 1 patient an enhancing mural
nodule less than 5 mm was detected. One female presented symptom-
atic with recurrent IPMN-related acute pancreatitis. Tumor marker

TABLE 1
Clinical Characteristics and Histologic Diagnoses of 25 Patients with Suspected IPMN and 68Ga-FAPI-74 PET/CT

Patient Sex Age (y)
Cyst size
(mm)

IPMN
type Additional information Surgery/histology Histologic diagnosis

1 M 52 29 BD Whipple lg-IPMN

2 F 52 57 BD Excision lg-IPMN

3 M 76 40 BD Cytology lg-IPMN

4 F 42 30 BD Whipple lg-IPMN

5 M 71 60 BD Whipple lg-IPMN

6 F 67 44 BD Distal pancreatectomy lg-IPMN

7 M 56 18* MD Mural nodule Enucleation hg-IPMN

8 M 79 10* MD Whipple hg-IPMN

9 M 53 20* MD Distal pancreatectomy PDAC

10 F 64 11* MD Whipple PDAC

11 M 68 32 BD MD with dliatation to
4.8 mm, jaundice

Whipple PDAC

12 F 44 10* Mixed type Distal pancreatectomy hg-IPMN

13 F 57 50* MD Pancreatectomy PDAC

14 M 78 90 Mixed type Solid components Therapy refused None

15 F 74 25 BD Size progressing Distal pancreatectomy hg-IPMN

16 F 80 42 BD Distal pancreatectomy PDAC

17 F 83 45 BD Distal pancreatectomy PDAC

18 M 63 30 BD Cytology (nonconclusive) None

19 M 77 60 BD Cytology None

20 F 64 30 BD Cytology (nonconclusive) None

21 F 57 23 BD Size progressing None None

22 M 74 10 BD None None

23 F 54 38 Cytology SCN

24 F 38 38 Distal pancreatectomy SCN

25 M 62 21 Distal pancreatectomy PanIN

*Main duct diameter.
BD 5 branch duct; MD 5 main duct; SCN 5 serous cystic neoplasia; PanIN 5 pancreatic intraepithelial neoplasia.
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carcinoembryonic antigen was moderately elevated in 1 individual
(3.4 mg/L, upper limit of normal [ULN] 2.5), who had a highly ele-
vated CA 19-9 (476 U/mL, ULN 37) too. The following absolute or
relative criteria for resection according to the European guidelines
(4) were not observed: EUS-guided malignant cytology/histology,
growth rate of branch duct IPMN (BD-IPMN) greater than 5 mm per
year, and new onset of diabetes mellitus. Table 1 provides a detailed
patient-wise overview of clinical characteristics and histologic
diagnoses.

68Ga-FAPI PET/CT Imaging
Synthesis and labeling of 68Ga-FAPI-74 were conducted as previously

described (13–15). For PET imaging, a Biograph mCT Flow scanner
(Siemens) was used, according to previously published protocols (16).
In short, after a low-dose CT without contrast, 3-dimensional PET
scans were acquired (matrix, 200 3 200), reconstructions performed,
and emission data corrected for attenuation. For all patients, static PET
scans were acquired at 60 min after administration of 180–329 MBq of
68Ga-labeled FAPI-74. To characterize early 68Ga-FAPI-74 uptake kinet-
ics, additional dynamic PET scanning was performed in 20 patients as
previously described (16).

Image Evaluation
For static PET scans, SUVmax and SUVmean of cystic pancreatic

lesions and healthy organs were analyzed using a volume of interest
(VOI) technique. VOIs were defined by an automatic isocontour with
a cutoff at 50% of SUVmax. For dynamic
PET imaging analysis, VOIs of cystic lesions
and aortal blood were drawn and applied to
the entire dynamic dataset. Time–activity
curves of 68Ga-FAPI-74 uptake were
obtained, and time to peak (TTP) values
(minutes from the beginning of the dynamic
acquisition to the SUVmax of the lesion) were
derived from these. Kinetic modeling using a
2-compartment model was performed to gen-
erate K1 and k2 values. Dynamic data analysis
was performed using PMOD software
(PMOD Technologies Ltd.).

Statistical Analysis
Receiver-operating curve (ROC) analysis

was used to assess discriminative ability of
PET parameters. Area under the ROC curve
with corresponding 95% CI using Delong’s
method (17) was computed using R package
pROC (18).

RESULTS

Histologic Results and Surgical Management of the Patients
Twenty-two of 25 patients examined by 68Ga-FAPI PET/CT

underwent resection or EUS-FNA. Six of these 22 patients had
a histologically confirmed (hc) lg-IPMN. Ten of 22 patients
had a hc men-IPMN (6 of them with transition into PDAC). In
3 of 22 patients, EUS-guided fluid aspiration strongly indicated
a mucinous lesion without signs of malignancy; thus, we con-
sidered these cases as clinical lg-IPMN. Three of 22 patient
had a histologic confirmation of entities other than IPMN (2
serous cystic neoplasia, 1 pancreatic intraepithelial neoplasia).
Three of 25 patients had no histologic confirmation. Because of
radiologic appearance and clinical course, 2 patients were con-
sidered as clinical lg-IPMN and 1 as clinical hg-IPMN (Fig. 1).
Of the 10 patients with hc men-IPMN, 5 underwent distal pan-
createctomy, 3 pancreatoduodenectomy, 1 complete pancrea-
tectomy, and 1 enucleation. Of 6 patients with hc lg-IPMN,
2 underwent pancreaticoduodenectomy, 1 distal pancreatec-
tomy, and 1 enucleation. Two patients underwent EUS-FNA
only and are still under surveillance without any complications.
As 68Ga-FAPI-74 PET imaging did not reveal any metastatic
diseases, it did not influence the surgical management of the
patients analyzed.

68Ga-FAPI-74 Biodistribution and Uptake of Men-IPMN and
Low-Grade IPMN
On the basis of static PET images acquired at 1 h after injection,

normal tissues including the healthy part of the pancreas all
showed low SUVmax and SUVmean resulting in low background
signal for the analysis of pathologies (Fig. 2A). Clinical and hc
men-IPMN showed markedly higher 68Ga-FAPI-74 uptake than
clinical and hc lg-IPMN and other pathologies (Figs. 3A and 3B).
Of note, hg-IPMN, which had already undergone malignant pro-
gression into PDAC, showed higher SUVmax and SUVmean than
those without (Supplemental Fig. 1; supplemental materials are
available at http://jnm.snmjournals.org). Grouped according to sur-
gical management, 68Ga-FAPI-74 uptake of lesions with an indica-
tion for surgery (hc and clinical men-IPMN) was significantly
higher than that of lesions without (hc and clinical lg-IPMN and
other pathologies) (Figs. 3C and 3D).

FIGURE 1. Histologic diagnoses and clinical classification of 25 patients
with suspected IPMN who underwent 68Ga-FAPI PET/CT. clin IPMN 5

clinical IPMN; EUS-FNA 5 endoscopic ultrasound–guided fine-needle
aspiration; hc IPMN 5 histologically confirmed IPMN; hg 5 high grade;
lg5 low grade; PDAC5 pancreatic ductal adenocarcinoma.

FIGURE 2. Biodistribution analysis (SUVmax and SUVmean 6 SD) of 25 patients with suspected
IPMN based on static PET imaging at 1 h after injection of 68Ga-labeled FAPI-74.
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Dynamic Imaging
Dynamic 68Ga-FAPI-74 PET was performed in 20 patients

(9 with hc men-IPMN, 4 with hc lg-IPMN, 5 with clinical lg-IPMN
and 2 with other pathologies [not evaluated]). Time–activity curves
of hc men-IPMN differed markedly from those of hc and clinical lg-
IPMN. Whereas hc men-IPMN showed an increasing time–activity
curve for about 6 min and slowly decreasing time–activity curves
afterward, hc and clinical lg-IPMN showed an immediate peak fol-
lowed by rapid decrease for about 10 min and slower decrease for
the rest of the time (Figs. 4A–4C). The delayed increase and pro-
longed washout of the tracer in men-IPMN compared with lg-IPMN
are also reflected by increased TTP (Fig. 4D). Kinetic modeling
using a 2-tissue-compartment model revealed decreased K1 and k2
values (Figs. 4E and 4F) as well as decreased K3 and k4 values (Sup-
plemental Fig. 2) of men-IPMN compared with lg-IPMN.

Sensitivity and Specificity
Figure 5 shows ROCs displaying the sensitivity and specificity

of SUVmax, SUVmean, and TTP for the distinction between hc
lg-IPMN and hc men-IPMN (Fig. 5A) and between entities requir-
ing surgery or not (Fig. 5B). For all parameters, the area under the
curve (AUC) was greater than 80%, suggesting a high discrimina-
tory power of static and dynamic 68Ga-FAPI PET for both distinc-
tions, whereas TTP showed slightly higher AUC values than static
parameters for both distinctions (for men-IPMN vs. lg-IPMN:
97.2% vs. 86.7% [SUVmax] and 88.3% [SUVmean], for indication
for surgery 92.6% vs. 91.6% [SUVmax] and 81.8% [SUVmean]).
Table 2 provides thresholds and specificities at fixed sensitivities
of 90% and 80%, including 95% CIs for SUVmax, SUVmean, and
TTP with respect to the discrimination of hc men-IPMN and hc
lg-IPMN and given or not given indication for surgery.

Case Vignette
In Figure 6, 3 representative cases are highlighted. The patient

with PDAC based on an IPMN is a 68-y-old male, who presented
in our department with slight jaundice and brown urine. A weight
loss of 6 kg in 3 wk had occurred. Otherwise, the patient was
completely asymptomatic. Laboratory results revealed a bilirubin
of 8.1 mg/dL (ULN 1.0) and a CA 19-9 of 341.9 U/mL (ULN 37).
In contrast-enhanced (ce) MRI, a double duct sign and several cys-
tic lesions of the pancreatic head were apparent. There was no vis-
ible solid mass in the pancreas. A malignant transformation of a
mixed-type IPMN was diagnosed. To exclude extrapancreatic
manifestation, a 68Ga-FAPI PET/CT image was obtained. The
pancreatic head showed intense 68Ga-FAPI uptake, indicating pan-
creatic tumor. As no metastatic lesions were apparent, a Whipple
procedure was performed. Histologically an adenocarcinoma of the
pancreatic head (35 mm), based on a mixed-type IPMN with high-
grade dysplasia, was confirmed (pT2, pN2 [19/26], L1, V1, Pn1,
G3, R0, CRM1). For the patient with hg-IPMN without progres-
sion into PDAC, a woman aged 44 y, randomly determined ele-
vated pancreatic enzymes led to an MRI examination. The
examination showed dilation of the main pancreatic duct by 10 mm

FIGURE 3. (A and B) Boxplots of SUVmax (A) and SUVmean (B) of different
types of cystic pancreatic lesions. (C and D) Boxplots of SUVmax (C) and
SUVmean (D) sorted by given or not given indication for surgery. Boxes repre-
sent the interquartile range (IQR) and whiskers the range of 1.5 IQR; horizon-
tal line within box indicates the median and cross the mean. Data outliers
are shown separately within graph. clin hg-IPMN 5 clinical high-grade
IPMN; clin lg-IPMN 5 clinical low-grade IPMN; hc hg-IPMN5 histologically
confirmed high-grade IPMN; hc lg-IPMN 5 histologically confirmed low-
grade IPMN; hc others5 histologically confirmed other entities.

FIGURE 4. (A–C) Time–activity curves displaying averaged 68Ga-FAPI-
74 uptake (relative to peak) kinetics of histologically confirmed menacing
IPMN (hc men-IPMN) (A), histologically confirmed low-grade IPMN (hc lg-
IPMN) (B), and clinical low-grade IPMN (clin lg-IPMN) (C). (D) Box plot dis-
playing time to peak values of histologically confirmed menacing IPMN,
histologically confirmed low-grade IPMN, and clinical low-grade IPMN as
measured by dynamic 68Ga-FAPI-74 PET imaging. (E and F) Box plots dis-
playing K1 (E) and k2 (F) values of histologically confirmed menacing
IPMN, histologically confirmed low grade IPMN, and clinical low-grade
IPMN as calculated by kinetic modeling of dynamic 68Ga-FAPI-74 PET
imaging data. Boxes represent the interquartile range (IQR) and whiskers
the range of 1.5 IQR; horizontal line within box indicates the median and
cross the mean. Data outliers are shown separately within graph.
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and dilation of the branch duct by 16 mm. There were no symptoms
of weight loss, abdominal pain, or pancreatitis. Laboratory results
for CA 19-9, bilirubin, or inflammation were unremarkable; only
lipase was slightly elevated (92 U/L, ULN 63 U/L). A diagnosis of
mixed-type IPMN was made. 68Ga-FAPI PET/CT showed a mark-
edly increased SUVmax of 4.9. Via robotic assisted distal pancreatec-
tomy, a mixed-type IPMN with high-grade dysplasia (pTis, N0) was
successfully removed.
The patient with lg-IPMN was a 52-y-old woman who com-

plained about abdominal pain. An abdominal ultrasound revealed
a 60-mm cystic lesion in the pancreatic head without nodules or
suspect perfusion on contrast-enhanced ultrasound. This lesion was
confirmed on ceMRI and classified as a 60-mm side branch IPMN.
The laboratory results were unremarkable. The medical history
included a type 1 diabetes diagnosis with an onset at 2 y of age,

complicated by neuropathy, retinopathy,
and terminal nephropathy. In 68Ga-FAPI
PET/CT only a low accumulation was
observed. As the size exceeded by far the
guideline’s limits, the cystic lesion was
removed by laparoscopic robotic enucle-
ation. Histologically a large branch duct
IPMN with low-grade dysplasia was
diagnosed.

DISCUSSION

Summary of Results
In this retrospective analysis of 68Ga-

FAPI-74 PET imaging in 25 patients with
cystic pancreatic lesions, we observed sig-
nificantly higher 68Ga-FAPI-74 uptake
measured as SUVmax and SUVmean in men-
IPMN than in lg-IPMN and other benign
lesions. In dynamic 68Ga-FAPI PET imag-
ing, men-IPMN and lg-IPMN showed dif-

ferential kinetic behavior, reflected by differences in TTP, K1, and k2
as well as K3 and k4 values. The high diagnostic accuracy of static
and dynamic 68Ga-FAPI-74 PET for the differentiation of men-
IPMN and lg-PMN was reflected by high AUC values in all ROC
curves analyzed. These results suggest that 68Ga-FAPI-74 PET is a
promising new imaging technique for the clinical evaluation of
pancreatic cystic lesions.

Static and Dynamic 68Ga-FAPI-74 PET Imaging
We observed a high 68Ga-FAPI-74 uptake in men-IPMN (with

and without PDAC) and significantly lower 68Ga-FAPI uptake in lg-
IPMN, whereas healthy tissues had negligible background activity,
leading to excellent contrast for suspicious lesions, similar to those
shown by previous studies on 68Ga-FAPI PET/CT in PDAC and
other tumors (19,20). Next to static imaging results, we could

FIGURE 5. (A and B) Receiver-operating-characteristic (ROC) curves depicting sensitivity and spe-
cificity of quantitative static (SUVmax and SUVmean) and dynamic (TTP) 68Ga-FAPI-74 PET para-
meters for differentiation of histologically confirmed menacing IPMN and low-grade IPMN (A) and of
lesions with and without indication for surgery (B). AUC5 area under the curve.

TABLE 2
Threshold and Specificity at Fixed Sensitivities of 90% and 80% for Differentiation Between Histologically Confirmed
Low-Grade IPMN and Histologically Confirmed Menacing IPMN and Given Versus Not Given Indication for Surgery

Endpoint Parameter Threshold Sensitivity (%) 95% CI Specificity (%) 95% CI TN TP FN FP

lg/men SUVmax 3.62 90.0 55.5–99.7 66.7 22.3–95.7 4 9 1 2

4.85 80.0 44.4–97.5 83.3 35.9–99.6 5 8 2 1

lg/men SUVmean 2.07 90.0 55.5–99.7 83.3 35.9–99.6 5 9 1 1

2.19 80.0 44.4–97.5 83.3 35.9–99.6 5 8 2 1

lg/men TTP 135.00 88.9 51.8–99.7 100.0 39.8–100.0 4 8 1 0

225.00 77.8 40.0–97.2 100.0 39.8–100.0 4 7 2 0

Surgery SUVmax 3.62 90.9 58.7–99.8 71.4 41.9–91.6 10 10 1 4

4.85 81.8 48.2–97.7 92.9 66.1–99.8 13 9 2 1

Surgery SUVmean 2.07 90.9 58.7–99.8 64.3 35.1–87.2 9 10 1 5

2.19 81.8 48.2–97.7 71.4 41.9–91.6 10 9 2 4

Surgery TTP 135 88.9 51.8–99.7 83.3 51.6–97.9 10 8 1 2

225 77.8 40.0–97.2 91.7 61.5–99.8 11 7 2 1

FN 5 false negative; FP 5 false positive; lg/men 5 histologically confirmed low-grade IPMN vs. histologically confirmed menacing
IPMN; TN 5 true negative; TP 5 true positive; TTP 5 time to peak. For some settings only approximate sensitivities could be selected
due to sparsity of data.
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demonstrate that dynamic imaging delivers additional diagnostic
information and may improve the clinical classification of lg-IPMN
and men-IPMN due to delayed binding and delayed washout of
men-IPMN compared with lg-IPMN. These findings are in line with
our previously published data on dynamic 68Ga-FAPI PET imaging
in patients with lung cancer and fibrosing interstitial lung diseases,
for which we observed delayed washout of tumors compared with
fibrotic lesions (16). Similarly, we could show in a previous project
on 68Ga-FAPI PET in PDAC that PDAC had a delayed washout
compared with pancreatitis (19). Although the overall experience
with dynamic behavior of 68Ga-FAPI tracers is limited to few publi-
cations to date (16,21,22), delayed 68Ga-FAPI washout appears to be
sign of malignancy in this imaging method.

Risk Stratification of IPMN
To date, a compound of imaging, clinical, and laboratory crite-

ria has been used to estimate the risk of malignant progression of
IPMN. Most data exist on results of imaging techniques. Recent
studies, mostly postoperative with a retrospective design, con-
cluded that jaundice, a contrast-enhancing solid component or
mural nodule, or a $ 10 mm main duct dilatation have a positive
predictive value for malignancy of between 56% and 89%
(23–25). A cyst size $ 30 mm without other clinical or radiologic
risk factors has a low positive predictive value for malignant trans-
formation of an IPMN ranging from 27% to 33% (26–30). Several
studies regarding mostly surgically resected IPMN reported a wide

risk range of 37%–91% for high-grade dysplasia or cancer for
main duct dilatations of 5–9.9 mm (31–33). In patients after surgi-
cal resection of BD-IPMN, it was found that mural nodules $ 5 mm
on EUS have a sensitivity of 73%–85% and specificity of 71%–100%
for the presence of men-IPMN. Imaging detectability of mural nodes
$ 10 mm on CT, MRI, ultrasound, and EUS were 64%, 68%, 89%,
and 97%, respectively. Detectability of mural nodes$ 10 mm is excel-
lent in abdominal and endoscopic ultrasound (34–36). In summary,
main duct dilatation$ 10 mm and mural nodules on ultrasound exami-
nation are the most reliable factors. It must be considered that mural
nodules are a rare condition. Next to morphologic imaging, PET/CT
using 18F-FDG has been applied in IPMN to detect malignancy based
on increased glucose metabolism. For this approach, several older
meta-analyses had calculated sensitivity and specificity rates of
80%–95% and 60%–95%, respectively (37–40), but more recent stud-
ies could not prove a benefit of 18F-FDG PET/CT in IPMN (41,42).
Given the low background activity of 68Ga-FAPI radiotracers com-
pared with 18F-FDG in the pancreas and given the promising prelimi-
nary results of our study, one would expect that 68Ga-FAPI PET may
be superior to 18F-FDG for the detection of malignancy in IPMN. On
the basis of our data it appears that 68Ga-FAPI-74 PET signal intensity
and uptake kinetics offer high specificity and sensitivity for the detec-
tion of subtypes and may complement established predictors of
malignancy.
Despite promising results, several limitations of our analysis

must be considered. The major limitation of our study is the rela-
tively small number of patients with IPMN included, especially
with respect to dynamic imaging, which was performed in just
9 subjects. According to this, no definite conclusions should be
drawn from our data, and further studies with more patients—
including intraindividual comparisons of the diagnostic value for
IPMN of 68Ga-FAPI-74 PET and other imaging modalities such as
CT, MRI, and ultrasound—are necessary to validate our findings.
Another limitation arising from the sparsity of dynamic PET data is
that our dataset does not allow a comparison between the discrimi-
natory power of static alone versus dynamic alone versus combined
static and dynamic imaging. An additional limitation is that not all
patients included had undergone biopsy or surgery for definitive
confirmation of their diagnoses. Although we considered the
appearance of these lesions in MRI and ultrasound and the clinical
course of the patients to gain valid clinical classifications, uncer-
tainty remains for these cases, especially as our information avail-
able only reflects the status of the patients during a limited period of
follow-up. Additionally, a certain selection bias may arise from the
fact that all patients included into this analysis were referred by a
highly specialized outpatient clinic. Thus, the dataset may not fully
reflect the epidemiology of IPMN subtypes. However, a recently
published study on the frequency of IPMN subtypes found a similar
distribution of hg-IPMN and lg-IPMN (10). Taken together, our
findings should be interpreted with caution and need confirmation
in larger cohorts, optimally in prospective studies.

CONCLUSION

Static and dynamic 68Ga-FAPI-74 PET/CT showed promising
imaging properties for IPMN and predicted the grade of dysplasia
of IPMN with high accuracy. We recommend further clinical eval-
uation of 68Ga-FAPI-74 PET in combination with and comparison
to MRI or EUS for the detection of malignant IPMN of the
pancreas.

FIGURE 6. Representative axial and coronal T2-weighted MRI (MRI T2w
ax and MRI T2w cor, respectively), MR cholangiopancreatography
(MRCP), axial CT (CT ax), axial PET (PET ax), and fused images of a
patient with hc hg-IPMN with progression into PDAC, a patient with hg-
IPMN without PDAC, and patient with lg-IPMN. Red, yellow, and green
arrows indicate pathologies.
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KEY POINTS

QUESTION: Are static and dynamic 68Ga-FAPI PET helpful for
the discrimination of menacing (high-grade with and without
progression into PDAC) and low-grade IPMN of the pancreas?

PERTINENT FINDINGS: Menacing IPMN with and without
transformation into PDAC showed significantly higher 68Ga-FAPI
uptake than low-grade IPMN. Dynamic PET parameters (time
to peak, K1, k2, K3, k4) differed markedly between menacing and
low-grade IPMN.

IMPLICATIONS FOR PATIENT CARE: 68Ga-FAPI PET showed
promising results with respect to the differentiation of menacing
and low-grade IPMN and should be further evaluated in patients
with IPMN or PDAC.
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Integrin avb3, a subtype of the arginine-glycine-aspartate (RGD)–
recognizing cell surface integrins, is upregulated on endothelial cells
during angiogenesis and on tumor cells. Because of involvement in
tumor growth, invasiveness and metastases, and angiogenesis, integ-
rin avb3 is an attractive target in cancers. In this study, we applied
68Ga-NODAGA-E[c(RGDyK)]2 for imaging of integrin avb3 in patients
with neuroendocrine neoplasms (NENs) and its potential use for prog-
nostication. We hypothesized that 68Ga-NODAGA-E[c(RGDyK)]2 PET/
CT would show tumor lesion uptake and that higher tumor lesion
uptake was associated with a poorer prognosis. Methods: Between
December 2017 and November 2020 we prospectively enrolled 113
patients with NENof all grades (2019World Health Organization classi-
fication) for 68Ga-NODAGA-E[c(RGDyK)]2 PET/CT. The scan was
acquired 45 min after injection of 200 MBq of 68Ga-NODAGA-
E[c(RGDyK)]2. Board-certified specialists in nuclear medicine and
radiology analyzed the PET/CT measuring SUVmax in tumor lesions.
Positive tumor lesions were defined as those with tumor-to-liver
background$ 2. Maximal tumor SUVmax for each patient was used as
a predictor of outcome. Patients were followed for at least 1 y to assess
progression-free survival and overall survival. Results: Of 113 patients
enrolled in the trial, 99 underwent 68Ga-NODAGA-E[c(RGDyK)]2 PET/
CT, with 97 patients having evaluable lesions. The patients predomi-
nantly had small intestinal (64%) or pancreatic (20%) NEN and most
had metastatic disease (93%). Most patients had low-grade tumors
(78%), whereas 22% had high-grade tumors. During a median follow-
up of 31 mo (interquartile range, 26–38 mo), 62 patients (64%) experi-
enced disease progression and 25 (26%) patients died. In total, 76% of
patients had positive tumor lesions, and of the patients with high-grade
tumors 91% had positive tumor lesions. High integrin avb3 expression,
defined as an SUVmax of at least 5.25, had a hazard ratio of 2.11 (95%
CI, 1.18–3.78) and 6.95 (95% CI, 1.64–29.51) for progression-free sur-
vival and overall survival, respectively (P5 0.01 for both). Conclusion:
Tumor lesion uptake of 68Ga-NODAGA-E[c(RGDyK)]2 was evident in
patients with all grades of NEN. High uptake was associated with a
poorer prognosis. Further studies are warranted to establish whether
68Ga-NODAGA-E[c(RGDyK)]2 PET/CT may become a prediction tool
for identification of patients eligible for treatments targeting integrin
avb3.

Key Words: integrin avb3; neuroendocrine neoplasms; PET; progno-
sis; molecular imaging
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Neuroendocrine neoplasms (NENs) represent a heterogeneous
group of tumors originating from the neuroendocrine cells. NEN are
primarily found in the gastrointestinal tract, pancreas, and lungs.
Patients with NEN are often diagnosed when the disease has metasta-
sized, yet the clinical course for these patients varies greatly. Origin of
primary tumor, presence of metastases as well as tumor morphology
and proliferation activity (i.e., Ki-67) are known prognostic factors (1).
The 2019 World Health Organization (WHO) classification stratifies
NEN into neuroendocrine tumor (NET) G1 (Ki-67 , 3%), NET G2
(Ki-67 3%–20%), NET G3 (Ki-67 . 20% and well-differentiated),
and neuroendocrine carcinoma (NEC) (Ki-67 . 20% and poorly dif-
ferentiated) (2). Furthermore, imaging modalities aid in diagnosis,
staging, treatment selection, and follow-up for patients with NEN. In
particular, PET radiotracers reflecting somatostatin receptor expression
(e.g., 64Cu-DOTATATE or 68Ga-DOTATATE) and glucose metabo-
lism (18F-FDG) are used for these purposes in addition to providing
prognostic information (3,4). Finally, targeting the somatostatin recep-
tors with peptide receptor radionuclide therapy (PRRT), for example,
177Lu-DOTATATE, has been approved for patients with NEN.
Additional tumor markers may be useful for further improvement in

prognostication and ultimately identifying novel treatment targets in
patients with NEN. Cell surface adhesion receptors of the integrin
superfamily have been extensively investigated because their role in
physiologic as well as in pathophysiologic processes, and especially in
cancers (5). The subfamily of arginine-glycine-aspartate (RGD)–
recognizing integrins has implications on several of hallmarks of can-
cer: tumor growth, invasiveness, and metastases and angiogenesis.
Integrin avb3 is significantly upregulated on activated endothelial cells
during angiogenesis but absent on quiescent endothelial cells as well
as overexpressed on tumor cells in several cancers (6). NENs are gen-
erally characterized as highly vascularized tumors with overexpression
of various proangiogenetic factors such as vascular endothelial growth
factor (7). Previously we found, using quantitative gene expression,
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that the expression of integrin avb3 shows high variability between
NENs (8). Because of its integral role in cancer, our group there-
fore developed and clinically translated the PET radiotracer 68Ga-
NODAGA-E[c(RGDyK)]2 targeting integrin avb3 with high affinity
(9,10).
The aim of this phase II clinical trial of 68Ga-NODAGA-

E[c(RGDyK)]2 PET/CT in patients with NEN of all grades was to
further assess tumor uptake and prognostic value. We hypothe-
sized that PET/CT with 68Ga-NODAGA-E[c(RGDyK)]2 would
show accumulation in tumor lesions in patients with NEN of all
grades and that the uptake of the radiotracer would be associated
with progression-free survival (PFS) and overall survival (OS).

MATERIALS AND METHODS

Patients
Patients with histologically confirmed NEN were included from the

Department of Endocrinology (managing low-grade NEN, Ki-67
# 20%) and Department of Oncology (managing high-grade NEN,
Ki-67 . 20%), Copenhagen University Hospital–Rigshospitalet, Den-
mark, between December 4, 2017, and November 26, 2020. Rigshospi-
talet is a Neuroendocrine Tumor Center of Excellence accredited by the
European Neuroendocrine Tumor Society. The study was conducted in
accordance with the Helsinki Declaration and Good Clinical Practice.
The study was approved by the Danish Medicines Agency (EudraCT
2017-002512-14), Scientific Ethics Committee (H-17019542), and Danish
Data Protection Agency (2012-58-0004), and registered on clinicaltrials.
gov (NCT03271281).

Eligible patients were 18 y or older, capable of reading and under-
standing the patient information in Danish and giving informed con-
sent, diagnosed with gastroenteropancreatic NEN of all grades or
bronchopulmonary NEN, and had a WHO performance status of 0–2.
Patients were excluded if they were pregnant or breastfeeding, had a
body mass more than 140 kg, or had a history of allergic reaction
attributable to compounds of chemical or biologic composition similar
to 68Ga-NODAGA-E[c(RGDyK)]2 or in the case of bronchopulmon-
ary NEN if the subtype was small cell lung cancer. After written
informed consent was obtained, the patients were referred for a 68Ga-
NODAGA-E[c(RGDyK)]2 PET/CT at the first opportunity.

Image Acquisition
Data were acquired using a Biograph 128 mCT PET/CT scanner (Sie-

mens Medical Solutions) with an axial field of view of 216 mm. On
the basis of the previous phase I trial, the scans were acquired 45 min
after intravenous administration of approximately 200 MBq of 68Ga-
NODAGA-E[c(RGDyK)]2 ([

68Ga]Ga-NODAGA-Glu[cyclo(-Arg-Gly-
Asp-D-Tyr-Lys-)]2) equaling 4.4 mSv. Radiotracer were produced as
previously described (9). Whole-body PET scans (mid orbita to mid thigh)
were obtained with an acquisition time of 4 min per bed position. Attenua-
tion- and scatter-corrected PET data were reconstructed iteratively using a
3-dimensional ordinary Poisson ordered-subset expectation maximization
algorithm including point-spread function and time-of-flight information
using the TrueX algorithm (Siemens Medical Solutions); the settings were
2 iterations, 21 subsets, 2-mm gaussian filter. A diagnostic CT scan was
obtained before the PET scan with a 2-mm slice thickness, 120 kV, and a
quality reference of 225 mAs modulated by the Care Dose 4D automatic
exposure control system (Siemens Medical Solutions). An automatic injec-
tion system was used to administer 75 mL of an iodine-containing contrast
agent (Optiray 300; Covidien) for arterial and venous phase CT.

Patients were observed for adverse events after injection of 68Ga-
NODAGA-E[c(RGDyK)]2, and after discharge patients were asked to

TABLE 1
Baseline Characteristics of 97 Patients with NENs

Baseline characteristic Data

Median age (y) 67 (range, 44–83)

Sex

Female 43 (44%)

Male 54 (56%)

Site of primary tumor

Small intestine 62 (64%)

Pancreas 19 (20%)

Lung 6 (6%)

Colon 6 (6%)

Stomach 2 (2%)

Esophagus 1 (1%)

Rectum 1 (1%)

Metastatic disease 90 (93%)

Liver metastases 76 (79%)

Median Ki-67 (%) 6 (range, 1–100)

2019 World Health Organization grade

NET G1 21 (22%)

NET G2 55 (57%)

NET G3 14 (14%)

NEC 7 (7%)

Median time from diagnosis
to PET/CT (mo)

27 (range, 2–265)

Primary tumor resected 37 (38%)

Ongoing treatment at PET/CT
scan time

Somatostatin analog 75 (77%)

Interferon 8 (8%)

Capecitabine/5-fluorouracil 5 (5%)

Etoposide 6 carboplatin 4 (4%)

Streptozotocin 4 (4%)

Everolimus 3 (3%)

Temozolomide 2 (2%)

Completed treatment before PET/CT

On first line of therapy 45 (46%)

Peptide receptor radionuclide
therapy

30 (31%)

Etoposide 6 carboplatin 16 (16%)

Capecitabine/5-fluorouracil 12 (12%)

Temozolomide 7 (7%)

Streptozotocin 7 (7%)

Interferon 6 (6%)

External radiation therapy 5 (5%)

Liver radiofrequency ablation
or embolization

5 (5%)

Resection of liver metastases 4 (4%)

Everolimus or sunitinib 2 (2%)
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record any adverse events occurring within the first 24 h of injection.
Adverse events were categorized according to Common Terminology
Criteria for Adverse Events (version 5.0).

Image Analysis
Together, an experienced board-certified nuclear medicine physi-

cian and an experienced board-certified radiologist analyzed the

68Ga-NODAGA-E[c(RGDyK)]2 PET/CT scans.
The readers had access to previous imaging
studies but were masked to other patient data
and follow-up data. Lesions were identified on
CT or PET. SUV was calculated as decay-
corrected measured radioactivity concentration/
(injected activity/body weight). If more than 1
lesion was present in an organ, the lesion with
the highest SUVmax was noted. If no lesions
were identified on PET, but lesions were visible
on CT, the largest lesion (based on viable tissue
within the lesion) on CT was used as guide for
lesion delineation on the PET scan from which
SUVmax was determined. As background refer-
ence of uptake in tumor lesions, the radiotracer
uptake in normal liver tissue was measured as
SUVmean. A tumor lesion–to–liver ratio (TLR)
was calculated as tumor lesion SUVmax/normal
liver SUVmean. A cutoff of TLR $ 2 was used
to define positive lesions.

Follow-up
The patients were followed at the Rigshos-

pitalet Neuroendocrine Tumor Center of Excel-
lence with regular visits including clinical
examination, blood samples, and imaging (CT,
MR, ultrasound, or PET/CT). The frequency
was in accordance with European Neuroendo-

crine Tumor Society guidelines, typically every 3–6 mo (11). The
68Ga-NODAGA-E[c(RGDyK)]2 PET/CT was not made available for
the treating physicians and thus not used to guide clinical decisions
regarding treatment or follow-up. The end of follow-up was December
31, 2021, for the current study. Routine CT and or MRI were used for
evaluation of PFS in accordance with RECIST (version 1.1) (12). PFS
was defined as time from 68Ga-NODAGA-E[c(RGDyK)]2 PET/CT to,

if any, progression or death from any cause.
If no progression or death from any cause
occurred within the follow-up time period, the
patient was censored at the time of last avail-
able diagnostic imaging. OS was defined as
time from 68Ga-NODAGA-E[c(RGDyK)]2
PET/CT to death by any cause. As all deaths
but 2 were directly related to NEN, we re-
frained from analyzing disease-specific sur-
vival. Patients alive at follow-up were censored
to the day of the end of follow-up (December
31, 2021).

Statistics
Continuous variables are reported as mean 6

SD or median with range unless otherwise
noted. Kaplan–Meier analyses were used for
estimation of time to outcome (PFS and OS)
and reverse Kaplan–Meier analysis was used to
estimate median follow-up time. Univariate and
multivariate Cox regression analyses for OS and
PFS, with predictor variables being SUVmax

and WHO grade, were performed to determine
hazard ratio (HR) and 95% CI. We used the
Cutoff Finder application to determine the opti-
mal cutoff for SUVmax (13). A P value of less
than 0.05 was considered statistically significant.
R version 3.6.0 (R Foundation for Statistical
Computing) was used for the analyses.
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FIGURE 1. Example of 68Ga-NODAGA-E[c(RGDyK)]2 PET/CT. Transaxial PET and fused PET/CT
and maximum-intensity projection with color bars (unit: SUV). Patient with lung NET grade 2 (Ki-67
15%) with liver and bone metastases. Arrows point to primary tumor.
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FIGURE 2. Example of 68Ga-NODAGA-E[c(RGDyK)]2 PET/CT. Transaxial PET and fused PET/CT
and maximum-intensity projection with color bars (unit: SUV). Patient with gastric NET grade 2
(Ki-67 8%) with liver metastases. Arrows point to liver metastasis.
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RESULTS

Patients and Image Acquisition
We prospectively included 113 patients, 14

of whom did not undergo 68Ga-NODAGA-
E[c(RGDyK)]2 PET/CT because of disease
worsening (n 5 4), consent withdrawal (n 5
2), death before PET/CT (n 5 3), logistical
impossibility for PET/CT to be performed
(n 5 2), and infeasibility for PET/CT scan-
ning due to COVID-19 restrictions (n 5 3).
Of the 99 patients scanned with PET/CT, 97
patients had evaluable lesions. The patients
predominately had small intestinal (n 5 62,
64%) or pancreatic (n 5 19, 20%) NEN and
metastatic disease (n 5 90, 93%) (Table 1).
Most patients had low-grade tumors (Ki-67
# 20%) (n 5 76, 78%), whereas 21 (22%)
had high-grade tumors (Ki-67 . 20%). No
patients were treatment-naïve before the
PET/CT scan.
Patients undergoing 68Ga-NODAGA-E

[c(RGDyK)]2 PET/CT (n5 99) received a me-
dian mass dose of 18.9 (range, 7.7–49.3)mg
of 68Ga-NODAGA-E[c(RGDyK)]2 and the

activity dose was 193 (range, 104–226) MBq. Median time from
injection to the start of PET scanning was 47 min (range, 35–86 min).
Three patients experienced an adverse event: dizziness (grade 1), fall
(grade 1), and infusion-related reaction to injection of CT contrast
(grade 2) within 24 h of injection of 68Ga-NODAGA-E[c(RGDyK)]2.
All were deemed unrelated to 68Ga-NODAGA-E[c(RGDyK)]2 injec-
tion. No grade 3–5 adverse events occurred.

Image Analysis
The median maximal tumor lesion SUVmax was 6.1 (range,

1.4–14.1). The mean 6 SD of tumor lesion SUVmax was 6.36 6

2.49 and the mean 6 SD normal liver SUVmean was 2.41 6 0.55.
Examples of 68Ga-NODAGA-E[c(RGDyK)]2 PET/CT are shown
in Figures 1–3. When the cutoff of TLR $ 2 to determine positive
lesions was applied, approximately two thirds of patients with
NET G1 had positive lesions, which gradually increased to nearly
all patients with NET G3/NEC (91%) having positive lesions
(Table 2). In total, 76% of patients had positive tumor lesions.

Follow-up
During a median follow-up of 31 mo (interquartile range, 26–38 mo),

62 patients (64%) experienced disease progression and 25 (26%)
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FIGURE 3. Example of 68Ga-NODAGA-E[c(RGDyK)]2 PET/CT. Transaxial PET and fused PET/CT
and maximum-intensity projection with color bars (unit: SUV). Patient with pancreatic NET grade 2
(Ki-67 11%) with liver and lymph node metastases. Arrows point to primary tumor.

TABLE 2
Patients with 68Ga-NODAGA-E[c(RGDyK)]2 PET–Positive Lesions (TLR $ 2) According to WHO Classification of NENs

Uptake ratio NET G1 (n 5 21) NET G2 (n 5 55) NET G3/NEC (n 5 21) All (n 5 97)

TLR $ 2 13 (62%) 42 (76%) 19 (91%) 74 (76%)

TLR , 2 8 (38%) 13 (24%) 2 (10%) 23 (24%)

A tumor was defined as positive when the TLR, measured as lesion SUVmax–to–normal liver SUVmean, was $ 2. Of the patients with
NET G3/NEC tumors, 13 of 14 (93%) patients with NET G3 were positive and 6 of 7 (86%) patients with NEC were positive.

TABLE 3
Treatments Given to Patients with NENs (n 5 97)

During Follow-up

Treatment after PET/CT n (%)

Somatostatin analog 78 (80%)

Peptide receptor radionuclide therapy 31 (32%)

Capecitabine/5-fluorouracil 13 (13%)

Everolimus or sunitinib 12 (12%)

Surgery 11 (11%)

Temozolomide 9 (9%)

Liver radiofrequency ablation or embolization 9 (9%)

External radiation therapy 7 (7%)

Etoposide 6 carboplatin 5 (5%)

Interferon 5 (5%)

Streptozotocin 3 (3%)

Docetaxel 3 (3%)
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patients died. Overall median PFS was 18.9 mo (interquartile range,
15.5–25.1 mo). No patients were lost to follow-up. The patients’
treatments after 68Ga-NODAGA-E[c(RGDyK)]2 PET/CT are given

in Table 3. Treatment with somatostatin ana-
log was the most frequent (80%, 78/97), and
32% (31/97) of all patients underwent PRRT
during the follow-up period.

PFS and OS
In univariate analyses, the maximal tumor

SUVmax as a continuous variable was signifi-
cantly associated with PFS and OS, with an
HR of 1.17 (95% CI, 1.07–1.28), P ,

0.001, and 1.19 (95% CI, 1.03–1.38), P 5

0.02, per 1 unit increase, respectively. High
integrin avb3 expression, defined as maxi-
mal tumor SUVmax above median (SUVmax

6.10) had an HR of 1.96 (95% CI,
1.17–3.29) and 2.66 (95% CI, 1.14–6.16) for
PFS and OS, respectively (P , 0.05 for

both (Fig. 4; Tables 4 and 5). Optimal cutoffs for dichotomizing
maximal tumor SUVmax were assessed by Cutoff Finder for either
PFS or OS as outcome (Supplemental Fig. 1; supplemental materials

Hazard ratio (95% CI)
SUVmax < 6.10: Reference
SUVmax ≥ 6.10: 1.96 (1.17-3.29); P = 0.01

Hazard ratio (95% CI)
SUVmax < 6.10: Reference
SUVmax ≥ 6.10: 2.66 (1.14-6.16); P = 0.02

68Ga-NODAGA-E[c(RGDyK)]2 SUVmax <6.10 ≥6.10 68Ga-NODAGA-E[c(RGDyK)]2 SUVmax <6.10 ≥6.10

FIGURE 4. Kaplan–Meier plots of 68Ga-NODAGA-E[c(RGDyK)]2 PET SUVmax dichotomized at 6.10
(median) for prediction of PFS and OS.

TABLE 4
Uni- and Multivariate Cox Regression Analyses for PFS (SUVmax Cutoff at 6.10)

Univariate Cox Multivariate Cox

PFS HR P HR P

SUVmax

,6.10 Reference — Reference —

$6.10 1.96 (1.17–3.29) 0.01 1.82 (1.07–3.08) 0.03

WHO grades

NET G1 Reference Reference

NET G2 1.25 (0.63–2.49) 0.52 1.25 (0.63–2.49) 0.52

NET G3 4.01 (1.68–9.54) ,0.01 4.08 (1.70–9.77) ,0.01

NEC 7.01 (2.65–18.50) ,0.001 5.87 (2.21–15.61) ,0.001

The median SUVmax was 6.10. Data in parentheses are 95% CIs.

TABLE 5
Uni- and Multivariate Cox Regression Analyses for OS (SUVmax Cutoff at 6.10)

Univariate Cox Multivariate Cox

OS HR P HR P

SUVmax

,6.10 Reference — Reference —

$6.10 2.66 (1.14–6.16) 0.02 2.59 (1.08–6.24) 0.03

WHO grades

NET G1 Reference Reference

NET G2 1.84 (0.40–8.50) 0.44 1.80 (0.39–8.35) 0.45

NET G3 15.99 (3.26–78.50) ,0.01 18.04 (3.59–90.63) ,0.001

NEC 28.46 (5.62–144.24) ,0.001 22.55 (4.45–114.27) ,0.001

The median SUVmax was 6.10. Data in parentheses are 95% CIs.
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are available at http://jnm.snmjournals.org). When a lower cutoff of
SUVmax (5.25) was used, a smaller group of patients (n 5 32) with a
very low risk of death could be identified (Fig. 5; Tables 6 and 7).
Patients with an SUVmax above 5.25 had an HR of 2.11 (95% CI,
1.18–3.78) and 6.95 (95% CI, 1.64–29.51) for PFS and OS, respec-
tively (P 5 0.01 for both). With the cutoff of 5.25, median OS was
not reached in either groups with low or groups with high SUVmax,
and median PFS was 34.3 mo (20.5; upper limit not reached) for
patients with low SUVmax versus 15.5 mo (13.5–22.2) for patients
with high SUVmax. Furthermore, when a higher cutoff of SUVmax of
7.45 was used, the dichotomization was optimized for prediction of
disease progression with an HR of 2.57 (95% CI, 1.52–4.34), P ,

0.001 (Supplemental Fig. 2; Supplemental Tables 1 and 2). Patients
with NET G3 and NEC had significantly worse PFS and OS as com-
pared with patients with NET G1, whereas no difference was seen
between NET G2 and NET G1 (Tables 4 and 5). In multivariate
analyses including SUVmax and WHO classification (NET G3 and
NEC vs. NET G1), both remained significantly associated with PFS
and OS (Tables 4–7).

DISCUSSION

The major finding of our phase II prospective study of 68Ga-
NODAGA-E[c(RGDyK)]2 PET/CT for integrin avb3 imaging in

patients with NEN was that integrin avb3

expression was seen in both low- and high-
grade NEN. Furthermore, we found a signifi-
cant association between radiotracer uptake
and both PFS and OS. When dichotomized
at SUVmax 5.25, patients with higher radio-
tracer uptake in tumor lesion had a 2-fold
higher risk of progressive disease and a
7-fold higher risk of death. These findings
highlight integrin avb3 as an important prog-
nostic marker in patients with NEN.
Many radiotracers using the RGD motif

have been tested preclinically, with only
some being further translated into clinical
trials (14). In our phase I trial on 68Ga-
NODAGA-E[c(RGDyK)]2 PET/CT imaging,
we included patients with NEN or breast can-
cer and demonstrated that administration of

the radiotracer was safe and had low radiation burden and high tumor
lesion uptake (9). Besides our phase I trial, no specific PET imaging
studies with an RGD-based radiotracer in patients with NEN have
been conducted, although combined integrin avb3 and somatostatin
receptor targeting has been examined with 68Ga-NOTA-3P-TATE-
RGD PET/CT (15). To our knowledge, the current study is the largest
to be conducted with an RGD-based PET radiotracer. Other clinical
trials have used RGD-based radiotracers to examine patients with, for
example, breast cancer and head and neck cancers, as well as several
other nononcologic applications, for example, atherosclerosis and
rheumatoid arthritis (16–19).
Integrin avb3 is a cell surface adhesion receptor and a member of

the integrin superfamily. The subfamily of integrins recognized by
RGD also includes avb1, avb5, avb6, avb8, a5b1, a8b1, and aIIbb3

(20). Integrins are involved in several physiologic and pathophysio-
logic pathways, for example, embryogenesis, wound healing, and
angiogenesis as well as tumor growth, invasion or metastasis, and
angiogenesis related to cancer. The natural ligands of integrin avb3

are extracellular matrix proteins such as fibronectin and vitronectin.
Additionally, integrins interact with several other factors also
involved in angiogenesis and invasive growth, for example, vascular
endothelial growth factor and urokinase plasminogen activator recep-
tor (5,21). An indication that integrin expression is involved in pro-
moting the metastatic process in patients with NEN is supported by

68Ga-NODAGA-E[c(RGDyK)]2 SUVmax <5.25 ≥5.25 68Ga-NODAGA-E[c(RGDyK)]2 SUVmax <5.25 ≥5.25

Hazard ratio (95% CI)
SUVmax < 5.25: Reference
SUVmax ≥ 5.25: 6.95 (1.64-29.51); P = 0.01

Hazard ratio (95% CI)
SUVmax < 5.25: Reference
SUVmax ≥ 5.25: 2.11 (1.18-3.78); P = 0.01

FIGURE 5. Kaplan–Meier plots of 68Ga-NODAGA-E[c(RGDyK)]2 PET SUVmax dichotomized at 5.25
for prediction of PFS and OS.

TABLE 6
Uni- and Multivariate Cox Regression Analyses for PFS (SUVmax Cutoff at 5.25)

Univariate Cox Multivariate Cox

PFS HR P HR P

SUVmax

,5.25 Reference — Reference —

$5.25 2.11 (1.18–3.78) 0.01 1.92 (1.06–3.47) 0.03

WHO grades

NET G1 Reference Reference

NET G2 1.25 (0.63–2.49) 0.52 1.22 (0.62–2.44) 0.56

NET G3 4.01 (1.68–9.54) ,0.01 3.94 (1.65–9.44) ,0.01

NEC 7.01 (2.65–18.50) ,0.001 5.84 (2.20–15.55) ,0.001

SUVmax cutoff optimized for prediction of OS was 5.25. Data in parentheses are 95% CIs.
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gene expression analysis in patients with pulmonary NEN. Upregula-
tion of fibrogenic genes, including ITGAV (the gene encoding integ-
rin av), was related to poor differentiation and increased risk of
metastases (22). However, conflicting data regarding the relation
between poorer prognosis and integrin avb3 expression have been
reported for immunohistochemical staining of gastric cancer (23) and
non–small cell lung cancer (24).
Spurred by the upregulation of avb3 during angiogenesis, early

phase clinical trials with the avb3/avb5-targeting ligand cilengitide
were performed, showing modest effect on tumor growth (25,26).
However, later phase II and phase III trials failed to meet expecta-
tions because of an unintended proangiogenic effect at lower con-
centrations while an antiangiogenetic effect was seen only at
higher concentration (27). Recently, new promising pure avb3

ligands (TDI-4161 and TDI-3761) have been shown to circumvent
the proangiogenetic effect previously seen with cilengitide (28),
hence reinforcing the need for development of methods as com-
panion diagnostics to assess in vivo the level of integrin avb3

expression for selection of patients for such targeted therapies.
Another possible avenue for integrin avb3-targeted treatments is

PRRT. In patients with NEN, PRRT with 177Lu-DOTATATE,
exploiting somatostatin receptor overexpression, has become an
integrated part of treatment (29,30). In 2 preclinical studies, the
potential of extending the use of the RGD sequence by coupling it
with a radionuclide for therapy has been examined. One combined
avb3-targeting PRRT with immune checkpoint inhibitor pro-
grammed death ligand 1 (31) and the other avb3-targeting PRRT
with temozolomide (32). Both demonstrated additional effect of
the combined therapy. Further studies of coupling imaging and
PRRT in the setting of integrin avb3 are needed. Concerns over
physiologic uptake reported in RGD-based imaging have been
raised regarding PRRT (20). However, compared with dosimetry
data from somatostatin-based PET radiotracers 68Ga-DOTATATE
and 68Ga-DOTATOC (33), we found similar kidney, liver, spleen,
and intestinal absorbed doses in our phase I trial study assessing the
dosimetry of 68Ga-NODAGA-E[c(RGDyK)]2 (9). Finally, a potential
advantage of avb3-targeting PRRT over somatostatin receptor–
targeting PRRT in NEN is that in particular in high-grade tumors,
somatostatin receptor expression is low or absent and therefore
somatostatin receptor PRRT cannot be used. In contrast, we found a

high uptake of 68Ga-NODAGA-E[c(RGDyK)]2 also in high-grade
tumors (91% of patients with NET G3/NEC).
In our study, included patients predominately had small intesti-

nal or pancreatic primary tumors and nearly all had metastatic
disease with liver involvement. Hence use of 68Ga-NODAGA-
E[c(RGDyK)]2 PET/CT in other settings, for example, for assess-
ment of newly diagnosed patients with localized disease, remains
to be elucidated.

CONCLUSION

Tumor uptake of 68Ga-NODAGA-E[c(RGDyK)]2 was evident
in patients both with low- and with high-grade NEN, although
tumor uptake was more pronounced with increasing grade. High
tumor uptake of 68Ga-NODAGA-E[c(RGDyK)]2 was associated
with a poorer prognosis in patients with NEN, with a 2-fold
higher risk of progression and 7-fold higher risk of death. Further
studies are warranted to establish whether 68Ga-NODAGA-
E[c(RGDyK)]2 PET/CT may become a tool for risk stratification
and for identification of patients eligible for treatments targeting
integrin avb3.
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TABLE 7
Uni- and Multivariate Cox Regression Analyses for OS (SUVmax Cutoff at 5.25)

Univariate Cox Multivariate Cox

OS HR P HR P

SUVmax

,5.25 Reference — Reference —

$5.25 6.95 (1.64–29.51) 0.01 5.45 (1.26–23.60) 0.02

WHO grades

NET G1 Reference Reference

NET G2 1.84 (0.40–8.50) 0.44 1.78 (0.38–8.26) 0.46

NET G3 15.99 (3.26–78.50) ,0.01 15.67 (3.13–78.47) ,0.001

NEC 28.46 (5.62–144.24) ,0.001 20.23 (3.98–102.87) ,0.001

SUVmax cutoff optimized for prediction of OS was 5.25. Data in parentheses are 95% CIs.

258 THE JOURNAL OF NUCLEAR MEDICINE ! Vol. 64 ! No. 2 ! February 2023



ACKNOWLEDGEMENT

We are grateful to our dedicated colleagues at the Department of
Clinical Physiology and Nuclear Medicine, Department of Endocri-
nology, and Department of Oncology at Rigshospitalet for assistance
with patient recruitment, radiotracer production, and acquisition of
PET/CT scans. We express our sincere gratitude to all the patients
who participated in the study.

KEY POINTS

QUESTION: Is integrin avb3 expression assessed by PET evident
in tumor lesions of patients with NENs and associated with
prognosis?

PERTINENT FINDINGS: When 68Ga-NODAGA-E[c(RGDyK)]2 for
integrin avb3 PET imaging was used, integrin avb3 was evident
in tumor lesions of patients with both low- and high-grade
tumors. High tumor uptake of 68Ga-NODAGA-E[c(RGDyK)]2 was
associated with a poorer prognosis for both disease progression
and death.

IMPLICATIONS FOR PATIENT CARE: Integrin avb3 is a prognostic
marker and a potential treatment target in patients with NENs.
68Ga-NODAGA-E[c(RGDyK)]2 PET/CT may become a tool for risk
stratification and for identification of patients eligible for treatments
targeting integrin avb3.
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Precision of Myocardial Blood Flow and Flow Reserve
Measurement During CZT SPECT Perfusion Imaging
Processing: Intra- and Interobserver Variability

Matthieu Bailly1,2, Fr#ed#erique Thibault1, Gilles Metrard1, Maxime Courtehoux3, Denis Angoulvant*4,5, and
Maria Joao Ribeiro*2,3
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The aim of this study was to evaluate the reproducibility of myocardial
blood flow (MBF) and myocardial flow reserve (MFR) measurement in
patients referred for dynamic SPECT. Methods: We retrospectively
analyzed patients referred for myocardial perfusion imaging. SPECT
data were acquired on a cadmium zinc telluride–based pinhole car-
diac camera in list mode using a stress (251 6 15 MBq)/rest (512 6

26 MBq) 1-d 99mTc-tetrofosmin protocol. Kinetic analyses were done
with software using a 1-tissue-compartment model and converted to
MBF using a previously determined extraction fraction correction.
MFR was analyzed and compared globally and regionally. Motion
detection was applied, but not attenuation correction. Results: In
total, 124 patients (64 male, 60 female) were included, and SPECT
acquisitions were twice reconstructed by the same nuclear medicine
board-certified physician for 50 patients and by 2 different physicians
for 74. Both intra- and interobserver measurements of global MFR
had no significant bias (20.01 [P5 0.94] and 0.01 [P5 0.67], respec-
tively). However, rest MBF and stress MBF were significantly different
in global left ventricular evaluation (P 5 0.001 and P 5 0.002, respec-
tively) and in the anterior territory (P , 0.0001) on interuser analysis.
The average coefficient of variation was 15%–30% of the mean stress
MBF if the analysis was performed by the same physician or 2 differ-
ent physicians and was around 20% of the mean MFR independently
of the processing physician. Using the MFR threshold of 2, we noticed
good intrauser agreement, whereas it was moderate when the users
were different (k 5 0.75 [95% CI, 0.56–0.94] vs. 0.56 [95% CI,
0.36–0.75], respectively). Conclusion: Repeated measurements of
global MFR by the same physician or 2 different physicians were simi-
lar, with an average coefficient of variation of 20%. Better repro-
ducibility was achieved for intrauser MBF evaluation. Automation of
processing is needed to improve reproducibility.

Key Words: myocardial blood flow; myocardial flow reserve; CZT
SPECT; variability

J Nucl Med 2023; 64:260–265
DOI: 10.2967/jnumed.122.264454

Myocardial blood flow (MBF) at stress (sMBF) and at rest
(rMBF) and myocardial flow reserve (MFR) derived from PET
perfusion imaging have been shown to provide diagnostic (1,2)
and prognostic (3) information in addition to that provided by rela-
tive perfusion analysis alone. Several studies have shown that clin-
ical measurement of MBF and MFR using dynamic cadmium zinc
telluride (CZT) SPECT myocardial perfusion imaging with 99mTc-
radiopharmaceuticals is technically possible, resulting in an MFR
similar to that of PET (4–9).

However, with the idea of greater clinical use, there is a need to
evaluate the precision and reproducibility of this measurement. A
day-to-day test–retest precision study using a dedicated cardiac cam-
era on a group of 30 patients found that the SD for the difference in
measured MBFs was around 30%, including physiologic and proces-
sing variability (10). A recent simulation study evaluated the impact
of SPECT MFR imprecision on confidence in clinically relevant cate-
gorization. The authors concluded that current SPECT MFR precision
as categorization with high confidence (.80%) was achieved only
for extreme MFRs (,1.0 or. 2.5), with correct classification in only
15% of patients in a typical lab with an MFR of 1.8 6 0.5 (11). A
third paper evaluated the intra- and interobserver repeatability of
MBF and MFR values obtained by the same operator and 2 indepen-
dent operators for 57 patients. This study showed reproducibility that
was quite good in the whole-myocardium, left-anterior-descending-
artery (LAD), and left-circumflex vascular territories but poor in the
right-coronary-artery (RCA) territory (12).
In this study, we evaluated the intra- and interuser processing

repeatability of global and regional SPECT MBF and MFR in a
larger cohort of patients.

MATERIALS AND METHODS

Patient Population
From October 2018 to January 2021, 128 patients referred to 2

nuclear medicine departments for SPECT myocardial perfusion imag-
ing with MBF and MFR quantification were initially enrolled in the
CFR-OR trial for coronary artery disease screening (13) (clinical-
trials.gov identifier NCT03586492), and their images were retrospec-
tively reconstructed and analyzed. The study protocol was approved
by the institutional review board, and the procedures were in accor-
dance with the Declaration of Helsinki. Every patient gave written
informed consent.

The inclusion criterion was dynamic SPECT myocardial perfusion
imaging. Exclusion criteria included missing files for new processing
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or technical issues. Technical issues were reported for MBF and MFR
measurement in 4 patients (late acquisition after injection). A flow-
chart of the study is displayed in Figure 1.

SPECT Acquisition
List-mode acquisitions were performed on 2 Discovery NM530c car-

diac CZT cameras (GE Healthcare) (1 scanner for each department).
An initial injection of 37 MBq of 99mTc-tetrofosmin was used to center
the patient’s heart in the field of view. Pharmacologic stress was then
performed using either a regadenoson (400 mg) injection or a dipyrida-
mole perfusion (0.56 mg/kg), immediately followed by a 250-MBq
injection of 99mTc-tetrofosmin at the hyperemia peak and flushing with
50 mL of saline to ensure consistent delivery of a tight bolus. The rest
dynamic acquisition was realized 3 h later, with a 500-MBq injection
of 99mTc-tetrofosmin.

SPECT MBF and MFR Quantification
Dynamic SPECT images were reconstructed using Corridor 4DM

software (INVIA) on a Xeleris workstation (GE Healthcare). The
SPECT initial list-mode data were resampled into frames of 123 10 s
and 83 30 s. The partial-volume value was set to 0.6; the correction
factor for myocardial density was set to 1. Spillover of activity from
the myocardium to the blood pool was assumed negligible and was set
to 0. The uptake rate, K1, was related to MBF using the Renkin–Crone
equation according to Leppo and Meerdink (14), applying a net reten-
tion model in which A 5 0.874 and B 5 0.443:

K1 5MBF3ð12A3e2
B

MBFÞ:
Residual activity subtraction on rest-image sets after the stress dose

was always applied. Because our previous results (15) showed no dif-
ference in MFR whether attenuation correction was applied or not, we
did not apply it in this study. All MBF and MFR values are presented
without attenuation correction. Motion was detected for each patient,
and the operator could choose whether to perform motion correction.
However, none of the movement was significant, resulting in no cor-
rection of data. Double-product (heart rate 3 blood pressure) correc-
tion was used for MBF correction in all studies.

Images of all 124 patients were reconstructed and analyzed by the
same expert nuclear medicine physician for the second analysis. The
images of 50 patients had initially been reconstructed by the same
physician (i.e., intrauser analysis). The images of 74 patients had been
analyzed at the first reading by another nuclear medicine physician
(i.e., interuser analysis). The mean elapsed time between the 2 ana-
lyses was 12.8 mo.

When available, results from invasive coronary angiography were col-
lected. Coronary angiograms were visually assessed by the experienced
interventional cardiologist responsible for the procedure. The angiograms
were assessed according to the clinical routine, considering available
clinical data and patient history. According to the recent guidelines

Patients with
dynamic SPECT

(n = 128)
4 patients excluded
(technical issues)

Patients
twice analyzed

(n = 124)

Patients analyzed by the
same NM physician
INTRA-OBSERVER

(n = 50)

Patients analyzed by two
different NM physicians

INTER-OBSERVER
(n = 74)

FIGURE 1. Study flowchart.

TABLE 1
Patient Description

Parameter Total Intraobserver Interobserver P

Number of patients 124 50 74

Sex 0.72

Male 61 (45%) 26 (52%) 35 (47%)

Female 63 (55%) 24 (48%) 39 (53%)

Age (y) 68 6 9.3 (41–87) 69 6 8.6 (41–87) 67 6 10.5 (44–85) 0.99

BMI (kg/m2) 28.3 6 5.4 (15–44) 28.2 6 5.5 (18–40) 29.4 6 6.8 (15–44) 0.33

Stress activity (MBq) 261 6 14 (240–294) 262 6 13 (248–294) 258 6 15 (240–287) 0.99

Rest activity (MBq) 519 6 18 (468–545) 517 6 17 (468–538) 522 6 18 (478–545) 0.99

Positioning activity (MBq) 41 6 5 (34–55) 41 6 3 (38–53) 40 6 5 (34–55) 0.99

CVR factors

Diabetes 44 (35%) 17 (33%) 27 (36%) 0.87

Hypertension 84 (68%) 35 (70%) 49 (66%) 0.75

Smoking 61 (49%) 26 (51%) 35 (47%) 0.88

Dyslipidemia 82 (66%) 32 (64%) 50 (68%) 0.84

Family history of coronary artery disease 18 (15%) 8 (16%) 10 (14%) 0.92

Mean number of CVR factors 2.3 6 1 (0–5) 2.4 6 1 (0–5) 2.2 6 0.8 (0–5) 0.71

CVR 5 cardiovascular risk.
Qualitative data are number and percentage; continuous data are mean and range.
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defining very high-risk patients as in need of secondary prevention inter-
vention, we considered all patients having significant coronary artery pla-
que $50% according to the angiographer conclusion (16). We put into
perspective the MFR variability by considering the results of invasive
coronary angiography, globally and regionally, for each vessel with a sig-
nificant lesion.

Statistical Analysis
Continuous variables are presented as mean 6 SD. Categoric vari-

ables are provided as total number and percentage. Gaussian distribution
was assessed using the D’Agostino–Pearson normality test. In analyzing
differences between 2 groups, we applied the independent-samples t test
when comparing continuous variables and the x2 or Fisher exact test, as
appropriate, when comparing categoric variables. In analyzing differ-
ences between 2 paired groups, the Wilcoxon matched-pairs signed-rank
test was applied because of the nonnormally distributed variables.
Spearman correlation coefficients were computed between variables.
Bland–Altman analysis was used to calculate the bias and the limits of
agreement. Precision between the 2 measurements was determined as
the coefficient of variation (COV) in the measured difference (COV 5

SD of the percentage difference). The strength of the agreement between
users was evaluated using Fleiss k. A P value of less than 0.05 was con-
sidered statistically significant. All analyses were performed using Prism,
version 9 (GraphPad).

RESULTS

The study had 124 patients (61 male, 63 female); both subpopu-
lations were comparable in sex, age, body mass index (BMI), car-
diovascular risk factors, and technical parameters (Table 1). Both
intra- and interobserver measurements of global MFR had no sig-
nificant bias (20.01 [P 5 0.94] and 0.01 [P 5 0.67], respectively)
(Table 2). Regarding regional MFR, no significant difference was
found either for intra- or interobserver analysis. On the interuser
analysis, sMBF was significantly different in the global left ven-
tricular evaluation (P 5 0.0002) and in the anterior territory
(LAD) (P , 0.0001); rMBF was also significantly different.
Lower differences were found for intrauser sMBF evaluation; only
sMBF LAD was significantly different (P 5 0.04). Considering
rMBF, no significant difference was found for intraobserver ana-
lysis (P 5 0.15). Bland–Altman analysis showed that the variation
in the difference between repeated analyses was consistent across
the range of sMBF and MFR considered (Fig. 2).
Bland–Altman analysis of the intrauser evaluation also showed

better precision in MBF evaluation (Fig. 2B). The COV between
MFR measurements was similar both for intrauser and for inter-
user evaluations: respectively, 20.2% versus 18.9% for global left
ventricular MFR. This COV was similar, at around 20% for all
regional MFR territories and analyses; however, the COV was

TABLE 2
Differences in MFR and sMBF Between 2 Measurements, with Statistical Results

Parameter

Mean value 6 SD
Mean

difference COV P Spearman r

Agreement (Bland–Altman)

Measurement 1 Measurement 2 Bias
95% limits

of agreement

Intraobserver (n 5 50)

sMBF LAD 1.72 6 0.74 1.79 6 0.73 20.06 15.1% 0.04 0.86 20.06 20.52 to 0.39

sMBF LCx 1.44 6 0.62 1.48 6 0.63 20.04 16.8% 0.22 0.86 20.04 20.47 to 0.39

sMBF RCA 1.29 6 0.75 1.31 6 0.74 20.02 13.9% 0.38 0.93 20.02 20.38 to 0.34

sMBF global 1.51 6 0.68 1.56 6 0.68 20.04 14.8% 0.10 0.87 20.04 20.45 to 0.36

rMBF global 0.72 6 0.34 0.75 6 0.41 20.04 18.8% 0.15 0.87 20.04 20.40 to 0.33

MFR LAD 2.41 6 0.84 2.39 6 0.98 0.01 20.9% 0.64 0.90 0.01 20.85 to 0.87

MFR LCx 2.34 6 0.92 2.37 6 0.97 20.04 22.0% 0.79 0.84 20.04 20.96 to 0.88

MFR RCA 2.11 6 0.95 2.10 6 0.94 0.00 20.0% 0.94 0.88 0.003 20.80 to 0.81

MFR global 2.29 6 0.81 2.29 6 0.89 20.01 20.2% 0.94 0.88 0.01 20.80 to 0.81

Interobserver (n 5 74)

sMBF LAD 1.58 6 0.56 1.78 6 0.63 20.21 23.1% ,0.0001 0.72 20.21 21.01 to 0.59

sMBF LCx 1.48 6 0.49 1.54 6 0.56 20.06 22.2% 0.53 0.79 20.06 20.90 to 0.78

sMBF RCA 1.14 6 0.48 1.18 6 0.48 20.04 21.8% 0.17 0.83 20.04 20.56 to 0.48

sMBF global 1.42 6 0.48 1.52 6 0.56 20.11 32.2% 0.002 0.75 20.11 20.85 to 0.64

rMBF global 0.62 6 0.25 0.68 6 0.27 20.05 25.3% 0.001 0.77 20.05 20.46 to 0.35

MFR LAD 2.45 6 0.98 2.45 6 0.93 0.01 20.7% 0.87 0.82 20.01 20.88 to 0.86

MFR LCx 2.68 6 1.12 2.65 6 1.12 0.03 18.8% 0.40 0.86 0.03 21.00 to 1.07

MFR RCA 2.33 6 1.06 2.28 6 0.97 0.05 19.4% 0.51 0.89 0.04 20.74 to 0.83

MFR global 2.46 6 0.94 2.45 6 0.90 0.01 18.9% 0.67 0.84 20.01 20.84 to 0.82

LCx 5 left circumflex.
MBF data are in mL/min/g.
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significantly lower for MBF evaluation on the intraobserver analy-
sis than on the interuser analysis: 14.8% versus 32.2% for global
sMBF (P , 0.001). For the intraobserver subpopulation, 17
patients had a BMI of more than 30, and for the interobserver sub-
population, 27 patients had a BMI of more than 30. Obesity did
not impact COV: 21.4% for a BMI of less than 30 and 17.9% for
a BMI of more than 30 for intraobserver analysis; 17.3% for a
BMI of less than 30 and 22.5% for a BMI of more than 30 for
interobserver analysis.
Using an MFR threshold of 2, we noticed good agreement when

the 2 measurements were made by the same physician, with consis-
tent classification of 27 patients with an MFR of more than 2 and
17 patients with an MFR of less than 2 (88% of observed agree-
ments; k 5 0.75; 95% CI, 0.56–0.94). Among the 6 patients differ-
ently classified, 4 patients had a very similar result of around 2, with
a difference of less than 0.2 (1.89 and 2.01, for example). However,
this agreement became moderate when the users were different
(k 5 0.56; 95% CI, 0.36–0.75), with consistent classification of
41 patients with an MFR of more than 2 and 18 patients with an
MFR of less than 2 (79.73% of observed agreements). Fifteen
patients were classified differently, with only 2 patients having simi-
lar MFR results of around 2 and a difference of less than 0.2.
Thirty-four patients underwent invasive coronary angiography

within 3 mo. Seven patients had no significant lesion; 4 of them had
global and regional MFRs of more than 2 on both analyses. The
other 3 had an MFR of less than 2 on both analyses. Among the 27
patients with lesions, 55 significant plaques were found (24 in the
LAD coronary artery, 15 in the left circumflex coronary artery, and
16 in the RCA). Seven of these 55 vessel lesions (12.7%) had dis-
crepant MFRs: 1 below 2 and 1 above, with a mean difference of
0.43 (0.34, 0.93, and 0.04 in the LAD coronary artery, left circum-
flex coronary artery, and RCA territories, respectively).

DISCUSSION

In this study, SPECT sMBF and MFR remained globally similar
between different measurements whether the analysis was per-
formed by the same physician or by 2 different physicians, except

for sMBF (global left ventricular and LAD
territory) and rMBF, for which significant
differences were found for interuser evalu-
ation. Using the MFR threshold of 2, we
found good agreement when the analysis
was performed by the same user.
With the development of CZT heart-

dedicated SPECT systems, SPECT MBF
and MFR have been shown to have a certain
diagnostic value for patients with suspected
or known CAD and represent a useful sup-
plement to the conventional qualitative diag-
nostic methods (13,17,18). As in PET, an
MFR of more than 2 has been considered a
normal value, resulting in a very low rate of
cardiac events (3,19). Recent studies have
evaluated the day-to-day test–retest precision
of sMBF and MFR. Using 82Rb PET, the
test–retest methodologic precision of serial
quantitative global myocardial perfusion for
minutes apart is 610% (mean difference in
SD of 60.09 mL/min/g at rest and 60.23
mL/min/g at stress) and for days apart is

621% (mean difference in SD of 60.2 mL/min/g at rest and 60.46
mL/min/g at stress), reflecting added biologic variability (20).
Recently, Wells et al. determined the day-to-day test–retest precision
of SPECT global MBF and MFR to be between 28% and 31% and
33% to 38%, respectively, considering all the processing approaches
(use of attenuation correction or not, use of manual motion correc-
tion or not) (10). The day-to-day test–retest precision in their study
included not only methodologic variability but also physiologic vari-
ability in the patient imaged during 2 separate sessions multiple days
apart. Though this study reported both methodologic and physiologic
variation, the authors noticed a higher variability for SPECT evalua-
tion. Wells et al. advanced the following hypothesis to explain this
greater variation: the low extraction fraction of tetrofosmin, the
greater statistical noise in the dynamic images, and reduced resolu-
tion compared with PET, with the last of these leading to increased
partial-volume effects and a need for larger spillover corrections, as
well as the additional variability introduced from the manual registra-
tion of externally acquired CT images when attenuation correction
was applied (because most heart-dedicated CZT SPECT systems are
not hybrid).
The impact of attenuation correction and motion correction on

MBF accuracy has been evaluated previously by Wells et al. (21).
They agreed that attenuation correction had only a small benefit,
which may have been offset by the variability due to manual registra-
tion of the attenuation map. In our study, we did not apply attenuation
correction because it has been our experience, like other investigators,
that attenuation correction does not affect MFR (7,15,21) and because
attenuation correction may not be routinely achievable in that most
CZT SPECT cameras are not equipped with CT. Regarding motion
correction, we evaluated on a case-by-case basis the need for manual
registration, but no correction was needed.
Our study focused only on processing variability (not on physio-

logic individual variability). We reported a lower SPECT MFR COV
of around 20% than did Wells et al. (33%–38% (10)), who evaluated
both physiologic and processing variation. A previous study focusing
on analysis only, with the same initial dynamic image series on a
conventional dual-head camera with sestamibi SPECT MBF using
FlowQuant software (Ottawa Heart Institute), reported the SD of the
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FIGURE 2. Differences in repeated measurements of MFR and sMBF for intraobserver analysis
(A and B, respectively) and interobserver analysis (C and D, respectively). Dashed lines indicate 95%
confidence limits. Results are displayed for global left ventricle; results for regional analysis were similar.
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differences to be around 0.30 mL/min/g, with an average MBF of
1.5 mL/min/g, giving a COV of 20% (22). However, we noticed a
significantly lower COV on rMBF and sMBF measurements when
the processing was performed by the same physician (18.8%–14.8%
vs. 25.3%–32.2% for intrauser and interuser, respectively). This
lower variation was not noticed on MFR, probably because of the
ratio, considering that the variability between 2 different users
remained the same on sMBF and rMBF reconstructions. Our limits
of agreement for global MFR were also very close to the results of a
recent simulation study (11).
Regarding regional MFR, unlike Cichocki et al. (12), we did

not notice poor repeatability for MBF and MFR in the RCA terri-
tory. Indeed, we observed even lower limits of agreement in the
RCA territory on Bland–Altman analysis. The COV remained
similar. However, we noticed a greater variability in the LAD ter-
ritory when processing was performed by different physicians.
This finding might also be explained by poor automatic orientation
of the heart axis during postprocessing. Better automatic heart ori-
entation and introduction of automatic motion correction are likely
to drastically improve interobserver repeatability.
There is a need to increase the analytic precision of SPECT MBF

and MFR, as integrated assessment of sMBF and MFR helps improve
diagnostic performance (23,24). sMBF is 2.7 mL/min/g in young,
healthy subjects (25). Considering a precision of 15% and 32% for
intra- and interuser processing, the lower 95% confidence limit would
be 1.9 mL/min/g and 1.2 mL/min/g, respectively. This remains a
major limitation in the identification of patients with a moderate reduc-
tion in sMBF. In a previous study with invasive coronary angiography
correlation, we identified the best sMBF SPECT threshold to be
around 1.28 mL/min/g (13). In their simulation study, Renaud et al.
showed correct classification in up to only 34% of patients when true
MFR was greater than or equal to 1.5 and less than or equal to 2.0.
Categorization with high confidence (.80%) was achieved only for
extreme MFRs (,1.0 or .2.5), with correct classification in only
15% of patients with an MFR of 1.8 6 0.5 (11). Our results showed
better agreement when the analysis was performed by the same expert
nuclear medicine physician. However, 20% of the patients were classi-
fied differently using the MFR threshold of 2 in our interuser analysis
of 74 patients. Considering the results of invasive coronary angiogra-
phy on a smaller scale, only 13% of patients were classified differently
on a vessel-based analysis. This result is interesting because it counter-
acts the 20% variability that we observed in the MFR result. At this
time, clinical interpretation should remain cautious for a SPECT global
MFR of around 2, and even more for regional MFR.
In fact, MFR variability is higher in SPECT than in PET because

many steps of the processing remain manual. SPECT MBF is a prom-
ising technique, but further work to improve its precision would
enhance its potential clinical value, and there is a need for automation
and standardization in the processing and software used. This remains
difficult, partly because of the lower SPECT spatial resolution and the
artifacts at the edge of the field of view, which make it more difficult
for the software to automatically identify the location, size, and orien-
tation of the heart. At this point, automated motion-correction soft-
ware such as what was recently proposed for PET imaging (26) may
reduce variability, as may improvements in image quality provided
by more advanced reconstruction approaches (27,28).
Our study had a major limitation: we did not compare our

results with MFR calculated in PET, which remains the gold stan-
dard. But, as mentioned before, several studies have shown similar
quantification of MBF and MFR using dynamic CZT SPECT
myocardial perfusion imaging with 99mTc-sestamibi compared

with PET (4–7). Moreover, we focused only on a processing varia-
tion, with the same initial dynamic data. To our knowledge, this
work represents the largest study focusing on the intra- and inter-
user variability of dynamic SPECT, with clinical impact.

CONCLUSION

The precision of sMBF analysis, measured as the SD of the differ-
ence in measured sMBF, was between 15% and 30% of the mean
sMBF if the analysis was performed by the same nuclear medicine
physician or by 2 different nuclear medicine physicians. On the other
hand, the precision of MFR analysis was around 20% independently
of the processing physician. MFR remained similar between different
measurements, both in global left ventricular and in regional artery ter-
ritories, whether the analysis was performed by the same physician or
by 2 different physicians. Regarding the MFR threshold of 2, we
noticed good agreement on patient classification when processing was
by the same physician, whereas agreement was moderate if this was
not the case. However, the limits of agreement seemed to be quite wide
regarding the threshold ofMFR. Though dynamic SPECT is promising,
further work is mandatory to improve its precision and enhance its
potential value before it can be widely applied to clinical use. The major
key point is a need for automation and standardization in the processing
and software used.
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KEY POINTS

QUESTION: How repeatable are MBF and MFR values measured
during dynamic SPECT?

PERTINENT FINDINGS: In 124 patients who were twice
processed, the precision of MFR analysis was around 20%
independently of the processing physician; for sMBF, it was
15%–30% if the analysis was performed by the same physician
or by 2 different physicians. Nevertheless, we noticed quite good
agreement on patient classification.

IMPLICATIONS FOR PATIENT CARE: Clinical interpretation should
remain cautious for a SPECT MFR of around 2. To improve the
reliability of this promising technique, there is a need for automation
and standardization in the processing and software used.
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Alzheimer disease (AD) neuropathologic changes are b-amyloid (Ab)
deposition, pathologic tau, and neurodegeneration. Dual-phase amy-
loid PET might be able to evaluate Ab deposition and neurodegenera-
tion with a single tracer injection. Early-phase amyloid PET scans
provide a proxy for cerebral perfusion, which has shown good correla-
tions with neural dysfunction measured through metabolic consump-
tion, whereas the late frames depict amyloid distribution. Our study
aimed to assess the comparability between early-phase amyloid PET
scans and 18F-FDG PET brain topography at the individual level and
their ability to discriminate patients. Methods: One hundred sixty-six
subjects evaluated at the Geneva Memory Center, ranging from no
cognitive impairment to mild cognitive impairment and dementia,
underwent early-phase amyloid PET—using either 18F-florbetapir
(eFBP) (n5 94) or 18F-flutemetamol (eFMM) (n5 72)—and 18F-FDG
PET. Ab status was assessed. SUV ratios (SUVRs) were extracted to
evaluate the correlation of eFBP/eFMM and their respective 18F-FDG
PET scans. The single-subject procedure was applied to investigate
hypometabolism and hypoperfusion maps and their spatial overlap by
the Dice coefficient. Receiver-operating-characteristic analyses were
performed to compare the discriminative power of eFBP/eFMM and
18F-FDG PET SUVR in AD-related meta–regions of interest between
Ab-negative healthy controls and cases in the AD continuum.Results:
Positive correlations were found between eFBP/eFMM and 18F-FDG
PET SUVR independently of Ab status and Ab radiotracer (R.0.72,
P, 0.001). eFBP/eFMM single-subject analysis revealed clusters of
significant hypoperfusion with good correspondence to hypometabo-
lism topographies, independently of the underlying neurodegenerative
patterns. Both eFBP/eFMM and 18F-FDG PET SUVR significantly dis-
criminated AD patients from controls in the AD-related meta–regions
of interest (eFBP area under the curve [AUC], 0.888; eFMM AUC,
0.801), with 18F-FDG PET performing slightly better, although not sig-
nificantly (all P values higher than 0.05), than others (18F-FDG AUC,

0.915 and 0.832 for subjects evaluated with eFBP and eFMM, respec-
tively). Conclusion: The distribution of perfusion was comparable to
that of metabolism at the single-subject level by parametric analysis,
particularly in the presence of a high neurodegeneration burden. Our
findings indicate that eFBP and eFMM imaging can replace 18F-FDG
PET imaging, as they reveal typical neurodegenerative patterns or
allow exclusion of the presence of neurodegeneration. The findings
show cost-saving capacities of amyloid PET and support routine use
of themodality for individual classification in clinical practice.

Key Words: neurodegeneration; early-phase amyloid PET; 18F-FDG
PET; individualmaps
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PET can provide in vivo evaluation of protein deposition and
neuronal injury (1), playing a leading role in the diagnosis of Alzhei-
mer disease (AD) and other dementia conditions. Brain 18F-FDG
PET is a well-established tool for investigating neurodegeneration,
through the detection of changes in cerebral glucose metabolism.
Regional analysis of the 18F-FDG PET signal can reveal specific
brain hypometabolism patterns highly indicative of neurodegenera-
tion along the AD, frontotemporal dementia, and Lewy body spec-
trum, including subjects from the preclinical phases to clinically
overt dementia (2). In longitudinal studies, the absence of disease-
specific hypometabolism patterns was a strong predictor of pre-
served cognition (3–5).
Amyloid PET imaging, initially with 11C-labeled Pittsburgh

compound B and now also with 3 18F-labeled compounds, namely
18F-florbetapir, 18F-florbetaben, and 18F-flutemetamol, allows the
assessment of b-amyloid (Ab) plaque burden in vivo (1). A dual-
phase amyloid PET protocol of acquisition has been proposed, adding
to the reference late acquisition an acquisition of the tracer distribu-
tion immediately after injection (6). These early-phase images can
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provide a proxy for cerebral perfusion because of the high lipophili-
city of the tracers (6,7). In turn, cerebral perfusion is strongly related
to neural dysfunction as measured through metabolic consumption
(8,9). In AD, the early-phase acquisition of amyloid PET has shown a
good correlation to 18F-FDG PET uptake at the group level, suggest-
ing its potential use as a biomarker of neuronal dysfunction (10–21).
Despite multiple descriptions in the literature of dual-phase amyloid

PET, the use of early-phase images in clinical and research settings is
not yet widely implemented. Our study explored the utility of early-
phase images of amyloid PET scans, using either 18F-florbetapir or
18F-flutemetamol, for individual classification and their comparability
with the respective 18F-FDG PET brain hypometabolic voxel-wise
maps in a memory clinic cohort.

MATERIALS AND METHODS

Participants
The study included subjects assessed at the Geneva University Hos-

pitals, ranging from cognitively unimpaired (CU) to mild cognitive
impairment (MCI) and dementia, in 2 ongoing studies as described
previously (22–26). The local ethics committee approved the different
imaging studies, which were conducted under the principles of the
Declaration of Helsinki and the International Conference on Harmoni-
zation good clinical practice. The requirement to obtain informed con-
sent was waived.

We included a total of 166 subjects classified as Ab-negative (Ab2)
CU (n5 42), Ab-positive (Ab1) CU (n5 30), MCI (n5 73) (27), and
dementia (n5 21) (28) subjects, following standardized criteria for clin-
ical staging. Specifically, the Ab2 CU group, including healthy volun-
teers and individuals with subjective cognitive decline (29), all with
18F-FDG PET–negative scans, was used as a healthy control (HC) refer-
ence for comparisons. The Ab1 CU group was considered a group of
interest, given the higher risk of progression in this population (30).
Inclusion criteria were at least one 3-dimensional T1-weighted MRI
scan, dual-phase amyloid PET using either 18F-florbetapir or 18F-
flutemetamol, an 18F-FDG PET scan, and an interval of less than
1 year between imaging measures.

MRI Acquisition
MRI was performed at Geneva University Hospitals’ Division of

Radiology using a 3-T scanner (Magnetom Skyra; Siemens Healthi-
neers) equipped with a 20- or 64-channel head coil. The supplemental
materials, section 1, detail the acquisition parameters (supplemental
materials are available at http://jnm.snmjournals.org). The lesion pre-
diction algorithm (31), implemented in the lesion segmentation toolbox,
was used to segment fluid-attenuated inversion recovery images, allow-
ing us to extract the total lesion volume. White matter lesions were also
quantified visually according to the age-related white matter change
scale (32).

PET Acquisition
18F-FDG PET and amyloid PET were performed at the Division of

Nuclear Medicine and Molecular Imaging at Geneva University Hospi-
tals using a Biograph 128 mCT, Biograph 128 Vision 600 Edge, Bio-
graph 40 mCT, or Biograph 64 TruePoint PET scanner (Siemens
Medical Solutions). All scanners were comparable. 18F-FDG PET was
performed according to the European Association of Nuclear Medicine
guidelines (33,34). Amyloid PET images were acquired using 18F-
florbetapir (FBP) (n5 94) or 18F-flutemetamol (FMM) (n5 72).
Amyloid status (Ab1/Ab2) was determined for each late image by an
expert in nuclear medicine, applying the standard operating procedures
approved by the EuropeanMedicines Agency.

Regarding the early phase of amyloid PET (eFBP and eFMM), the
image acquisition was started immediately after tracer injection, and

a static image was acquired for 5 min (eFBP) or 10 min (eFMM)
(20,35).

The supplemental materials, section 2, provide full details on the
PET acquisition.

MRI and PET Normalization Processing
Processing was performed as previously described (25) using Statis-

tical Parametric Mapping (SPM 12; Wellcome Trust Centre for Neuro-
imaging), running in MATLAB R2018b, version 9.5 (MathWorks
Inc.). All details are reported in the supplemental materials, section 3.

SUV Ratio (SUVR) Extraction in Automated Anatomic Labeling
(AAL) ROIs and AD Meta–Region of Interest (Meta-ROI)

Uptake values were extracted within regions from AAL atlas 3 (36)
and key regions sensitive to AD according to a predefined meta-ROI
approach (37). SUVRs were calculated by normalizing the uptake to
the mean value of the pons and cerebellar vermis together as the refer-
ence region. Intensity-normalized PET images were saved for further
voxelwise analyses.

Single-Subject Voxel-wise Analyses
According to a validated SPM single-subject procedure (38), each

PET image was tested for relative hypometabolism/hypoperfusion by
means of a 2-sample t test in comparison with PET images of controls.
HC groups included 28 and 14 subjects with Ab2 and 18F-FDG PET–
negative scans, for eFBP and eFMM samples, respectively. We used the
same HC subjects also for the 18F-FDG PET analyses. The statistical
threshold for the resulting hypometabolic and hypoperfusion SPMmaps
was set at a P value of 0.05, uncorrected for multiple comparisons, con-
sidering significant clusters containing more than 100 voxels. SPM
maps were then binarized for further Dice analyses. The resulting sin-
gle-subject SPM hypometabolic maps were visually inspected by
nuclear medicine experts blinded to clinical diagnoses and classified
into hypometabolism patterns suggestive of neurodegenerative condi-
tions (3,39–41) or excluding the presence of neurodegeneration. Hypo-
metabolic and hypoperfusion maps were visually inspected at the
single-subject level to define the visual match between maps. The same
assessment was applied also to 18F-FDG PET and eFBP/eFMM uptake
distribution images.

Statistical Analysis
Dice coefficients were calculated, using FSL software (42), to quan-

tify the whole-brain spatial overlap between hypometabolic and hypo-
perfusion binary maps at the single-subject level (supplemental materials,
section 4) (43). Moreover, we calculated D scores between the hypome-
tabolic and hypoperfusion maps’ extents (number of voxels) to quantify
discrepancies between the 2 patterns.

General linear models were performed to assess the correlation
between eFBP/eFMM SUVR in the AAL ROIs and their respective
18F-FDG SUVR in the whole sample. We assessed the correlations also
in Ab1 and Ab2 subjects separately. We tested the correlation of
eFBP, eFMM, and 18F-FDG SUVR in the AD composite meta-ROI
withMini-Mental State Examination scores.

Finally, we identified patients in the AD continuum, including
specifically MCI and AD dementia cases according to the Ab1 sta-
tus and AD-like hypometabolism patterns. We performed receiver-
operating-characteristic (ROC) analyses to compare the discriminative
power of eFBP, eFMM, and 18F-FDG meta-ROI SUVRs between HC
and AD patients. The resulting areas under the curve (AUCs) from dif-
ferent tracers were compared using a De Long test (44) for 2 correlated
ROC curves, setting the threshold for significance at a P value of 0.05.
All statistical analyses were performed with R, version 4.0.2 (R Founda-
tion for statistical computing, https://www.r-project.org/).
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RESULTS

Demographic and clinical data for our cohort are displayed in
Table 1. The average intervals between amyloid PET and 18F-FDG
PET, between MRI and 18F-FDG PET, and
between MRI and amyloid PET were 2.15
months (SD, 3.06), 1.89 months (SD, 4.15),
and 2.76months (SD, 3.40), respectively.

Correlations Between eFBP/eFMM and
18F-FDG SUVR
Both eFBP and eFMM SUVR in the

AAL ROIs presented a strong correlation
with 18F-FDG SUVR in the whole group
(eFBP r5 0.786, P, 0.001; eFMM
r5 0.806, P, 0.001). Good correlations
between eFBP/eFMM and 18F-FDG SUVR
were also found separately in Ab1 (eFBP
r5 0.843, P, 0.001; eFMM r5 0.827,
P, 0.001) and Ab2 (eFBP r5 0.72,
P, 0.001; eFMM r5 0.791, P, 0.001)
subjects. Figure 1 shows scatterplots for
the whole sample and subgroups according
to Ab status.
The composite meta-ROI SUVRs for

eFBP/eFMM uptake and those for 18F-FDG
uptake correlated significantly with Mini-
Mental State Examination scores (18F-FDG
r5 0.536, P, 0.001; eFBP r5 0.413,
P, 0.001; eFMM r5 0.482, P, 0.001).

Single-Subject eFBP/eFMM and 18F-FDG Patterns
The SPM single-subject analysis revealed disease-specific hypo-

metabolism and hypoperfusion maps (Fig. 2; Tables 2 and 3). The
supplemental materials, section 5, and Supplemental Tables 1–3

TABLE 1
Demographic Characteristics of Subjects

Characteristic Whole sample FBP group FMM group P*

n 166 94 72

Age 73.18 6 6.35 74.27 6 5.548 71.76 6 7.068 0.012

Sex 0.425

Female 98 58 40

Male 68 36 32

MMSE 25.92 6 4.00 26.12 6 3.857 25.66 6 4.202 0.471

Ab status 0.980

Negative 70 39 31

Positive 93 52 41

Clinical groups according to Ab status

Ab1 AD dementia 18 13 5

Ab2 dementia 3 2 1

Ab1 MCI 52 31 22

Ab2 MCI 21 9 11

Ab1 CU 30 11 19

Ab2 CU (HC) 42 28 14

*From t test comparing data from eFBP and eFMM subgroups.
MMSE 5 Mini-Mental State Examination; FBP5 florbetapir; FMM5 flutemetamol; n5number; Ab25 amyloid negative;

Ab15 amyloid positive; AD5Alzheimer disease; MCI5mild cognitive impairment; CU5 cognitively unimpaired; HC5healthy controls.
Qualitative data are number; continuous data are mean 6 SD.

FIGURE 1. Correlation between eFBP/eFMM and 18F-FDG PET SUVR. Scatterplots showing associ-
ation between eFBP/eFMM SUVR (y-axis) in AAL regions and their respective 18F-FDG SUVR (x-axis).
Results are presented for whole sample and separately for subgroups divided according to Ab status.
Lines resulting from linear regression are shown in blue. R and P values are given in the upper left cor-
ner. FBP5 florbetapir; FMM5 flutemetamol; eFBP5 early FBP; eFMM5 early FMM; Ab25 amyloid
negative; Ab15 amyloid positive.
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FIGURE 2. Hypometabolic and hypoperfusion patterns at the single-subject level. (A) Patterns of 18F-FDG PET hypometabolism and eFBP/eFMM
hypoperfusion in single individuals. Hypometabolism maps, hypoperfusion maps, and their overlap were imposed on standard Montreal Neurological
Institute template. These maps were obtained from binarization of single-subject 18F-FDG PET SPM T-maps and eFBP/eFMM SPM T-maps (P , 0.05
uncorrected, k . 100). The Dice similarity index is reported to the right of the brain template of each subject. (B) Clinical groups ordered according to
degree of similarity between brain hypometabolism and hypoperfusion, as measured by Dice similarity index average. Lower-to-higher values of Dice
indicate increasing degree of overlap. DEM 5 dementia; eFBP5 early florbetapir; eFMM5 early flutemetamol; Ab15 amyloid positive; Ab25 amyloid
negative; AD5Alzheimer disease; MCI5mild cognitive impairment.

TABLE 2
Contingency Table Reporting Frequency of Different Hypometabolism and Hypoperfusion Patterns in Whole Sample

Hypoperfusion pattern

Hypometabolism pattern AD-like FTD-like DLB-like Limbic-like Unclassified Normal Total

AD-like 30 1 0 4 2 2 39

FTD-like 0 9 0 1 0 0 10

DLB-like 0 0 3 0 0 0 3

Limbic-like 0 0 0 14 0 0 14

Unclassified 0 0 0 1 24 1 26

Normal 2 0 0 0 1 29 32

Total 32 11 2 19 28 32 124

AD5Alzheimer disease; FTD 5 frontotemporal dementia; DLB 5 dementia with Lewy bodies.
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present the results of visual analyses for the uptake distribution
images. The visual rating of SPM maps allowed identification of 4
neurodegenerative patterns: temporoparietal hypometabolism (AD-
like pattern, n5 39), temporoparietal and occipital hypometabo-
lism (Lewy body (DLB)–like pattern, n5 3), frontotemporal
hypometabolism (FTD-like pattern, n5 10), and limbic-like or
medial–temporal pattern (n5 14). Thirty-two of 124 subjects
showed negative 18F-FDG scans for neurodegenerative patterns.
Some subjects revealed severe atrophy on T1-weighted MRI and
unclassifiable SPM patterns for neurodegenerative disease
(n5 26). Despite this heterogeneity, for 86% of subjects the patterns
identified by 18F-FDG PET were consistently found in early-phase
maps at visual assessment. The frequency of the different hypome-
tabolism and hypoperfusion patterns classified on the basis of SPM
map interpretation is reported in Table 2. Table 3 shows the fre-
quency of hypometabolism patterns and their spatial overlaps with
hypoperfusion maps as measured by Dice and visual assessment, in
the whole sample and separately in the 3 clinical subgroups (CU,
MCI, and dementia). The hypometabolic/hypoperfusion maps
resulting in the 3 clinical subgroups are fully detailed in the supple-
mental materials.
Only 16 of 124 subjects (13%) showed a mismatch between 18F-

FDG and eFBP/eFMM scans. When we compared MRI total lesion
volume and age-related white matter change scale scores between
the matched and mismatched subgroups, we found a more severe
cerebrovascular pathology in cases with mismatch than in matched
cases (Mann–Whitney U5 384, P5 0.021, for total lesion volume;
Mann–Whitney U5 431, P5 0.041, for age-related white matter
change scale).
When we calculated D scores to explore discrepancies between

the eFBP/eFMM and 18F-FDG PET maps, the main difference was
in the extent of the abnormalities. Sixty-five of 92 subjects showed
positive D scores indicating that the hypometabolism patterns were
more extended than the hypoperfusion ones (D scores, 13,012 6

12,996 voxels), regardless of the clinical category. Only 27 of 92
subjects presented negative D scores, indicating hypoperfusion pat-
terns slightly more extended than the hypometabolic ones (D scores,
26,6066 6,943 voxels).

Discriminative Performance of AD Meta-ROI Approach
When testing the performance of the eFBP/eFMM SUVR in the

AD composite meta-ROI in distinguishing AD patients from HC sub-
jects, we found good AUC discriminative values (eFBP AUC, 0.888,
eFMM AUC, 0.801), like those of the 18F-FDG SUVR (18F-FDG
AUC, 0.915 and 0.832, respectively). The DeLong test confirmed no
significant differences in the discriminatory performance of different
tracers (18F-FDG vs. eFBP P5 0.396; 18F-FDG vs. eFMM
P5 0.665). Figure 3 compares the diagnostic performance of 18F-
FDGPET SUVR and eFBP/eFMMSUVR in the AD composite meta-
ROI in terms of ROC curves for the whole AD-continuum group.
As for the other AD-related meta-ROIs (37), none presented

significant differences in the discriminatory power of 18F-FDG
PET and eFBP/eFMM SUVR between AD patients and HC sub-
jects (Supplemental Table 4).

DISCUSSION

This study compared early-phase amyloid PET with 18F-FDG
PET patterns and the power to discriminate subjects in the AD con-
tinuum and subjects with other neurodegenerative conditions from
HC. The correlation between cerebral perfusion and metabolism
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has long been established in aging and dementia conditions based
on neurovascular coupling (8). At the same time, early-acquisition
images of amyloid PET have been proposed as a topographic or
functional biomarker reflecting cerebral perfusion (6).
Dual-phase amyloid PET may thus offer the advantage of—in a

single procedure—acquiring information about amyloidosis and
brain perfusion deficits reflecting neurodegeneration (6). Published
work has focused on the relationship between brain perfusion and
metabolism at a group level, but to our knowledge no studies have
yet evaluated whether early-phase images might replace 18F-FDG
PET images in single individuals. This study evaluated brain hypo-
perfusion at the single-subject level and its comparability to respec-
tive brain hypometabolism, demonstrating a good correlation and a
similar capacity in distinguishing patients from controls. In the pres-
ence of neurodegeneration assessed by 18F-FDG PET, eFBP/eFMM
single-subject analysis showed clusters of significant hypoperfusion,
compared with controls, with good correspondence to the brain
hypometabolism topography. The spatial overlap showed indepen-
dence from underlying neurodegeneration topography, but with a
more clear-cut correspondence in the dementia stages (Fig. 2).
In line with previous studies (10–18), our study confirmed strong

positive correlations between eFBP/eFMM and 18F-FDG SUVR
(R. 0.72, P, 0.001) in a memory clinic cohort (Fig. 1). The corre-
lation was independent of the used Ab radiotracers and Ab status,
in agreement with other studies (10,11,13,15). Further supporting
the comparability between the eFBP/eFMM and 18F-FDG PET
images, we found that lower Mini-Mental State Examination scores
correlated significantly with decreases in both perfusion and metab-
olismmeasures (10,12,13,16).
When we applied the SPM single-subject analysis on eFBP/

eFMM images, clusters of significant hypoperfusion were present in
patients compared with controls, with good correspondence to the
hypometabolismmaps (Fig. 2; Table 2). As for negative scans, char-
acterizing mostly the CU and MCI subgroups, the perfusion maps’
ability was comparable to that of metabolism maps in excluding the
presence of neurodegeneration for 90% of the negative scans. In the
sample of CU subjects, we found 60% 18F-FDG PET–negative
scans, and for 94% of these, eFBP/eFMM images agreed on ruling
out neurodegenerative patterns.

In MCI, eFBP/eFMM maps were able to
identify patterns specific to neurodegenera-
tive conditions for most cases, showing a
moderate-to-good degree of overlap with
hypometabolism patterns (Table 3). In most
cases, hypometabolism SPMmaps showed a
greater extent than the hypoperfusion ones,
although the disease-specific hallmark was
detectable in both (Fig. 2). The lack of a full
overlap here between perfusion and metabo-
lismmaps is likely because they measure dif-
ferent brain biological processes (8,17).
Other reasonable explanations are the noisy
feature of the initial frames and the nonuni-
form delivery of the tracer (13). However,
although the early-phase imagemay be noisier,
the similarity between the patterns is also
striking in MCI conditions, supporting its use
(Fig. 2). A negative 18F-FDG PET scan in
MCI was confirmed in 86% of eFBP/eFMM
images. This is compatible with the absence
of neurodegeneration in MCI, followed by a
stable condition at follow-up (45,46).

In dementia conditions, the high comparability of hypoperfu-
sion and hypometabolism maps suggests an increase in concor-
dance with the advance of disease stages (Fig. 2B). Since
hypoperfusion usually showed less extension than hypometabo-
lism maps, a more severe underlying neurodegeneration may be
necessary to reveal specific patterns that are instead detectable
with 18F-FDG PET. This finding suggests that 18F-FDG PET
might be more suitable for preclinical and prodromal stages. Fur-
ther studies are needed to specifically address preclinical phases,
such as subjective cognitive decline, based on larger samples and
follow-up data.
We found only 13% of subjects with a mismatch between hypo-

metabolism and hypoperfusion maps in the whole sample, mostly in
the CU and MCI groups. In these cases, the eFBP/eFMM images
were less sensitive in detecting the underlying neurodegeneration
than 18F-FDG PET. The risk of having false-negative findings with
early-phase imaging warrants an additional 18F-FDG PET exam
when clinical suspicion of neurodegenerative conditions is high.
The group of mismatch cases showed greater cerebrovascular lesion
volumes onMRI than the match group. This result is consistent with
the fact that both 18F-FDG PET and eFBP/eFMM images can suffer
from biases in the presence of severe atrophy or cerebral vascular
disease (8). Thus, this limitation needs to be considered in the appli-
cation and interpretation of SPM analysis both with 18F-FDG PET
and with early-phase imaging.
Finally, we found good diagnostic performance for the meta-ROI

approach using perfusion measures (Fig. 3). Both eFBP and eFMM
SUVR in the AD composite meta-ROI significantly discriminated
AD patients from HC subjects. At ROC analyses, 18F-FDG SUVR
was slightly superior to perfusion measures in discriminating these
subjects from controls, but without reaching the significance thresh-
old for differences (P. 0.05) (Fig. 3).
As a limitation of our study, we acquired the early-phase images

using published protocols (20); however, different early time
frames for eFBP have also been proposed in the literature to
achieve the best association with 18F-FDG PET (16,18). We are
aware of the relatively limited sample size of HC subjects included
for comparisons; further studies will help to confirm the findings.

FIGURE 3. Discriminative performance of eFBP/eFMM and 18F-FDG PET SUVR. ROC curves
showing diagnostic performance of 18F-FDG PET and eFBP/eFMM SUVR in AD composite meta-
ROI for distinguishing AD patients from HC. AUCs for eFBP/eFMM and 18F-FDG PET are shown in
blue and green, respectively. Results of De Long test comparing 2 AUCs (eFBP/eFMM vs. 18F-FDG
PET) are given in bottom box. A1 5 Ab-positive; N1 5 neurodegeneration-positive; AUC5 area
under the curve; FBP5 florbetapir; FMM5 flutemetamol; AD5Alzheimer disease; HC5healthy
controls.
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An appropriate normalization procedure and HC dataset are man-
datory to achieve good performances in voxel-wise analyses, and
methods for early-phase images are, in this respect, less mature
than for 18F-FDG PET (47).

CONCLUSION

To our knowledge, this was the first study to evaluate, at the sin-
gle-subject level by applying voxel-based analysis, the classification
performance of early-phase amyloid PET images. eFBP and eFMM
imaging is able to identify different and typical neurodegenerative
patterns or to exclude the presence of neurodegeneration. Dual-phase
amyloid PET permits assessment of neurodegeneration and Ab
pathology with a single tracer injection and should be systemati-
cally implemented in routine clinical practice. In our opinion, when
there is discrepancy between clinical and imaging results, mainly in
the early phase of the disease, an additional 18F-FDG PET exam is
recommended.
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KEY POINTS

QUESTION: Can we use early-phase amyloid PET scans instead
of 18F-FDG PET for individual classification?

PERTINENT FINDINGS: The single-subject procedure applied
to early-phase amyloid PET provided typical neurodegenerative
patterns in patients as compared with controls, especially in the
advanced stage of the diseases. The topographic similarity
between the hypoperfusion and hypometabolic patterns was
striking, supporting their use for individual classification.
Early-phase amyloid PET imaging can exclude the presence
of neurodegeneration.

IMPLICATIONS FOR PATIENT CARE: Dual-phase amyloid PET
permits assessment of neurodegeneration and Ab pathology with
a single tracer injection in 1 exam, and its implementation will be
optimal in terms of costs, patient comfort, and radiation exposure.
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Comorbid Lewy body (LB) pathology is common in Alzheimer disease
(AD). The effect of LB copathology on 18F-FDG PET patterns in AD is
yet to be studied. We analyzed associations of neuropathologically
assessed tau pathology, LB pathology, and substantia nigra neuronal
loss (SNnl) with antemortem 18F-FDGPET hypometabolism in patients
with a clinical AD presentation. Methods: Twenty-one patients with
autopsy-confirmed AD without LB neuropathologic changes (LBNC)
(pure-AD), 24 with AD and LBNC copathology (AD-LB), and 7 with
LBNC without fulfilling neuropathologic criteria for AD (pure-LB) were
studied. Pathologic groups were compared regarding regional and
voxelwise 18F-FDG PET patterns, the cingulate island sign ratio (CISr),
and neuropathologic ratings of SNnl. Additional analyses assessed
continuous associations of Braak tangle stage and SNnl with 18F-FDG
PET patterns. Results: Pure-AD and AD-LB showed highly similar
patterns of AD-typical temporoparietal hypometabolism and did not
differ in CISr, regional 18F-FDG SUVR, or SNnl. By contrast, pure-LB
showed the expected pattern of pronounced posterior-occipital hypo-
metabolism typical for dementia with LB (DLB), and both CISr and SNnl
were significantly higher compared with the AD groups. In continuous
analyses, Braak tangle stage correlated significantly with more AD-like,
and SNnl with more DLB-like, 18F-FDG PET patterns. Conclusion: In
autopsy-confirmed AD dementia patients, comorbid LB pathology did
not have a notable effect on the regional 18F-FDG PET pattern. A more
DLB-like 18F-FDG PET pattern was observed in relation to SNnl, but
advanced SNnl was mostly limited to relatively pure LB cases. AD
pathology may have a dominant effect over LB pathology in determin-
ing the regional neurodegeneration phenotype.
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Alzheimer disease (AD) and dementia with Lewy bodies
(DLB) are 2 distinct neurodegenerative conditions defined by the
cerebral accumulation of amyloid-b plaques and tau neurofibrillary

tangles (NFTs) and of a-synuclein containing Lewy bodies (LB),
respectively (1,2). In contrast to AD, DLB typically presents with
denervation of the nigrostriatal dopaminergic pathway caused by
degeneration of dopaminergic substantia nigra neurons (3), as well
as more predominant executive and visuospatial deficits accompa-
nied by visual hallucinations, cognitive fluctuations, parkinsonism,
and rapid-eye-movement sleep behavioral disorder (4). Although AD
and DLB have unique neuropathologic profiles, up to 60% of clinical
AD and DLB patients present with neuropathologic findings of both
diseases (5,6). Concomitant LB pathology in clinical AD has been
associated with faster cognitive decline (7–9), younger age at death
(8), and usually more DLB-like clinical features (9–12), although this
could not be confirmed by others (7,13,14). In the era of disease-
modifying therapies, these patients may benefit less from amyloid-
lowering therapies (15) and may potentially show a better response to
cholinesterase inhibitors (16). Biomarkers identifying these patients
may thus allow for a more targeted treatment of AD (11,17).
PET with the glucose analog 18F-FDG is a well-established

modality for imaging neurodegeneration, and differentiated hypo-
metabolism patterns have been established for different conditions
(18). Particularly, in contrast to the characteristic temporoparietal
pattern of hypometabolism in AD, patients with DLB are character-
ized by a more pronounced posterior–occipital pattern of hypometab-
olism with relatively preserved metabolism in the medial temporal
lobe (MTL) and in the posterior cingulate, with the latter being known
as the cingulate island sign (19,20). The cingulate island sign is a
well-established biomarker for distinguishing patients with DLB
and AD (19,21), even at prodromal stages (22).
Previous imaging–pathologic association studies have dem-

onstrated that AD copathology in DLB associates with a less DLB-
typical hypometabolic pattern (20,23), but the potential contributions
of 18F-FDG PET to the identification of mixed pathology in AD-like
presentations are yet to be explored. Here, we assessed antemortem
18F-FDG PET patterns of clinically diagnosed AD patients in relation
to AD and LB neuropathology at autopsy.

MATERIALS AND METHODS

Study Participants
Our cohort included 59 participants enrolled in the Alzheimer’s Dis-

ease Neuroimaging Initiative (ADNI, https://adni.loni.usc.edu/) who
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had neuropathologic examinations at autopsy, a clinical diagnosis of
AD dementia or amnestic mild cognitive impairment at the last clinical
evaluation, and available antemortem 18F-FDG PET scans. The average
interval between the last available 18F-FDG PET acquisition and death
was 3.06 2.6 y.

Neuropathologic Assessments
Neuropathologic assessments were performed by the ADNI Neuro-

pathology Core following the National Institute on Aging–Alzheimer’s
Association guidelines (24–26). Standard rating scales for AD pathol-
ogy (amyloid, tau, neuritic plaques) were further merged into the AD
neuropathologic change (ADNC) composite, whereas LB pathology
assessment followed the criteria of McKeith et al. (4). Patients were
considered to have autopsy-confirmed AD when presenting with inter-
mediate or high ADNC (24), and the presence of LB neuropathologic
changes (LBNC) was denoted when LBs were present in limbic or neo-
cortical regions or the amygdala (4). Amygdala-predominant LBs,
which have been suggested to be characteristic of advanced AD and
less likely related to DLB (27), were considered as positive for LBNC.
Patients with LBNC restricted to the brain stem were excluded. Patients
were stratified as having autopsy-confirmed AD without LBNC (pure-
AD), autopsy-confirmed AD with comorbid LBNC (AD-LB), LBNC
without fulfilling neuropathologic criteria for AD (pure-LB), or none of
these (negative). We also studied semiquantitative ratings (assessed on
a scale from 0 to 3) of substantia nigra neuronal loss (SNnl) as a marker
of DLB-specific neurodegeneration (4,28). For a subset of patients
(n5 45/59), semiquantitative ratings of the regional loads of tau NFTs
and LBs were available (Supplemental Table 1; supplemental materials
are available at http://jnm.snmjournals.org).

Genetics
APOE genotype was determined by Cogenics using standard meth-

ods to genotype the 2 APOE-E4–defining single-nucleotide poly-
morphisms (rs429358 and rs7412). Patients were labeled as having 0,
1 or 2 E4 copies.

Neuropsychologic Evaluation
The Mini-Mental State Examination was used to characterize global

cognitive performance (29). Domain-specific composite scores were used
to assess memory (MEM) (30) and executive function (EXEC) (31). In
addition, we calculated a cognitive profile variable, D (MEM 2 EXEC),
to characterize relative impairments between these 2 domains (32). The
average interval between neuropsychologic evaluation and death was
1.9 6 2.0 y.

18F-FDG PET Acquisition and Processing
We used 18F-FDG PET images in fully preprocessed format (level 4)

as provided by ADNI. The acquisition and preprocessing are detailed
elsewhere (33). Blood glucose levels, previously associated with
changes in posterior–occipital hypometabolism (34), are reported.
18F-FDG PET images were spatially normalized using SPM, version 12
(https://www.fil.ion.ucl.ac.uk/spm/), and intensity normalized using
a previously validated data-driven method (35) and 18F-FDG PET data
from 179 cognitively normal ADNI subjects (the control group).
Region-of-interest (ROI) analysis was performed to calculate the aver-
age 18F-FDG uptake in the occipital cortex and the MTL (21), as well as
the cingulate island sign ratio (CISr) (20,22) between the posterior cingu-
late cortex and the precuneus and cuneus uptake. To this end, we used the
corresponding ROIs from the Harvard–Oxford neuroanatomic atlas.

Statistical Analysis
Two-sample t tests and Mann–Whitney U tests were used for com-

paring normally distributed continuous variables and nonnormally dis-
tributed and ordinal variables, respectively. Effect sizes were reported
as Cohen’s d.

Hypometabolism patterns were determined by voxel-wise 2-sample
t tests between each pathologic group and the control group using SPM.
Age, sex, and blood glucose levels were used as confounding nuisance
covariates (34,36). T-score maps were transformed to Cohen’s d maps,
and a threshold was applied using a P value of less than 0.05 (corrected
using the false discovery rate [FDR]) and a cluster size of more than
250 voxels. For secondary analysis, the AD-LB group was separated
into AD with amygdala-predominant LBs and AD with limbic or neocor-
tical LBs. The different pathologic groups were also directly compared.
Spatial similarities between hypometabolism patterns were assessed using
spatial Spearman correlation analysis across the 52 ROIs defined in the
Harvard–Oxford atlas (37).

In addition, we performed regional and voxel-wise Spearman corre-
lation analyses of the association of AD-specific (Braak tau stage) and
DLB-specific (SNnl) neuropathologic markers with 18F-FDG PET
patterns. In complementary analyses, we also assessed associations
between 18F-FDG PET and semiquantitative ratings of regional LB
and NFT load (supplemental materials).

RESULTS

Demographics and Neuropathology
Seven subjects (11.9%) did not fulfil the criteria for either

ADNC or LBNC, including 2 cases that had LBs restricted to the
brain stem (and ADNC # 1). Of the remaining 52 subjects, 21
(35.6%) had autopsy-confirmed AD without LBNC (pure-AD), 24
(40.7%) had autopsy-confirmed AD with LBNC copathology (AD-
LB), and 7 (11.9%) had LBNC without fulfilling pathologic criteria
for AD (ADNC # 1) (pure-LB). Among AD-LB, 16 patients pres-
ented limbic/transitional or neocortical LBNC (67%), whereas 8
patients presented amygdala-predominant LBNC (33%).
Patients in the pure-AD and AD-LB groups did not differ with

respect to age, sex, APOE E4 positivity, or blood glucose levels, but
pure-LB patients were significantly older (P5 0.039) and less often
carriers of the APOE E4 allele (P5 0.018) than the other groups
(Table 1). Regarding neuropathology, the pure-AD and the AD-LB
groups did not differ in severity of Braak stages (P5 0.695) or
regional NFT burden (Supplemental Fig. 1). Amygdala-predominant
LBs were significantly more frequent in the AD-LB group than in the
pure-LB group (P5 0.047), but semiquantitative ratings of regional
LB burden did not differ between these groups (Supplemental
Fig. 1). Finally, SNnl was significantly higher for pure-LB than for
pure-AD (P5 0.005) and AD-LB (P5 0.020) but similar between
pure-AD and AD-LB (P5 0.210).
In terms of cognition, there were no significant differences in

Mini-Mental State Examination between groups, but patients in the
AD-LB group showed significantly worse memory performance
than the pure-AD (P5 0.012) and pure-LB (P5 0.004) groups,
whereas executive function was similar among groups. Accord-
ingly, AD-LB subjects showed a memory-predominant cognitive
profile in D (MEM2 EXEC) (1-sample t test, P5 0.045), whereas
pure-LB subjects showed a disproportionate executive impairment
(P5 0.057), and pure-AD cases showed balanced deficits in both
domains (P5 0.161). Limbic LB load correlated negatively with
MEM (after correcting for the effect of tau NFT burden) across the
whole cohort but not in the AD-LB group alone (Supplemental
Table 2).

18F-FDG Patterns of Pathologically Defined Groups
Compared with healthy controls, the pure-AD group showed the

classic AD hypometabolism pattern, with pronounced medial and
lateral temporal effects extending to the lateral parietal cortex,
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posterior cingulate, and precuneus; mild frontal hypometabolism;
and well-preserved occipital metabolism (Fig. 1A). The mixed-
pathology AD-LB group was characterized by a spatial pattern
remarkably similar to the pure-AD group (spatial correlation,
r5 0.82). Interestingly, the same pattern was also observed when
analyzing AD-LB cases with limbic/neocortical or amygdala-
predominant LB separately (Fig. 1B). By contrast, the pure-LB
group showed the typical DLB pattern of pronounced posterior–
occipital hypometabolism with relative sparing of the MTL and
the posterior cingulate, which as expected did not spatially corre-
late with the pure-AD pattern (r5 0.09). In direct comparisons,
only non-significant differences were observed between the pure-
AD and AD-LB groups, whereas the pure-LB group showed sig-
nificant posterior–occipital hypometabolism and a relative sparing
of frontal and temporal regions in comparison to both the pure-AD
and the AD-LB groups (Fig. 1C).
ROI-based analyses fully reproduced and quantified the voxel-

wise observations, revealing significant MTL hypometabolism in
the pure-AD and AD-LB groups, and occipital hypometabolism in
the pure-LB group (Fig. 2).
Additionally, patients in the pure-LB group exhibited signifi-

cantly higher CISr than those in the pure-AD (d5 0.78, P5 0.010)
and the AD-LB (d5 0.95, P5 0.002) groups, but the CISr did
not differ between the pure-AD and AD-LB groups (d5 0.15,
P5 0.375) (Fig. 3A). CISr was also similar for limbic/neocortical

and amygdala-predominant AD-LB patients (d5 0.18, P5 0.516).
By contrast, patients with an elevated SNnl ($2) showed a signifi-
cantly higher CISr (d5 1.49, P , 0.001), even when considering
only the pure-AD and AD-LB groups (d5 1.31, P5 0.016). More-
over, individual z score maps of the 3 AD-LB patients with elevated
SNnl revealed a more prominent DLB-like or mixed hypometabo-
lism pattern (Fig. 3B; spatial correlations: case 1, r5 0.82 and 0.26;
case 2, r5 0.57 and 0.17; case 3, r5 0.57 and 0.41, for the pure-LB
and pure-AD patterns, respectively).

Continuous Associations of Braak Tau Stage and SNnl with
18F-FDG PET Patterns
To better understand the role of AD- and DLB-specific neuro-

pathologic markers in shaping the observed 18F-FDG PET patterns,
we studied the continuous associations of Braak tau stage and SNnl
with 18F-FDG PET ROI values across the full sample (Fig. 4).
Braak stage correlated negatively with CISr and MTL metabolism,
whereas SNnl correlated positively with CISr and negatively with
occipital metabolism. In complementary analyses, similar associa-
tions with regional 18F-FDG PET markers were observed when
using regional tau NFT loads instead of Braak tau stage (Supple-
mental Fig. 2), but regional LB burden did not significantly corre-
late with 18F-FDG PET features (Supplemental Fig. 3).
In additional voxel-wise analyses, higher Braak tau stages corre-

lated with more hypometabolism in the posterior cingulate, MTL,

TABLE 1
Demographic Characteristics of the Different Pathologic Subgroups

Characteristic Pure-AD (n 5 21) AD-LB (n 5 24) Pure-LB (n 5 7)

Age at death (y) 81.8 6 7.7 81.0 6 8.4 88.6 6 4.9

Imaging to death (y) 2.3 6 3.5 3.3 6 3.0 3.1 6 2.7

MCI (at death) 3 1 2

Dementia (at death) 18 23 5

Sex

Male 12 19 6

Female 8 5 1

APOE E4

22 9 7 6

6 11 11 0

11 1 6 0

Braak stage

I–IV 3 1 7

V 14 18 0

VI 5 5 0

LB

Limbic 0 2 1

Neocortical 0 14 6

Amygdala 0 8 0

SNnl 0.86 6 0.47 1.04 6 0.46 1.57 6 0.49
18F-FDG PET blood glucose levels (mg/dL) 101.7 6 11.7 97.8 6 19.9 94.4 6 8.2

Mini-Mental State Examination score 22.4 6 6.6 21.5 6 5.7 24.7 6 3.9

MEM 21.06 6 0.94 21.61 6 0.66 20.69 6 0.67

EXEC 21.36 6 1.21 21.48 6 0.95 21.50 6 0.95

D (MEM 2 EXEC) 0.16 6 0.50 20.33 6 0.71 0.53 6 0.55
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and temporoparietal cortex, as well as with
less hypometabolism in the occipital and
the paracentral cortex (Fig. 5, top). SNnl was
correlated with more hypometabolism in
occipital and parietotemporal regions and less
hypometabolism in the orbitofrontal cortex
and the posterior cingulate (Fig. 5, bottom).

DISCUSSION

In the present work, we analyzed ante-
mortem 18F-FDG PET patterns in relation to
AD and LB pathology in a cohort of clinical
AD patients. Concomitant AD-LB patients
did not show more DLB-like 18F-FDG PET
features but, rather, a pattern regionally very
similar to the pure-AD pattern (Figs. 1 and 2).
Accordingly, the CISr (20–22) did not differ
between the pure-AD and AD-LB groups
(Fig. 3). In contrast to our results, in a previ-
ous work comparing pathologically verified
DLB (n5 3) and AD-LB (n5 3) patients
(38), the authors reported similar occipital
hypometabolism in both groups. These dif-
ferences may be explained by different defi-
nitions of the AD-LB group, since AD-LB
patients in this previous work presented DLB
symptomatology whereas those in our study
exhibited a relatively pure AD phenotype.
Interestingly, the amygdala-predominant LB
type, which has been previously linked to
AD (27), was indeed higher in the AD-LB
group than in the pure-LB group (from which
it was completely absent), but this did not
seem to affect the neurodegeneration phe-
notype (Fig. 1B). Although the little effect
of comorbid LB pathology on the regional
18F-FDG PET pattern may come as a sur-
prise, it is in line with the lack of elevated
SNnl, a pathologic hallmark of LB-typical
neurodegeneration, in these comorbid AD-LB
cases (28,39).
Although AD-LB patients showed an

even more amnestic-predominant cognitive
profile than the pure-AD patients, rather
than a more dysexecutive phenotype typical
of DLB (4), this difference is unlikely to
result from a more advanced AD pathology
in the AD-LB group, as severity of both
Braak tau stage (Table 1) and regional NFT
burden (Supplemental Fig. 1) were compa-
rable between pure-AD and AD-LB. Previ-
ous studies have similarly suggested that
comorbid LB pathology exacerbates AD-
typical cognitive deficits but does not nec-
essarily produce a mixed clinical phenotype
(7,13,14), whereas others did observe more
DLB symptomatology in AD-LB cases
(8–12,40). These differences may be ex-
plained by different clinicopathologic defini-
tions of the AD-LB groups, as some autopsy

FIGURE 1. (A) Hypometabolism patterns of pathologic groups compared with controls. (B) Pat-
terns of limbic/neocortical and amygdala-predominant LB subgroups in AD-LB. (C) Direct compari-
sons between pathologic groups. Color represents effect size. White bars in color bars: P , 0.05
(FDR-corrected).

FIGURE 2. Comparison of MTL and occipital cortex 18F-FDG SUV ratios (SUVR) between different
neuropathologic groups and the control group (CN).
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studies define the different pathology groups based solely on neuro-
pathologic criteria (8,40), whereas others also restrict their samples
to a particular clinical phenotype as in our study (6,13,20,23).
Interestingly, a smaller group of patients (12%) who had rela-

tively pure LBNC with no or low ADNC did indeed show the ex-
pected DLB-like posterior-occipital hypometabolism pattern (20),
which was accompanied by significantly elevated SNnl. Moreover,
quantitative neuropsychologic analysis showed these patients to
have a more dysexecutive rather than amnestic-predominant profile.
Thus, it is likely that these cases may reflect misdiagnosed DLB
patients with no DLB-specific symptomatology and a clinical pro-
file more similar to AD (4,41). Our findings indicate that 18F-FDG
PETmay serve as a useful imaging marker to identify this nonnegli-
gible and clinically highly relevant portion of misdiagnosed AD
patients in vivo. Interestingly, despite having similar regional loads
of LB pathology (Supplemental Fig. 1), the comorbid AD-LB
group did not exhibit a DLB-like 18F-FDG PET pattern or elevated
SNnl, suggesting that AD pathology may have a dominant effect
over LB pathology in determining the regional neurodegeneration
phenotype in these patients. Altogether, these results suggest that
the role of LBs in AD-LB may be different from that of pure-LBs.
Although recent studies have provided evidence of in vivo interac-
tions between tau and a-synuclein (42), more work is needed to bet-
ter understand how these interactions may modify the effect of LB
pathology on the neurodegeneration phenotype in AD-LB.
In continuous association analyses, we observed that Braak tau

stage (Figs. 4 and 5) and tau NFT load (Supplemental Fig. 2) cor-
related significantly with more AD-like 18F-FDG PET features,

confirming and expanding recent findings obtained in a smaller
subsample of the ADNI autopsy cohort (43) as well as similar
observations previously reported in clinical DLB (20,23). Interest-
ingly, SNnl showed the opposite pattern of associations, being
associated with a higher CISr, lower occipital SUVR, and a more
DLB-like hypometabolism pattern in voxelwise analysis (Figs. 4
and 5). Most interestingly, this association was even observed on
an individual basis in a small subset of AD-LB patients who did
have advanced SNnl (Fig. 3B). Nevertheless, this applied only to 3
AD-LB cases (12.5%), suggesting that comorbid LB rarely affects
the neurodegeneration phenotype in cases with fully developed AD
pathology. More research is necessary to better understand the

FIGURE 3. (A) CISr comparisons between pathologic groups. Cases
with high SNnl ($ 2) are highlighted in orange. (B) Individual z score maps
of 3 AD-LB cases with high SNnl.

FIGURE 4. Correlations of Braak tau stage and SNnl with regional
18F-FDG PET markers.

FIGURE 5. Voxel-wise correlations of Braak tau stage and SNnl with
18F-FDG uptake.
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neurobiologic factors that determine why comorbid LB pathology
leads to SNnl and a DLB-typical neurodegeneration pattern in
some patients but not in others (44).
Altogether, our results suggest that it may not be the presence of

LB pathology by itself, but rather the associated SNnl, that links
with a more DLB-like hypometabolic pattern in these clinical AD
patients. This notion was further corroborated by the fact that semi-
quantitative ratings of regional LB burden were not significantly
associated with 18F-FDG PET markers (Supplemental Fig. 3). To
the best of our knowledge, our study is the first report demonstrat-
ing these associations. A very recent multimodal neuroimaging
study (n5 55) has pointed to an association between nigrostriatal
degeneration (as assessed by dopamine transporter SPECT) and
cortical hypometabolism in clinical DLB (45). However, such asso-
ciations had not yet been assessed using neuropathologic evalua-
tions or in the context of clinical AD. Additional studies combining
18F-FDG PET with imaging modalities aimed to evaluate SN
degeneration in vivo (45–48) would be of great interest for replicat-
ing and studying these associations in larger observational cohorts.
Regarding the clinical implications of our work, our novel find-

ing of comparable 18F-FDG PET patterns in AD-LB and pure-AD
suggests that 18F-FDG PET may not be able to readily detect
comorbid LB pathology in AD patients, which may be a disappoint-
ing finding that is nevertheless of the utmost clinical relevance.
Although larger studies might be useful to corroborate these find-
ings, the comparably large sample used here (n5 21 for pure-AD
vs. n5 23 for AD-LB) and the low effect size estimates indicate
that this finding would be unlikely to change with higher sample
sizes. However, according to our findings, 18F-FDG PET may be
useful for identifying a subset of clinically diagnosed AD patients
who have relatively pure LB pathology, as well as those pathologic
AD patients for whom the comorbid LB pathology is accompanied
by substantia nigra neurodegeneration. Identifying these patients
has important clinical implications because these will most likely
also show different clinical trajectories (7), including development
of more DLB-typical symptomatology (9), and may possibly also
exhibit the typical susceptibility to antagonistic dopaminergic neu-
roleptics known for DLB patients (49).
Our work also presents a series of limitations. First, the restric-

tion to patients with typical AD-like clinical presentations limits the
reach of our conclusions to this particular clinical setting, and dif-
ferent effects of comorbid AD-LB pathology may be observed in
clinically more diverse dementia cohorts (8). Nevertheless, identi-
fying (comorbid) LB pathology in clinical AD patients poses a dis-
tinct diagnostic challenge—which has not been addressed so far
using 18F-FDG PET—that has potentially high relevance for indi-
vidual patient management and recruitment into AD clinical trials
(6). In close relation, neuropsychologic data collected within the
ADNI study allow for the assessment of a specific dysexecutive or
amnestic-predominant neuropsychologic profile, but DLB core fea-
tures are not assessed in enough detail (or are not assessed at all).
Finally, quantitative assessments of regional pathologic load may
represent a closer pathologic correlate of phenotypic differences
than the standardized semiquantitative rating scales used here (44).

CONCLUSION

18F-FDG PET may not be able to readily detect comorbid LB
pathology in clinical AD, but it may be useful for identifying a
subset of patients with prominent LB-related neurodegeneration—
a capability that may have important implications for patient

management, individualized disease prognostication, and selection
for treatment trials.
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KEY POINTS

QUESTION: Is the presence of LB pathology, or related SNnl,
associated with a differential 18F-FDG PET pattern in clinical AD?

PERTINENT FINDINGS: LB copathology did not affect the
18F-FDG PET pattern in autopsy-confirmed AD, but a distinct
posterior–occipital 18F-FDG PET pattern was observed in relation
to SNnl, most commonly in clinical AD cases with relatively pure
LB pathology at autopsy.

IMPLICATIONS FOR PATIENT CARE: 18F-FDG PET can
identify clinically diagnosed AD patients who have relatively
pure LB pathology and substantia nigra neurodegeneration at
autopsy. In vivo identification of these patients has important
implications for clinical patient management, individualized
disease prognostication, and selection for treatment trials.
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Semiquantitative PETmeasures such as SUV ratio (SUVr) have several
advantages over quantitative measures, such as practical applicability
and relative computational simplicity. However, SUVr may potentially
be affected by changes in blood flow, whereas quantitative measures
such as nondisplaceable binding potential (BPND) are not. For

18F-flor-
taucipir PET, the sensitivity of SUVr for changes in blood flow is
currently unknown. Therefore, we compared semiquantitative (SUVr)
and quantitative (BPND) parameters of longitudinal 18F-flortaucipir
PET scans and assessed their vulnerability to changes in blood flow.
Methods: Subjects with subjective cognitive decline (n5 38) and
Alzheimer disease patients (n524) underwent baseline and 2-y fol-
low-up dynamic 18F-flortaucipir PET scans. BPND and relative tracer
delivery were estimated using receptor parametric mapping, and SUVr
at 80–100 min was calculated. Regional SUVrs were compared with
corresponding distribution volume ratio (BPND1 1) using paired t tests.
Additionally, simulations were performed to model effects of larger
flow changes in different binding categories. Results: Results in sub-
jective cognitive decline and Alzheimer disease showed only minor dif-
ferences between SUVr and BPND changes over time. Relative tracer
delivery changes were small in all groups. Simulations illustrated a vari-
able bias for SUVr depending on the amount of binding. Conclusion:
SUVr provided an accurate estimate of changes in specific binding for
18F-flortaucipir over a 2-y follow-up during which changes in flow were
small. Notwithstanding, simulations showed that large(r) flow changes
may affect 18F-flortaucipir SUVr. Given that it is currently unknown to
what order of magnitude pharmacotherapeutic interventions may
induce changes in cerebral blood flow, caution may be warranted
when changes in flow are potentially large(r), as in clinical trials.

Key Words: Alzheimer disease; dynamic (DVR/BPND); longitudinal
18F-flortaucipir PET; quantification; static (SUVr)
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In vivo tau imaging allows for quantification of longitudinal
changes in tau accumulation during the course of Alzheimer disease
(AD) and can serve as a surrogate outcome measure in clinical
trials. Several tau PET tracers are available for this purpose, of
which 18F-flortaucipir is the only one approved by the Food and
Drug Administration (1–5). 18F-flortaucipir PET images can be
acquired using static or dynamic scanning protocols. Semiquantita-
tive parameters such as SUV ratio (SUVr) can be derived from such
a static PET scan. However, parameters derived from a dynamic
PET scan, such as distribution volume ratio (DVR) or nondisplace-
able binding potential (BPND), are fully quantitative and overall
more accurate (6,7). Notwithstanding, dynamic protocols—because
of the long scan duration—result in patient movement, lower patient
comfort, and lower scanning efficiency. A compromise can be
achieved by implementing a dual-time-window protocol in which
overall scanning time is reduced by introducing a resting period dur-
ing the scan while maintaining high quantitative accuracy (8–10).
SUVr has the advantage of practical applicability and relative

computational simplicity (2–5), while dynamic imaging studies
provide more accurate measurements of specific binding and mea-
sure the relative tracer delivery (R1), a proxy for relative cerebral
blood flow (“18F-flortaucipir R1” section in the supplemental mate-
rials available at http://jnm.snmjournals.org) (7,11–15). R1 is
important because blood flow changes can occur over time in AD
because of disease progression or drug intervention. Longitudinal
changes using SUVr may be biased by blood flow changes,
whereas quantitative measures (BPND) are not (6,16). Currently, for
18F-flortaucipir the sensitivity of SUVr for changes in blood flow
has not been investigated. Therefore, with this study we compared
SUVr and DVR/BPND for 18F-flortaucipir PET in a 2-y follow-up
observational study. Second, we used simulations to investigate
how larger changes in R1 affect SUVr and DVR/BPND.

MATERIALS AND METHODS

Participants
We included 62 subjects from the Amsterdam Dementia Cohort

(17,18), of whom 38 were cognitively normal with subjective cognitive
decline (SCD) and 24 cognitively impaired (i.e., mild cognitive impair-
ment (MCI) due to AD (19) [n5 4] or probable AD dementia (20)
[n5 20], grouped into 1 MCI/AD group).
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Twelve of 38 SCD subjects were classified as amyloid-b (Ab) PET–
positive (18F-florbetapir visual assessment (21)). All MCI/AD patients
were classified as Ab-positive by cerebrospinal fluid biomarkers
(i.e., cerebrospinal fluid Ab1-42 , 813 ng/L (22)) or a Ab PET scan
(11C-PiB or 18F-florbetaben) by visual assessment (23,24).

The study protocol was approved by the Medical Ethics Review
Committee of the Amsterdam UMC VU Medical center. All patients
provided written informed consent before study participation.

Imaging
All subjects underwent 2 dynamic 18F-flortaucipir PET scans, acquired

on a Philips Ingenuity TF-64 PET/CT scanner, with a time period of 2.16
0.3 y (SCD) or 2.26 0.3 y (AD) between both scanning sessions. For SCD
subjects, each scanning session consisted of 2 dynamic PET scans of 60
and 50 min, respectively, with a 20-min break in between (14,25). For AD
patients, each scanning session consisted of 2 dynamic PET scans of
30min and 20min, respectively, with a 50-min break in between (9).

BPND, R1, and SUVr at 80–100 min were extracted in a priori–
defined regions of interest (ROIs) in subject space using the Hammers
and Svarer templates: Braak I/II (entorhinal), Braak III/IV (limbic), and
Braak V/VI (neocortical). These ROIs align with neuropathologically
defined regions (26) and are informative for tau PET in AD (27–30).

For each parameter and ROI, we calculated percentage change using
the following formula (DVR [BPND 1 1] or SUVr associated with the
follow-up and baseline scans, respectively):

Percentage change5 ðfollow-up=baseline2 1Þ3 100%

We repeated all analyses with partial-volume–corrected data using
the iterative deconvolution method, as described previously (31–33).

TABLE 1
Demographics of Study Population

Demographic
SCD

(n 5 38)
AD

(n 5 24)

Sex (n)

Female 16 11

Male 22 13

Age at baseline (y) 65 6 7 66 6 7

Age at follow-up (y) 67 6 7 68 6 7

Time between PET scans (y) 2.1 6 0.3* 2.2 6 0.3*

MMSE at baseline 29 6 1* 24 6 3*

Ab-positive† at baseline (n) 12/38* 24/24*

Ab-positive† at follow-up (n) 16/38* NA

APOE4 allele carriers (n) 12/38* 17/22
(2 unknown)*

*Significant differences (P , 0.05) between diagnostic groups.
†SCD subjects were classified as Ab-positive as evidenced by

substantial Ab pathology after 50- to 70-min SUVr 18F-florbetapir
Ab PET scan visual assessment, and mild cognitive impairment/AD
patients were classified as Ab-positive as evidenced by
cerebrospinal fluid biomarkers for AD (i.e., cerebrospinal fluid
Ab1–42 , 813 ng/L) or positive Ab PET (18F-PiB or 18F-florbetaben)
findings by visual assessment.

MMSE 5 mini mental state examination; NA 5 not available.
Mean 6 SD are provided, unless otherwise indicated.

TABLE 2
18F-Flortaucipir DVR, SUVr and R1 Values for SCD Subjects and AD Patients

DVR SUVr at 80–100 min R1

BL FU %change BL FU %change BL FU %change

SCD (n 5 38)

Braak I/II 1.039
(0.121)

1.066*
(0.133)

2.56†

(2.85)
1.134‡

(0.159)
1.154‡k

(0.158)
1.85
(3.27)

0.708
(0.041)

0.714
(0.049)

0.74
(3.96)

Braak III/IV 1.045
(0.075)

1.075*
(0.098)

2.82
(2.54)

1.102‡

(0.103)
1.130*‡

(0.118)
2.47
(2.64)

0.836
(0.036)

0.842
(0.043)

0.79
(2.75)

Braak V/VI 1.042
(0.057)

1.067*
(0.076)

2.33
(2.77)

1.076‡

(0.077)
1.096*‡

(0.093)
2.17
(3.29)

0.926
(0.043)

0.930
(0.049)

0.47
(2.67)

AD (n 5 24)

Braak I/II 1.277
(0.146)

1.321*
(0.157)

3.48
(4.16)

1.426‡

(0.192)
1.470‡k

(0.194)
3.25
(5.26)

0.713
(0.047)

0.706
(0.053)

20.87
(5.26)

Braak III/IV 1.256
(0.147)

1.341*
(0.185)

6.61†

(5.63)
1.367‡

(0.190)
1.471*‡

(0.229)
7.52
(6.66)

0.835
(0.045)

0.821§

(0.040)
21.62
(3.71)

Braak V/VI 1.284
(0.222)

1.379*
(0.260)

7.25
(6.85)

1.382‡

(0.281)
1.495*‡

(0.316)
8.21
(8.03)

0.904
(0.051)

0.883k

(0.055)
22.28
(3.67)

*P , 0.001, baseline vs. follow-up.
†P , 0.05, percentage change in DVR vs. percentage change in SUVr.
‡P , 0.001, DVR vs. SUVr.
§P , 0.05, baseline vs. follow-up.
kP , 0.01, baseline vs. follow-up.
BL 5 baseline; FU 5 follow-up.
Mean 6 SD are provided.
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Statistical Analyses
To allow for direct comparison with SUVrs, DVR was used for all

analyses. Paired t tests were performed to assess differences between
parameters and time points. Pearson correlation coefficients were com-
puted to assess the correlation between percentage change in SUVr
and DVR (all ROIs combined). Bland–Altman analyses were per-
formed to assess bias and agreement between percentage change in
SUVr and DVR (all ROIs combined). Analyses were performed in R
software, version 4.0.2, and GraphPad Prism, version 9.1.0.

To explore whether the required sample size for (theoretic) future trials
would differ when either quantitative or semiquantitative methods are
used, sample sizes were calculated using GPower, version 3.1.9.7. For
these analyses, we used a range of 0.5%–10% expected change in tracer
retention over time, to inform on longitudinal study designs in the context
of 18F-flortaucipir. Sample sizes were calculated for SUVr and DVR, for
all 3 ROIs (Braak I/II, III/IV, and V/VI). The differences between 2 depen-
dent means (matched pairs) was calculated, with an a (error probability) of
0.05 and a power (12 b error probability) of 0.80. To adhere to the typical
duration of clinical trials in AD, we calculated percentage change over an
18-mo period and used those SDs as input for the sample size calculations.

Simulations
Details on the methods used for simulations can be found in the

Methods section of the supplemental materials.

RESULTS

Patient characteristics are shown in Table 1. In both AD and SCD,
18F-flortaucipir SUVr were higher than DVR for all regions and at
both time points (baseline and follow-up, all P , 0.001). Respective
DVR, SUVr, and R1 values are shown in Table 2 (SCD subjects and
AD patients) and Supplemental Tables 2 and 3 (Ab-negative and
-positive SCD subjects, respectively). The percentage overestimation
of SUVr relative to DVR, for all regions and at both time points, is
presented in Supplemental Table 4. Annualized percentage change in
DVR and SUVr is presented in Supplemental Tables 5 and 6. No sig-
nificant correlations between DVR or SUVr and R1 were observed in
either SCD or AD patients (Supplemental Fig. 1). Partial-volume–
corrected data yielded essentially similar results; therefore, only
noncorrected data will be presented further in the article.

Differences in 18F-Flortaucipir DVR, SUVr, and R1

SCD Subjects. DVR increased at follow-up in all regions (all
P , 0.001), with the largest increase found in Braak III/IV

(1.045–1.075, 2.82% 6 2.54%) (Table 2;
Fig. 1A; Supplemental Fig. 2A). SUVr also
significantly increased at follow-up in all
regions (all P , 0.003). The largest increase
was found in Braak III/IV (1.102–1.130,
2.47% 6 2.64%) (Table 2; Figs. 1C and 2C).
Percentage change was significantly lower for
SUVr than for DVR in Braak I/II (SUVr,
1.85% 6 3.27%, vs. DVR, 2.56% 6 2.85%;
P5 0.048). Braak III/IV and V/VI did not
show any statistically significant differences
between percentage change in DVR and
SUVr (Table 2; Fig. 2). Taking all regions
together, the correlation coefficient between
percentage change in SUVr and DVR was
0.83 (P, 0.001), and the bias as provided by
Bland–Altman analysis was 0.41 6 1.72
(Figs. 3A and 3C). For R1, no significant
decreases at follow-up were found in any
region (Table 2).

AD Patients. DVR increased at follow-up in all regions (all P,
0.001), with the largest increase found in Braak V/VI (1.284–1.379,
7.25% 6 6.85%) (Table 2; Fig. 1B; Supplemental Fig. 2B). SUVr
also increased at follow-up in all regions (all P , 0.009). Like
DVR, the largest increase was found in Braak V/VI (1.382–1.495,
8.21% 6 8.03%) (Supplemental Table 3; Fig. 1D; Supplemental
Fig. 2D). Percentage change was higher for SUVr than for DVR in
Braak III/IV (SUVr, 7.52% 6 6.66%, vs. DVR, 6.61% 6 5.63%;
P5 0.047). No statistically significant differences between percent-
age change in SUVr and DVR were found for any other region
(Table 2; Fig. 2). Taking all regions together, the correlation coeffi-
cient between percentage change in SUVr and DVR was 0.94 (P ,

0.001), and the bias as provided by Bland–Altman analysis was
20.55 6 2.56 (Figs. 3B and 3D). For R1, significant decreases
at follow-up were found in Braak III/IV (0.835–0.821, 21.62% 6

3.71%, P5 0.040) and V/VI (0.904–0.883, 22.28% 6 3.67%,
P5 0.003) (Table 2).

FIGURE 1. Box plots of regional DVR (upper row) and SUVr at 80–100 min (lower row) in SCD
(A) and AD (B). **P, 0.01. ***P, 0.001.

FIGURE 2. Regional percentage changes in DVR, SUVr at 80–100 min
and R1 for SCD subjects and AD patients. *P, 0.5.
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Sample Size Calculations
Large differences in required sample sizes were observed for

small effect sizes, with the largest differences being between meth-
ods in the AD group (Supplemental Table 7). However, with larger
effect sizes (in line with expectations in clinical trials), differences
in required sample size between the 2 methods became negligible
for both SCD and AD (Supplemental Table 7).

Simulations
Simulations with 5% coefficient of variance showed results simi-

lar to those for the simulated time–activity curves obtained with
almost no noise (0.05% coefficient of variance). Therefore, to mimic
real cohort data, only the results from time–activity curves with a 5%
coefficient of variance were reported.
Simulations revealed that under the SCD (almost no binding) and

low-binding AD patient conditions, an inverse relation was observed;
that is, with increasing flow, a decreasing bias for SUVr (with respect
to true DVR) was observed (Fig. 4). A similar behavior was also
observed under the medium-binding AD patient condition, but to a

lesser extent. In the high-binding condition
for AD patients, however, a relatively smaller
effect of flow was observed on SUVr, imply-
ing that SUVrs remained relatively constant
irrespective of the change in flow. In the case
of DVR, no effect of flow was observed
with any of the conditions (Fig. 4).
On the basis of simulations, percentage

bias in SUVr with respect to the true DVR
varied with the choice of SUVr scanning
interval and the underlying binding condi-
tion (Fig. 5). In general, SUVr overestimated
DVR for all simulated R1 conditions from
80 min after injection; however, the impact
of the change in flow on the directionality of
the bias seems also to vary with respect to the
choice of SUVr scanning interval (Fig. 5).

DISCUSSION

We compared changes in 18F-flortaucipir
specific binding using SUVr and DVR. In a
2-y longitudinal study, changes in 18F-flor-
taucipir DVR and SUVr were comparable
in all patient groups. Only small changes in
R1 occurred during this period, but these
most likely contributed to the lack of differ-
ence between DVR and SUVr. However,

simulations demonstrated marked differences between DVR and
SUVr when large(r) changes in R1 were introduced. In addition,
these differences between DVR and SUVr were shown to be depen-
dent on the underlying level of tau pathology.
The most important finding in this study was the lack of major dif-

ferences in the percentage change between 18F-flortaucipir DVR and
SUVr in a 2-y observational study. Congruently, sample size calcula-
tions based on these data to inform future trials showed negligible dif-
ferences between methods. Unlike a previous study using 11C-PiB
(6), this finding indicates that 18F-flortaucipir SUVr provides an accu-
rate estimate of change in specific binding in both patient groups.
There are several possible reasons for the differences in findings
between the 2 studies. First, an important factor contributing to our
findings could be the relatively small or nonexistent R1 differences in
this cohort. Previously, using 11C-PiB (6), we reported larger R1

changes in AD patients, which induced a large difference between
SUVr and BPND. This effect might perhaps indicate that 11C-PiB is
more sensitive to changes in R1 than is 18F-flortaucipir. However,
flow sensitivity may also depend on the scanning interval relative

to tracer kinetics, as was seen previously for
11C-PIB (6). Similarly, this is the scenario
for 18F-flortaucipir, and we therefore cannot
directly compare the 2 tracers in this respect.
Second, it has been reported that accumula-
tion of tau pathology is a slowly developing
process, with annual percentage changes of
about 0.5%–3% in Ab-positive cognitively
unimpaired subjects and up to 3%–10% in
Ab-positive cognitively impaired subjects
(34–37). The annual percentages change in
the present study was generally comparable
in SCD subjects (on average, 1.08% SUVr
and 1.28% DVR) and slightly lower in AD

FIGURE 3. (A and B) Correlation plot of percentage change in DVR vs. SUVr at 80–100 min
(SUV80–100) in SCD (A) and AD (B), in which red line represents line of identity. (C and D) Bland–
Altman plot of percentage change in DVR vs. SUVr at 80–100 min in SCD (C) and AD (D).

FIGURE 4. Percentage change in DVR (A) and SUVr (B) at 80–100 min relative to true DVR values
as function of simulated flow changes for each binding condition.
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subject (2.73% SUVr and 2.52% DVR). The test–retest repeatability
of 18F-flortaucipir, as reported previously (38), lies at around 1.98%
(0.78–3.58) for DVR and 3.05% (1.28–5.52) for SUVr at 80–100
min. Although the test–retest repeatability was significantly better
for DVR (38), annual percentage changes as found in the present
study still fall within 1 SD of the test–retest repeatability for both
DVR and SUVr, suggesting that observed changes might be too
small to detect differences between analytic methods. Finally, differ-
ences with respect to tracer target affinity, isotope (11C vs. 18F), and
pharmacokinetic behavior might have introduced differences that
caused the differences in results.
Currently, the effects of pharmacotherapeutic interventions on

cerebral blood flow are unclear. Therefore, we performed simula-
tions to investigate the impact of large(r) changes in relative cere-
bral blood flow/R1 on the accuracy of SUVr and DVR. The bias
with SUVr relative to DVR was different for each flow condition,
and this bias was additionally influenced by the underlying tau
load, with decreasing bias in cases of low tau load/binding or
constant bias for high tau load/binding. Depending on the underly-
ing tau load, regional changes in flow resulted in variable changes
in SUVr, which was not the scenario with DVR. Similar findings
were previously observed using 18F-cyclofoxy (39).
On top of flow condition and the underlying tau load, the choice

of SUVr time interval also effected the accuracy, which was again
different for different binding conditions. A previous study found
large positive biases for SUVr using different time intervals when
compared with dynamic methods (8). Furthermore, Golla et al. (8)
observed that the bias in SUVr for a specific scanning interval is
not constant but is dependent on the underlying tau load and the
choice of SUVr scanning interval. This has important implications,
since scanning intervals for static protocols are often not strictly
enforced; thus, deviations in scanning intervals between static and
longitudinal scans are common. These discrepancies will increase
variability and uncertainty, which will increase required sample
sizes for SUVr. Differing underlying tau load in the sample studied
will only increase the bias in SUVr further. It is worth noting that,

in the current study, SUVr was extracted from
the dynamically acquired data. In addition,
scanning interval was strictly enforced in the
context of the 2 scanning sessions within the
dynamic protocol. For both these reasons,
SUVr in this study was not affected by devia-
tions in scanning, and the results may there-
fore be too optimistic in this respect.
The discrepancies between methods using

simulations may have important implica-
tions for longitudinal 18F-flortaucipir stud-
ies and intervention studies. Our findings
imply that SUVr is not the parameter of
preference when large variations in blood
flow are expected, although to what order of
magnitude remains to be elucidated. A con-
sideration to address when using repeated
dynamic scans is potential selection bias,
because severely affected patients might not
be able to undergo such a demanding proce-
dure. In patients with moderate to severe
AD, this is indeed debatable. However,
pharmacotherapeutic trials currently show a
shift in target population, primarily includ-

ing patients with mild, prodromal, or preclinical autosomal-dominant
AD. Those patients can tolerate the longer dynamic scan procedures.

18F-flortaucipir is useful for investigating pathologic tau load dif-
ferences between SCD subjects and AD patients. However, in an
early-dementia cohort for which we do not expect specific binding
in the neocortex, measurement of tau deposition shows large vari-
ability. Indeed, in such a sample, 64% of the cortical signal variabil-
ity can be explained by off-target binding (40). Partial-volume
correction does not completely explain the variability in the cortical
signal. Therefore, the variability in the signal in cohorts with low
tau deposition related to off-target binding should be considered
when examining early tau deposition using 18F-flortaucipir.

CONCLUSION

Static scanning protocols provide accurate estimates of specific
18F-flortaucipir binding in observational studies. Dynamic scanning
protocols and fully quantitative data analysis methods are preferred
when large(r) flow changes in the brain are expected (such as in
later disease stages or pharmacotherapeutic interventions). Use of
semiquantitative methods in such conditions carries the inherent
risk that potential effective therapeutic interventions are discarded,
especially when expected effect sizes are small.
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KEY POINTS

QUESTION: How do the semiquantitative (SUVr) and quantitative
(R1, BPND) parameters of longitudinal 18F-flortaucipir PET scans,
and their vulnerability to changes in blood flow, compare in
subjects along the AD continuum?

PERTINENTFINDINGS: In a 2-y longitudinal 18F-flortaucipir PET
study including 38 subjectswithSCDand 24 patientswith AD, relative
cerebral blood flowchanges (R1) were small, and semiquantitative
(SUVr) and quantitative (BPND) parameters yielded highly similar
estimates of specific binding. However, simulations showed that
large(r) flow changesmay potentially affect 18F-flortaucipir SUVr.

IMPLICATIONS FOR PATIENT CARE: Given that it is currently
unknown to what order of magnitude pharmacotherapeutic
interventions may induce changes in cerebral blood flow, caution
may be warranted when changes in flow are large(r), and
DVR/BPND may be preferred under such conditions to ensure
representative quantification of 18F-flortaucipir PET images.
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Off-target binding of [18F]flortaucipir (FTP) can complicate quantitative
PET analyses. An underdiscussed off-target region is the skull. Here, we
characterize how often FTP skull binding occurs, its influence on esti-
mates of Alzheimer disease pathology, its potential drivers, and whether
skull uptake is a stable feature across time and tracers. Methods: In
313 cognitively normal and mildly impaired participants, CT scans were
used to define a skull mask. This mask was used to quantify FTP skull
uptake. Skull uptake of the amyloid-b PET tracers [18F]florbetapir and
[11C]Pittsburgh compound B (n 5 152) was also assessed. Gaussian
mixture modeling defined abnormal levels of skull binding for each
tracer. We examined the relationship of continuous bone uptake to
known off-target binding in the basal ganglia and choroid plexus as well
as skull density measured from the CT. Finally, we examined the con-
founding effect of skull binding on pathologic quantification. Results:
We found that 50 of 313 (#16%) FTP scans had high levels of skull sig-
nal. Most were female (n5 41, 82%), and in women, lower skull density
was related to higher FTP skull signal. Visual reads by a neuroradiologist
revealed a significant relationship with hyperostosis; however, only 21%
of women with high skull binding were diagnosed with hyperostosis.
FTPskull signal did not substantially correlatewithother knownoff-target
regions. Skull uptake was consistent over longitudinal FTP scans and
across tracers. In amyloid-b–negative, but not –positive, individuals,
FTP skull binding impacted quantitative estimates in temporal regions.
Conclusion: FTP skull binding is a stable, participant-specific phenom-
enon and is unrelated to known off-target regions. Effects were found
primarily in women and were partially related to lower bone density. The
presence of [11C]Pittsburgh compound B skull binding suggests that
defluorination does not fully explain FTP skull signal. As signal in skull
bone can impact quantitative analyses and differs across sex, it should
be explicitly addressed in studies of aging and Alzheimer disease.

KeyWords: off-target binding; human; tau PET; amyloid PET
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Accrual of hyperphosphorylated tau protein into neurofibril-
lary tangles is a key pathologic feature of Alzheimer disease (AD)

and is significantly predictive of clinical symptomology, cognitive
impairment, and neuronal loss (1). The most prominent in-human
tau PET radiotracer in use is the 5H-pyrido[4,3-b]indole derivative
[18F]flortaucipir (FTP, also known as [18F]AV-1451). In vivo use
has identified notable off-target FTP binding in the choroid plexus
(2), basal ganglia, and brain stem (3), none of which are believed
to have prominent AD-related tauopathy. Possible explanations for
this off-target signal include FTP binding to neuromelanin-containing
cells (3), monoamine oxidase enzymes (4), or iron (2).
Another off-target region seldom discussed, but nonetheless iden-

tified, is skull bone (5). The first-in-humans FTP study showed skull
uptake in 2 participants (a healthy control and a mild cognitive
impairment patient), though this observation was not directly refer-
enced (6). Since then, skull signal has been observed anecdotally but
minimally noted in the literature. Smith et al. (7) recently reported
off-target binding in a mask that extended omnidirectionally from
the cerebral surface that included meninges, skull bone, and mid-
brain structures. Although informative, the analyses were limited by
the lack of mask specificity and restriction to only amyloid-negative
individuals instead of individuals across the AD spectrum. Addition-
ally, whereas they examined data across 3 different tau PET radiotrac-
ers, data from only 1 tracer were available for each participant.
High skull binding could adversely impact quantification of AD

tauopathy. In the current study, we determined the existence and
characteristics of off-target FTP skull binding in cognitively nor-
mal adults and those with mild dementia using a subject-specific
CT-derived skull region of interest (ROI). We then investigated its
impact on quantitative PET analyses and examined its stability using
longitudinal FTP scans as well as comparisons with [18F]florbetapir
(FBP, also known as [18F]AV-45) and [11C]Pittsburgh compound
B (PiB).

MATERIALS AND METHODS

Participants
Data from 313 (177 women/196 men; median age, 69.9 y; age range,

46.2–91.9 y) cognitively normal (n5 273, Clinical Dementia Rating5 0)
and impaired individuals (n 5 40, Clinical Dementia Rating . 0 and
clinical diagnosis of AD dementia or dementia of unknown etiology)
enrolled in studies of memory and aging at the Charles F. and Joanne
Knight Alzheimer Disease Research Center at Washington University
were included in the present study. All participants received FTP and
FBP scans within a 1-y period (51.256 63.32 d [mean6 SD]). A subset

Received Feb. 22, 2022; revision accepted Aug. 11, 2022.
For correspondence or reprints, contact Brian A. Gordon (bagordon@wustl.

edu).
Published online Aug. 11, 2022.
COPYRIGHT! 2023 by the Society of Nuclear Medicine andMolecular Imaging.

SKULL BINDING IN TAU AND AMYLOID PET ! Flores et al. 287



(n 5 14) received longitudinal FTP scans and another subset (n 5 152)
received a PiB scan in the years before or after the FTP (1,222.74 6

562.79 d). Clinical and demographic data collected within 1 y from the
FTP were also used. The Washington University Institutional Review
Board approved all procedures. Written informed consent was obtained
from all participants or their designated representatives.

MRI
T1-weighted magnetization-prepared rapid gradient-echo MR images

were acquired in sagittal orientation for 176 slices on either a 3-T
Biograph PET/MR, Trio, or Vida scanner (Siemens Healthcare). The
PET/MRI and Vida scanners used similar parameters (repetition time,
2,300 ms; echo time, 2.95 ms; flip angle, 9"; voxel resolution, 1.05 3

1.05 3 1.19 mm); however, the Trio was slightly modified (repetition
time, 2,400 ms; echo time, 3.16 ms; flip angle, 8"; voxel resolution, 1.0 3

1.0 3 1.0 mm). MR images were segmented into ROIs using FreeSurfer
(version 5.3-HCP; Martinos Center of Biomedical Imaging).

PET Imaging
Radiotracers were synthesized under current good manufacturing

practices and underwent quality assessment and acceptance testing for
in-human use before injection. FTP radiochemical purity was reported
at 99.9% 6 0.07% over 224 synthesized batches used in the study. As
FTP purity was at the ceiling, it was not included in any analyses. For
tau PET, participants received a single 339.29 6 32.93 MBq intrave-
nous bolus of FTP. Emission data were collected for the 0- to 110-min
(n 5 117) or 80- to 100-min (n 5 196) postinjection time interval
(p.t.i.) on a Siemens Biograph PET/CT scanner. List-mode data were
reconstructed using ordered-subset expectation maximization with no
postreconstruction filtering and standard normalization, decay and scatter
correction, and dead time. CT transmission scans detailing bone structure
and tissue were also obtained.

Amyloid PET was performed with either FBP or PiB on a Siemens
Biograph PET/MR scanner or a Biograph PET/CT scanner. After a
single bolus injection of 370 6 22.2 MBq of FBP, emission data cov-
ered the p.t.i. of 0–70 (n 5 210) or 50–70 min (n 5 103); for PiB,
513.56 6 128.02 MBq were administered, with data covering the p.t.i.
of 0–60 (n 5 150) or 30–60 min (n 5 2). For data collected on the
PET/MRI scanner, separate CT images were obtained to generate a
CT-based mmap for attenuation correction (8). Reconstruction proce-
dures were similar to those for tau PET.

PET data were analyzed using the FreeSurfer-based PET Unified
Pipeline (https://github.com/ysu001/PUP), which includes scanner res-
olution harmonization (9), interframe motion correction, PET-to-MRI
registration, ROI-based time–activity curve extraction, SUV ratio (SUVr)
analyses, geometric transfer matrix–based partial-volume correction
(PVC) (10), and a non-PVC voxelwise SUVr image coregistered to the
structural MRI. SUVrs were calculated for the 80- to 100-, 50- to 70-,
and 30- to 60-min p.t.i. for FTP, FBP, and PiB, respectively. Cerebellar
gray matter served as the reference region regardless of tracer. Global
amyloid burden was calculated as the average of PVC SUVrs for the pre-
frontal, inferior temporal, precuneal, and gyrus rectus regions. Positivity
was based on published values of 1.42 for PiB (11) and 1.19 in FBP (12).
Regional PVC FTP SUVrs for the amygdala, entorhinal, inferior tem-
poral, and lateral occipital were averaged into a tauopathy summary
measure (13).

Skull ROI
To create an individual-specific skull ROI, each CT image was line-

arly aligned using the FMRIB Linear Image Registration Tool with its
respective T1 image, which in turn was coregistered to the Montreal
Neurological Institute (MNI)–152 stereotactic atlas. The MNI-aligned
CT images were then averaged across the cohort. On this population
average, a mask of nonskull structures (e.g., vertebra and muscles)

was generated using the fslmaths and FSLeyes utilities and then removed
from the averaged CT image. Voxels below 1,400 Hounsfield units were
also removed so that only dense cranial bone remained. The image was
then inflated twice using a 2-mm gaussian kernel to capture the largest
possible skull size and then nonzero voxels binarized at a threshold of
0.1 Hounsfield units. This mask was then placed back into subject space
and applied to the participant’s original binarized CT image to generate
an individual skull ROI with nonskull structures removed (Fig. 1). The
skull ROI was then applied to each voxelwise non-PVC SUVr image,
and skull uptake was calculated as the average SUVr within the ROI.

Visual Reads
All CT images were visually inspected by 1 of 2 neuroradiologists

who had a combined 17 y of experience and did not know our hypothe-
ses. The assessment included identifying hyperostosis cranialis interna
(a hereditary disease of the skull and sphenoid bone) and sinusitis, as
well as an open-ended identification of other bone or skull abnormalities
deemed significant. No participants were excluded because of incidental
findings.

Statistical Analysis
Analyses were performed using R software (version 3.3.2, R Core

Team). After the skull SUVr had been computed, participants were
classified as either having low (S2) or high (S1) skull binding using
a gaussian mixture model with 2 components from the mclust package
(version 5.3) (14). Participants were further subdivided by amyloid
positivity (A1/2) based on global amyloid burden. Demographic dif-
ferences were assessed using Welch t tests for continuous variables
and Fisher exact tests for categoric variables because of the small size
of some groups. Skull SUVr from doses split between individuals
scanned on the same day were evaluated using a Pearson correlation.
To investigate the possibility of asymmetric FTP binding in the skull,
we divided the skull ROI across its midline, obtained SUVrs for both
left and right portions, and then assessed the relationship between left
and right skull using a Pearson correlation.

We first tested whether skull SUVr shared variance with known
FTP off-target regions using partial correlations controlling for age, as
well as linear models with main effects of skull SUVr, age, sex, and a
sex-by-skull SUVr interaction. Sex was selected as a factor because of
previously identified sex differences in FTP skull binding (7). We then
examined whether bone density, calculated as the average Hounsfield
units in the acquired CT scan, influenced skull SUVr using a linear
model with a main effect of sex and a sex–by–cranial-bone density
interaction. Results from the CT image visual reads were evaluated
using Fisher exact tests.

FIGURE 1. MR, CT, and SUVr images from amyloid-negative participant
with high skull binding in all 3 radiotracers. Images are in MNI-152 space.
MPRAGE5magnetization-prepared rapid acquisition with gradient echo.
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To determine FTP skull signal’s impact on quantitative PET, linear
regression and partial correlations controlling for age assessed whether
skull SUVr and the tauopathy summary measure differed as a function of
amyloid status. Further analyses used linear models predicting regional
SUVr from skull SUVr with P values adjusted for multiple comparisons
using the Benjamini–Hochberg procedure at a false discovery rate of q 5

0.05. Similar models were run that included main effects of age and sex.
Spearman correlations tested the radioisotope specificity of skull

SUVr between FTP and the 2 amyloid tracers (FBP and PiB) in the
same participants. As with FTP, we examined asymmetric FBP and
PiB skull binding using a Pearson correlation. We further plotted the
mean time–activity curves for several ROIs, including skull, for each
tracer. Finally, longitudinal stability of skull binding was assessed
with a Pearson correlation between baseline and a randomly chosen
follow-up visit in those with longitudinal data.

RESULTS

FTP Skull Binding Characteristics
Group-average FTP SUVr images based on amyloid positivity

as well as skull binding levels (A1/2, S1/2) are shown in Figure
2. Exemplar cases of high skull binding are shown in Supplemen-
tal Figure 1 (supplemental materials are available at http://jnm.
snmjournals.org), and demographic information is in Table 1.
Women were more likely to be classified S1 than men (x21 5 18.19,
P, 0.001) but were equally likely to be classified A1/2 (x21 5 0.08,
P5 0.77).Women composed themajority of the S1 group, regardless
of amyloid status (83.8% for S1/A2 and 76.9% for S1/A1). S1
individuals were typically younger (t67.455 3.55,P, 0.001) than their
S2 counterparts. There was no association for skull SUVr between
individuals who received injections from the same synthesized FTP
batch (n5 179, r5 0.07, P5 0.44). FTP SUVrs between the left and

right portions of the skull correlated significantly (r5 0.98, P, 0.001;
Supplemental Fig. 2).

Lack of Relationship Between FTP Skull Binding and Other
Off-Target Regions

FTP skull SUVr was not related to choroid plexus binding (par-
tial correlation: r 5 0.004, P 5 0.93; Fig. 3A). A linear model
predicting choroid plexus SUVr found no effects of skull SUVr
(t308 5 0.03, P5 0.98), sex (t308 5 20.11, P5 0.90), or age (t308 5
20.48, P 5 0.63). Additionally, the sex-by-skull SUVr interaction
was not significant (t308 5 0.18, P 5 0.86). Repeating the analysis
using PVC SUVr yielded similar results except that increased age
showed higher choroid plexus PVC SUVrs (t308 5 2.90, P , 0.01);
however, this effect has already been noted (15). Skull SUVr was
negatively associated with basal ganglia SUVr (partial correlation:
r 5 20.14, P 5 0.01; Fig. 3B) such that basal ganglia SUVr
decreased with increasing skull SUVr. The linear model evaluating
basal ganglia FTP signal found an effect of age (t308 5 6.05, P ,

0.001) but no effect of skull SUVr (t308 5 21.71, P 5 0.09), sex
(t308 5 0.95, P 5 0.34), or interaction between sex and skull SUVr
(t308 5 21.32, P 5 0.19). Repeating the analysis using PVC SUVr
produced similar results.

Relationship Between Decreased Cranial Bone Density and
FTP Skull Uptake in Women
A linear model predicting FTP skull SUVr found main effects

of sex (t309 5 23.10, P , 0.01) and bone density (t309 5 26.64,
FIGURE 2. Group average SUVr images for each tracer. Images are in
MNI-152 space.

TABLE 1
Demographics for FTP Groups

Demographic n
High skull
binding

Low skull
binding P*

Sex 313 ,0.001

Female 42 (84%) 135 (51%)

Male 8 (16%) 128 (49%)

Age (y) 312 ,0.001

Mean 66 70

SD 8 8

Education (y) 299 0.60

Mean 15.85 16.03

SD 2.11 2.30

Clinical dementia
rating

313 0.68

0 46 (92%) 227 (86%)

0.5 3 (6.0%) 29 (11%)

$1 1 (2.0%) 7 (2.7%)

MMSE 311 0.87

Mean 28.92 28.86

SD 2.51 1.91

Amyloid status 313 0.51

Negative 37 (74%) 179 (68%)

Positive 13 (26%) 84 (32%)

*Differences assessed using Welch 2-sample t tests and Fisher
exact tests.

MMSE 5 Mini-Mental State Examination.
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P , 0.001), as well as a significant interaction (t309 5 2.89, P ,

0.01; Fig. 3C). When stratified by sex, women had a significant
negative association in which those with decreased skull density
displayed higher skull SUVr (t175 5 26.08, P , 0.001) whereas
men did not (t134 5 21.40, P 5 0.16). Clinical assessments of CT
images revealed 33 participants with hyperostosis (20 S2/13 S1).
We found a significant relationship between skull binding and a
hyperostosis diagnosis (P , 0.001). Approximately 21% (9/42) of

S1 women and 50% (4/8) of S1 men were positive for hyperos-
tosis. The visual reads also revealed 20 participants with sinusitis
(16 S2/4 S1), although this was unrelated to skull binding (P 5
0.54). No other significant bone abnormalities were identified.

Impact of FTP Skull Binding on Quantitative PET
FTP skull SUVr correlated with the tauopathy summary mea-

sure in A2 (partial correlation: r 5 0.32, P , 0.001) but not A1
individuals (partial correlation: r 5 0.06, P 5 0.58; Fig. 4; Supple-
mental Fig. 3). The correlation observed in A2 may be explained
by possible bleed-over from proximal skull. Regional impacts of
skull binding are shown in Figure 5. In A2 individuals, increased
skull SUVr produced significantly elevated regional non-PVC
SUVrs in the frontal, parietal, and temporal lobes, whereas in A1
individuals, only the postcentral and pars orbitalis non-PVC SUVr
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FIGURE 3. (A and B) Partial correlations of FTP skull SUVr with FTP cho-
roid plexus partial-volume–corrected (PVC) SUVr (A) and FTP basal gan-
glia PVC SUVr (B) for men and women. (C) Women with lower bone
density displayed higher skull SUVrs, whereas men did not. Shaded
regions are 95% CIs.
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showed any relationship with skull SUVr. After application of
regional PVC, in A2 individuals only the middle temporal, inferior
parietal, and lateral occipital continued to show elevated regional
PVC SUVr. All other previously significant regions either inverted
or did not survive multiple-comparisons correction. For A1 indivi-
duals, no regions showed a relationship with skull SUVr. Similar
analyses controlling for sex and age are in Supplemental Figure 4.

Skull Binding in Amyloid PET
As with FTP, participants were grouped as S1/2 using a gauss-

ian mixture model and further grouped into A1/2 on the basis of
the respective amyloid tracer. Demographics are in Supplemental
Table 1 for FBP and Supplemental Table 2 for PiB, and group-
average SUVr images are shown in Figure 2. Sex was related to
FBP skull SUVr in both A2 (x21 5 37.64, P , 0.001) and A1
individuals (x21 5 10.44, P 5 0.001), with women composing
97.6% and 86.9% of the S1 groups, respectively. Although sex
was not significant for PiB, few individuals were classified as S1
(8/118, 7%). When examined as a continuous measure, skull
SUVr from both tracers significantly correlated with FTP skull
SUVr (FBP: r 5 0.48, P , 0.001; PiB: r 5 0.34, P , 0.001;
Figs. 6A and 6B). Mean time–activity curves are presented in Sup-
plemental Figure 5. Generally, skull signal appeared relatively
constant, with minimal decay relative to other ROIs in all 3 tracers.
SUVrs between left and right skull correlated significantly for both
FBP (r 5 0.98, P , 0.001) and PiB (r 5 0.96, P , 0.001; Supple-
mental Fig. 2).

Longitudinal Stability of FTP Skull Binding
Using our longitudinal FTP data, skull SUVr at baseline corre-

lated significantly with that at follow-up (r 5 0.84, P , 0.001;
Fig. 6C). An exemplar longitudinal case with high skull binding is
shown in Supplemental Figure 6.

DISCUSSION

Previous studies evaluating FTP have noted off-target binding
in subcortical regions as well as the skull. Although binding in
subcortical regions has been investigated, skull binding has largely
been ignored. In a cohort of nondemented older adults and those
with mild dementia, we found that 15.9% of individuals scanned
with FTP showed elevated skull signal and that this binding influ-
enced estimates of tau pathology in the temporal lobe. Further,
skull binding is a stable, individual-specific property tied to sex.
The biologic drivers behind bone uptake are unknown, but the

current work reveals important insights. The longitudinal analyses
demonstrate that skull binding was consistent across time points,
whereas the multitracer analyses suggest that relative levels of skull
binding were consistent across FTP, FBP, and PiB. This finding

indicates that individuals with elevated skull
binding for 1 tracer and time point are likely
to have elevated binding at subsequent vis-
its. In the literature, skull signal is usually
attributed to spontaneous defluorination of
the 18F-fluorine radioisotope (16). The signif-
icant predicative relationship between clin-
ically diagnosed hyperostosis and skull
binding would appear to support this
claim. However, we also found that PiB
skull SUVr was linearly related to FTP skull
SUVr in the same individuals, though the
number of PiB individuals classified as S1

was low compared with FTP and FBP. These findings suggest that
other factors beyond purely defluorination may be involved in the
presence of skull signal. The high FTP radiochemical purity also
suggests that skull binding is unlikely to be due to factors involved
in radiotracer synthesis.
Elevated binding is driven primarily by the female sex, a finding

also observed by Smith et al. (7) in tau PET using FTP, 18F-MK-
6240, and 18F-RO948. In the present study, women with higher
FTP skull binding had low bone density as measured by CT.
Women often experience a greater decline in bone density with age
than men, including in the cranium (17); our findings support the
theory that bone loss is at least partially driving skull binding but is
not simply age-related, as overall bone density did not significantly
change with increased age for either sex (Supplemental Fig. 7).
Recent work with 18-kDa translocator protein tracers in partici-
pants with central nervous system disorders found a relationship
between decreasing bone density and skull signal in women. These
results suggest a role of inflammatory processes and alterations in
bone marrow structure (18). Future work should directly compare
18-kDa translocator protein and tau PET skull binding to explore
this possibility.
Bone uptake was also distinct from choroid plexus binding,

although a negative relationship was present for the basal ganglia.
It has been speculated that basal ganglia signal is tied to iron (19),
and there are reports of sex-related differences in iron accumula-
tion in the brain (20); such a connection should be explored in
future work. The negative association with the basal ganglia
may also be tied to age, as FTP in the basal ganglia increases
with age, whereas we found that it was a subset of relatively youn-
ger, rather than older, women that was driving the observed skull
uptake.
The temporal cortex has consistently been shown to have an ele-

vated tau PET signal in both the prodromal (21) and the clinical
phases of AD (1). Our analyses demonstrated that in amyloid-
negative individuals, bone uptake was positively related to tau PET
signal in the inferior temporal cortex and that applying regional
PVC partially mitigated these effects. Spillover from bone could
spuriously elevate measurements in some individuals and reduce
concordance between multiple tauopathy measures. It may also
limit the sensitivity of tau PET tracers to increases in true pathology
during the early phases of AD. The strong sex effect observed sug-
gests that bone binding should be considered, particularly in investi-
gations of sex on tau PET (22–24).
Our multitracer comparisons indicated that individuals with

high bone signal in one tracer are likely to have elevated signal
with another tracer. SUVrs were quite high for FTP (0.751 6
0.187) and FBP (0.885 6 0.200) but were at a lower range for PiB
(0.572 6 0.087), indicating that this off-target binding is not tied
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FIGURE 5. Cortical regions significantly associated (P , 0.05) with FTP skull partial-volume–cor-
rected (PVC) SUVr and non-PVC SUVr for amyloid-negative and -positive individuals.
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to target receptor (e.g., tangles vs. plaques) but that the radioisotope
(18F vs. 11C) determines the degree of bone uptake. Alternatively,
the time–activity curves suggest that bone signal appears constant,

whereas counts in brain tissue continue to fall at later time points.
Consequently, tracers with a later p.t.i. (i.e., FTP and FBP) are
more likely to see problematic contamination. Future work with
additional tracers could clarify what factors modulate the degree of
skull binding.
There are several limitations to the current study. First, as the

PiB scan dates were not constrained to within a certain time
frame from FTP, we could not fully investigate age-related factors
of skull binding. Additionally, comprehensive participant medical
histories were not available, limiting investigations into the role,
if any, of medication (e.g., hormone replacement therapy) and med-
ical condition; however, Smith et al. (7) found no relationship with
either. Lastly, our analyses were limited to a single cohort. Future
work should extend the presented analyses to other cohorts to
elucidate the frequency of FTP skull binding across multiple
longitudinal studies and the biologic factors that influence its
presentation.

CONCLUSION

FTP skull binding occurred in 15.9% of a sample of cognitively
normal adults and those with mild dementia, and this effect was
overwhelmingly observed in women. Increased binding was a sta-
ble feature across time and multiple tracers. In individuals without
amyloid pathology, skull uptake led to elevated tau SUVrs in
regions thought to be tied to AD. This could potentially hamper
the early detection of emerging tau pathology and merits further
investigation.
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KEY POINTS

QUESTION: What are the characteristics and quantitative impacts
of FTP skull signal?

PERTINENT FINDINGS: We examined FTP skull signal in a cohort
of cognitively unimpaired adults and those with mild dementia
using a skull mask derived from their own CT scan. Skull signal
was observed primarily in younger women with decreased
skull bone density, was a stable feature across time and tracers,
and erroneously elevated quantitative measures of early tau
accumulation in AD.

IMPLICATIONS FOR PATIENT CARE: FTP skull signal should
be considered in examining early increases in tau pathology in
neurologic PET studies.
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A standardized approach to acquiring amyloid PET images increases
their value as disease and drug response biomarkers. Most 18F PET
amyloid brain scans often are assessed only visually (per regulatory
labels), with a binary decision indicating the presence or absence of
Alzheimer disease amyloid pathology. Minimizing technical variance
allows precise, quantitative SUV ratios (SUVRs) for early detection of
b-amyloid plaques and allows the effectiveness of antiamyloid treat-
ments to be assessed with serial studies. Methods: The Quantitative
Imaging Biomarkers Alliance amyloid PET biomarker committee
developed and validated a profile to characterize and reduce the vari-
ability of SUVRs, increasing statistical power for these assessments.
Results:On achieving conformance, sites can justify a claim that brain
amyloid burden reflected by the SUVR is measurable to a within-sub-
ject coefficient of variation of no more than 1.94% when the same
radiopharmaceutical, scanner, acquisition, and analysis protocols are
used. Conclusion: This overview explains the claim, requirements,
barriers, and potential future developments of the profile to achieve
precision in clinical and research amyloid PET imaging.

Key Words: quantitative imaging biomarkers; amyloid PET; QIBA;
guidelines; Alzheimer disease
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The preponderance of evidence indicates that cerebralb-amyloid
plaques are a necessary, but insufficient, precursor of synaptic loss
and cognitive impairment in Alzheimer disease (AD). Because of the
validation of PET imaging in comparison with postmortem examina-
tions, PET imaging has come to play a central role in definitive

clinical diagnosis and in pharmaceutical clinical trials. It also has
become adopted as the gold standard bywhich to judge cerebrospinal
fluid and plasma amyloid biomarkers. Amyloid PET status is incor-
porated into National Institute on Aging–Alzheimer Association
diagnostic criteria for AD and is a critical component of the amyloid/
tau/neurodegeneration classification in the Alzheimer’s Association
Research Framework (1,2).
Before amyloid PETwas available, response to antiamyloid treat-

ment could be surmised only occasionally and inconclusively from
postmortem studies (3). Assessing amyloid load measured as a con-
tinuous variable is now used in nearly all antiamyloid therapies in
clinical development or in the regulatory pipeline. There are several
large, multicenter AD observational studies and prevention trials in
which minimizing within-subject and between-site technical vari-
ance is a critical concern. With increasing focus on the benefits of
early diagnosis and treatment, the potential impact of more precise
tissue ratio quantification is now particularly germane. Notably, a
first antiamyloid immunotherapy (aducanumab) recently received
Food and Drug Administration accelerated approval based in part
on significant quantitative reduction of amyloid PET pathology as
seen on amyloid PET, and additional antiamyloid agents are pro-
gressing in clinical development (e.g., donanemab, lecanemab, and
gantenerumab).
Although a visual assessment of amyloid PET images is often

used to support patient inclusion or in clinical application, quantifi-
cation is essential to objectively measure change. The clinical trial
of donanemab applied an innovative strategy of using quantitative
changes in amyloid PET to decide when individual treatment goals
had been achieved and treatment discontinued (4). This approach
offers an objective method of knowing when an expensive and bur-
densome therapy can safely be terminated. Quantification also
serves a role in both staging disease and predicting the clinical
trajectory; for example, data from the Harvard Aging Brain Study
indicated that persons with an amyloid burden greater than a quan-
titative threshold were more likely to progress clinically (5). As clin-
ical trials move earlier into the disease process, amyloid levels more
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frequently fall into less visually obvious categories. Quantitative,
objective methods can decrease the frequency with which diagnos-
tic assessments are ambiguous or indeterminate.
Many factors influence the reliability and repeatability of quanti-

tative amyloid PET measures. Although detection of major reduc-
tions to amyloid burden may be robust to technical variability, the
detection of slowed rates of accumulation, or of reductions within a
short time frame, require minimized technical variance. In a clinical
trial, minimizing technical variance in serial measures of amyloid
load can have a substantial impact on the number of patients
required to adequately power a study and detect an effect. On an
individual basis, reproducibility can influence the amount of change
that can be interpreted as technically meaningful. Potential sources
of variability are numerous and include scanner characteristics;
tracer administration parameters; subject positioning and motion;
and image reconstruction, processing, and measurement ap-
proaches. As a striking example, selection of the reference tissue
region for calculation of SUV ratios (SUVRs) made a difference in
requiring 325 versus 8,076 subjects per arm to measure a 25%
reduction in the rate of accumulation over 12 mo (6), consistent with
other studies (7–9). Although these and other factors influencing
amyloid quantification have been described (9), there had not been a
standardized procedural guide that is directly tied to expectations
for measurement variability. In addition, the quantitative effects of
factors such as subject motion on measured amyloid had not been
systematically determined. In 2007, the Radiological Society of
North America (RSNA) set up the Quantitative Imaging Biomarkers
Alliance (QIBA), whose mission is “… to improve the value and
practicality of quantitative imaging biomarkers by reducing vari-
ability across devices, sites, patients and time” (10,11). The primary
deliverables of the QIBA initiative are standards-based quantitative
imaging documents, called profiles, which are derived from a pro-
cess similar to that of the Integrating the Healthcare Enterprise ini-
tiative (12). A profile makes a statistically based performance claim
about a quantitative imaging biomarker based on clinical context of
use when performance requirements and compliance procedures are
met. The amyloid PET profile (11) describes the measurement pre-
cision of 18F-amyloid PET imaging of the brain when meeting
defined requirements and quality control specifications. The profile
was designed for use both in clinical trials and in the clinic for
detecting and monitoring amyloid plaque pathology. It is intended
to be a checklist that a site can use to achieve conformance for its
18F PET amyloid biomarker workflow.
Achieving conformance means that the site’s quantitative preci-

sion will be as specified by the profile claim. Consideration has
been given to making their implementation reasonable by commu-
nity sites as well as advanced research sites. Stage 3, the technically
confirmed QIBA profile “18F-Labeled PET Tracers Targeting
Amyloid as an Imaging Biomarker” (provided as a supplement to
this paper; supplemental materials are available at http://jnm.
snmjournals.org) overlaps and builds on imaging protocols already
used in observational studies and clinical trials. Althoughmost large,
multicenter amyloid imaging studies provide their performance sites
with detailed imaging protocol specifications, the QIBA profile
includes some potentially important details often not included
in study protocols and left to individual sites to implement. The
profile proposes a new harmonized reference standard to objec-
tively evaluate acquisition methods and to support regulatory bio-
marker registration. Although the QIBA profile describes what may
be standard operation procedures at many larger, well-equipped
imaging centers, these procedures are not universal. The profile will

especially benefit sites that have limited physics and instrumentation
support and may lack technical expertise to recognize and address
sources of variability.
This overview of the QIBA amyloid profile is intended to provide

context for the role of quantitative amyloid PET imaging in clinical
trials and patient care, describe the profile scope and claim, summa-
rize profile recommendations for actions and parameters to be
followed to achieve the claim, provide the rationale for recommen-
dations, describe the work that was performed to address knowl-
edge gaps, explain the relationship between the profile and other
initiatives and governing bodies, identify barriers that were over-
come to create the profile, and provide a vision for the future.
The profile is available as a supplemental file (13–57).

PROFILE STRUCTURE

The overall structure of the profile is shown in Table 1. The con-
text for the profile is described, followed by the claim, which is the
central focus of the profile. Examples of clinical applications are
provided. The profile then describes and specifies mitigations for
the major sources of workflow variability (listed in the profile activ-
ities section) in order to achieve the profile claim. The mitigation
steps are performed by actors: study sponsor, technologist, acquisi-
tion device, reconstruction software, image analysis workstation,
image analyst, imaging facility coordinator, nuclear medicine phy-
sician, and medical physicist. The mitigation specifications are
shown in tables under each heading in the profile, listing the actors

TABLE 1
High-Level Outline of Profile

Item Details

Executive summary

Overview

Summary for clinical trial use

Intended audiences

Clinical context and claims

Claim

Considerations for claim

Clinical trial use

Profile activities

Subject handling

Image data acquisition

Image data reconstruction
and postprocessing

Image analysis

Image interpretation and
reporting

Quality control

Conformance procedures Image acquisition site

PET acquisition device

Reconstruction software

Image analysis workstation

Software version tracking

References

Appendices
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and what activities they are expected to perform. When all actors
successfully complete their mitigation steps, the site has achieved
compliance and can expect to achieve the profile’s specified preci-
sion. A series of appendices then provides additional detail and
information.
The mitigating steps in the profile tables are normative items or

requirements that must be performed for the site to claim profile
conformance. Surrounding the tables is descriptive text that gives
more explanation and examples. Table 2 provides an example from
the profile.

PROFILE CLAIM

Claim Description
The claim is the fundamental basis of the profile and describes

the precision of the biomarker measurements when conformance is
achieved (a technical performance claim). The SUVR was chosen
as the biomarker because of its logistic feasibility in multisite trials
and its use in large reference studies such as the one supported by
the Alzheimer Disease Neuroimaging Initiative (ADNI) (58).
Because of the fundamental kinetic properties of radiopharmaceuti-
cals, changes in SUVR may not only represent a change in amyloid
burden but also include changes in perfusion (9) or tissue clearance
(59). This variability contributes to and is embedded in the preci-
sion stated in the claim, “Brain amyloid burden as reflected by the
SUVR is measurable using 18F-amyloid PET with a within-subject
coefficient of variation (wCV) of # 1.94%” (11). The claim is
equally valid when the measured quantity is centiloids (60,61) or
distribution volume ratios (DVRs).
The within-subject wCV is a statistical measure of precision. It

describes the ability to obtain replicate measurements that agree
with one another. It describes not the variability between subjects
but the variability within a subject when scanned at time points
close enough that no disease progression has occurred (60 d or less
(11)). Statistically, it is defined as the SD of replicate measurements
on a subject, divided by the mean of those measurements. Ideally,
wCV should be as close to zero as possible.
The claim is valid only for longitudinal measurements, not

for cross-sectional measurements. A cross-sectional measurement
claim requires additional estimation of bias, and this information
was not available across scanners at the time of profile develop-
ment. Although the profile focuses on SUVR measurement, the

potential benefits of the DVR approach are discussed in detail as a
profile appendix.

Claim Application
The wCV stated in the claim can be used to guide the number

of subjects included in clinical trials targeting measurement of lon-
gitudinal changes in amyloid SUVR. The amount of longitudinal
change anticipated or targeted depends on the disease stage of the
study population and on the trial objectives. For example, the rates
of change expected from an amyloid-removing agent in a prodro-
mal or mild trial with a high amyloid baseline burden may differ
from those anticipated in a prevention trial enrolling participants
with lower baseline amyloid. Rates of change may also vary
between sporadic and familial AD populations.
As a first example, the mean amount of amyloid accumulation in

2 y for a cohort of patients will be estimated. To estimate within
61% with 95% confidence, assuming mean SUVRs at baseline of
1.0–1.5 (this mean range is highly dependent on the reference
region used), no significant changes in perfusion between scans,
and a between-subject SD ranging from 0.05 to 0.30, Supplemental
Figure 2 from the profile (11) shows the number of subjects
required for 3 different correlation coefficient (r) values between
paired measurements from a subject.
The number of subjects required is reduced as r increases

between scan visits. For example, an internal analysis of 18F-florbe-
tapir data, available through ADNI, at baseline and year 2 suggests
that the correlation between scans is higher for certain reference
regions than others. Using the composite of cerebellum and white
matter or only white matter as reference tissue, r was 0.95 or 0.96,
respectively, for amyloid-positive subjects (n 5 207) and 0.94 for
subjects close to the positivity threshold (n 5 51). However, using
cerebellar cortex or whole cerebellum as reference tissue, r was
0.79 and 0.83, respectively, for amyloid-positive subjects and 0.33
and 0.48, respectively, for subjects close to the positivity threshold.
As a second example, consider a clinical trial comparing the

accumulation in amyloid SUVR over time between 2 groups of sub-
jects: those undergoing a new treatment versus a control group. AD
patients will be recruited and randomized to either the experimental
intervention or the control group. SUVR will be measured in all
subjects at baseline and 2 y later. The null hypothesis is that there is
no difference in subjects’ mean amyloid accumulation between the
2 groups; the alternative hypothesis is that there is a difference

TABLE 2
Example from Profile of Mitigating Steps

Parameter Entity/actor Specification

PET scanner calibration Technologist Must perform daily/weekly/monthly scanner quality assurance and
vendor-recommended maintenance procedures (e.g., replace
weak transmission sources for dedicated PET scanner); must
ensure that output values are acceptable and manually entered
on form/electronic database

PET scanner calibration constancy check Technologist Must perform constancy phantom (e.g., 68Ge cylinder) scan
(preferably NIST-traceable or equivalent to gather information
on uniformity as well) at least weekly and after each calibration

Radionuclide calibrator Physicist Must be calibrated to 18F using NIST-traceable source or
equivalent either by site or by calibrator manufacturer

NIST 5 National Institute of Standards and Technology.
Only shaded rows are mandatory for profile conformance; white row is recommended and may be mandatory in future profile updates.
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(2-tailed hypothesis). Obuchowski et al. (62) reported the sample
size needed to detect a 50% reduction in the rate of accumulation
over a 2-y period with 80% power based on the assumed wCV of
1.94%. Fewer than 100 subjects were needed per group, assuming a
homogeneous patient sample with low between-subject variability.
Additionally, reducing the variance in the measured quantity will
help when patient-level correlations of amyloid burden reduction to
cognitive changes are desired.

Derivation of Technical Performance Claim
The technical performance claim was derived from a metaanal-

ysis of published data of the repeatability of amyloid PET imaging
under 2 types of test–retest conditions, coupled with QIBA-spon-
sored systematic analyses of the quantitative impact of specific
sources of variance. The first type of test–retest data consisted of
studies in which 2 serial scans were acquired within less than 60 d
(63,64). The wCV values in the short-duration test–retest studies
ranged from 1.15% in healthy controls using a cerebellar cortex ref-
erence region to 1.94% in AD patients using a whole-cerebellum
reference region (63,64). The second set of studies compared base-
line values in amyloid-negative cognitively normal participants
with those acquired after a 2-y period, a typical clinical trial dura-
tion (6,7). Since amyloid accumulation is unlikely to occur in most
(though not all) amyloid-negative cognitively normal subjects, lon-
gitudinal values in this group were examined. These studies pro-
vided a practical indicator of longer-term technical variance given a
population presumed to be fairly stable with regard to amyloid
pathology. In addition, the acquisition and measurement parameters
applied in these more recent studies were well characterized and
aligned with profile recommendations.
The wCV values derived from studies over a 2-y duration in

amyloid-negative cognitively normal controls from the ADNI data-
set ranged from 1.25% (white matter reference region) to 1.6%
(whole-cerebellum reference region) and in 1 case up to 3.38%
(whole-cerebellum reference region, with a different cerebellum
boundary definition) (6,7). In these published studies, the mean and
SD of the longitudinal change were shown in a table, and the ADNI
data acquisition protocol (58) was used to acquire the data, that in
many respects are consistent with the profile (as described in the
“Relationship to Other Standards” section). The wCV cited in the
claim that 1.95% is the highest of the test–retest studies that
occurred within 4 wk from first studies and also satisfies the range
of 1.25%–1.6% reported in all but a single 2-y study. Conformance
to the claim depends on many factors such as radiopharmaceutical,

subject positioning, data acquisition, reconstruction and post-proc-
essing. In particular, the choice of the reference region can greatly
impact wCV because of the sensitivity of different regions to tech-
nical factors. It is important to note that the wCV was less than
1.94% across these 2-y studies only when reference regions incor-
porating subcortical white matter were used. However, additional
QIBA-sponsored studies performed during the development of the
profile identified controls to reduce variability when using reference
regions such as the cerebellum (65). This and related contributors to
variance are described in the “Profile Activities and Key Points”
section (6–8,66).

PROFILE ACTIVITIES AND KEY POINTS

18F PET Amyloid Radiopharmaceuticals and Subject Handling
Although a significant body of work was initially performed with

the 11C-amyloid radiopharmaceutical 11C-Pittsburgh compound B
(PiB) (67), the profile was developed using data from the 18F-amy-
loid radiopharmaceuticals listed in Table 3, and therefore only these
radiopharmaceuticals conform with the profile. That said, there are
no technical limitations that prevent the profile from being extended
to 11C-PiB, but its clinical use is limited since there is no Food and
Drug Administration approval and an on-site cyclotron is required.
The site should administer the activity per its local protocol, pro-
vided it meets the specifications listed in the profile and the manu-
facturer’s specifications. The subject’s head should be positioned at
a consistent location within the scanner, with as much axial distance
as possible between the edge of the scanner field of view and the
subject’s head and cerebellum to minimize slice-to-slice variability
due to nonuniform scanner axial sensitivity. To prevent head move-
ment, the head should be secured and subjects should be made as
comfortable as possible.

Image Data Acquisition
The same scanner, 18F-amyloid radiopharmaceutical, and proto-

col should be used to acquire serial within-subject images since
any bias due to any of these factors will be consistent from scan to
scan. The PET acquisition should be broken into a minimum of
5-min dynamic frames, and the dynamic frames should be assessed
for significant head movement since this is a known source of
quantitative error in PET (65). It is ideal for each PET image time
frame to be coregistered with the CT image before attenuation and
scatter correction are performed. If this is not possible and motion
exceeds 4 mm or 4", removal of selected frames or exclusion of
the scan should be considered (65). If motion is less, variability

TABLE 3
List of 18F-Amyloid Radiopharmaceuticals and Their Recommended Doses, Uptake Times, and Acquisition Durations

Parameter Florbetapir* Flutemetamol† Florbetaben‡ NAV4694 (80)

Administered activity (MBq) 370 (maximum,
50-mg mass dose)

185 (maximum,
20-mg mass dose)

300 (maximum,
30-mg mass dose)

300

Uptake time (postinjection min) 30–50 90 45–130 50–70

Acquisition duration (min) 10 20 15–20 20

*Amyvid (Eli Lilly & Co.) (77).
†Vizamyl (GE Healthcare) (78).
‡Neuraceq (Piramal Imaging) (79).
Data are per U.S. package inserts. There might be some slight variations in package insert information depending on country of

approval.
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due to patient motion can be reduced through postreconstruction
motion correction, in which all emission time frames are aligned
with one another before a single averaged image is created. Finally,
the dynamic time frames can be averaged or summed to form a sin-
gle static PET image. An additional control specified by the profile
to minimize variability is axial scanner uniformity.
The profile also describes the potential benefits obtained from the

use of DVRs calculated from dynamic PET images. Emission scan
data are acquired from the time of radiopharmaceutical injection
through the late-time-frame period. In full dynamic scanning, a
parametric image can be created using physiologic modeling tech-
niques. The image can then be measured using the same analysis as
specified by the profile. A benefit is that the contribution of local
cerebral blood flow rate to the amyloid value can be separated from
that due to amyloid burden. This separation can be important when
a therapeutic intervention causes blood flow changes or when the
population is one for which blood flow declines significantly during
a study.

Image Data Reconstruction and Postprocessing
The reconstruction and postprocessing steps need to conform

with the specifications listed in their respective sections in the pro-
file (Table 1). These tasks need to be consistent and not change
from scan to scan, including the reconstruction algorithm (68,69).

Image Analysis
PET amyloid image analysis packages are complex and highly

variable; several exist, both commercially and independently devel-
oped. Some approaches use a standard anatomic space and trans-
form the PET amyloid data to this space, often using the subject’s
MR images to improve the transformation (70). Others segment the
MR images in native space and apply the boundaries to a coregis-
tered PET image. A widely used analysis is known as the centiloid
pipeline (60,61), which has already addressed many standardization
issues. To mitigate the variability of these packages and evaluate
their conformance, a digital-reference-object (DRO) series of syn-
thetic PET data was derived from human anatomy (71) and includes
T1-weighted MRI. Users should use the DRO series (as per the
DRO user’s guide in appendix F of the profile) to verify correct
implementation of volume-of-interest placement for both target and
reference regions, SUVR calculations, PET alignment to standard-
ized atlases (when applicable), system linearity, and system repro-
ducibility. The DRO images can be downloaded at a published link
(72), and appendix F in the profile explains the rationale behind the
DRO and details the conformance process.
Since SUVR is a ratio of target to reference regions, the selection

of an appropriate reference region is critical. Reference regions are
not prescribed by the profile, but it is imperative that the same
region be used across longitudinal studies, and it should be selected
to minimize serial or longitudinal variability. For example, the cere-
bellar cortex can optimize sensitivity because this region typically
lacks amyloid, but it can be more vulnerable to subject motion and
technical noise given its position near the edge of the axial field of
view of the detectors. The cerebellum is positioned in slices of the
brain that are more inferior than those of most target amyloid
regions. Since scanner sensitivity is not perfectly consistent across
the axial field of view, changes in head positioning from one scan
to the next, or changes in slice sensitivity, can cause changes in
both the numerator (the target region) and the denominator (the ref-
erence region) of the amyloid SUVR that do not cancel out and
therefore mimic amyloid burden changes. Regions including white

matter or superior slices have been shown to reduce variability in
radiopharmaceuticals such as 18F-florbetapir (6–8,66). Caveats are
that the kinetics of white matter can differ from those of the target
gray matter, that significant changes in white matter disease or in
white matter binding associated with therapeutic intervention may
impact longitudinal stability (73), and that benefit may depend on
the white matter binding characteristics of the radiopharmaceutical
(6–8,66). Although the standard centiloid pipeline (60,61) (which
uses the whole cerebellum as a reference region) is compatible with
the claim assuming profile conformance is met, Bourgeat et al. (74)
reported that when a composite reference region that included sub-
cortical white matter was used in the centiloid pipeline analysis for
18F-florbetapir longitudinal studies, higher consistency was
achieved.
The target regions should be placed consistently. Larger regions

(e.g., cortical average) should reduce variability in studies of large
groups but can lose sensitivity if amyloid pathology is regionally
restricted early in the disease course or in individuals with atypical
presentations. Significant subject brain atrophy over serial scans
may require region definition boundaries that minimize impact,
aided by serial MRI, for the claim to be valid. Because PET scan-
ners with higher resolution can tolerate more atrophy change, the
reading physician will need to decide what level of atrophy can be
tolerated on the basis of amyloid radiopharmaceutical reading
experience and PET scanner resolution. Partial-volume correction
for such issues is discussed in the profile but not specified in this
version because of lack of a standardized technique and increased
SUVR variability.

Image Interpretation and Reporting
How quantitative response is measured should be specified a pri-

ori by the imaging site and should conform with the profile. There
is no profile specification for image interpretation, even if based on
quantitative SUVRs, since conformance to the profile ensures
SUVR precision only across serial PET 18F-amyloid scans.

Image Quality Control
The profile provides a quality control section and appendices for

ensuring that the equipment (e.g., dose calibrator), scanner, recon-
struction, and postprocessing pass the listed specifications. Various
common PET phantoms are used for testing and qualifying the PET
scanner, and time schedules for checking scanner and equipment
calibrations are also specified.

CONFORMANCE PROCEDURES

Definitions
It is important to define and distinguish the difference between

QIBA conformance with a profile and other organizations’ similar
definitions.
Qualified. Qualified indicates formal approval of the imaging

site by an appropriate body (e.g., the American College of Radiol-
ogy Imaging Network, the Centers for Quantitative Imaging Excel-
lence, the Society of Nuclear Medicine and Molecular Imaging
Clinical Trials Network, and EARL [EANM Research GmbH], an
imaging laboratory or imaging contract research organization) for a
specific clinical research study.
Accredited. Accredited indicates approval by an independent

body or group for broad clinical use (requires ongoing quality
assurance and quality control); for example, by the American Col-
lege of Radiology, the Intersocietal Accreditation Commission, and
The Joint Commission.
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Conformant. Conformant indicates that the imaging site and
equipment meet all the requirements described by the profile to
meet the QIBA profile claim.
The profile does specify that the site is either qualified or accred-

ited, so it builds on these procedures. The “Conformance Pro-
cedures” section in the profile outlines the specifications in the
format of performance assessment tables from an actor point of view:

Image Acquisition Site
The image acquisition site specifications cover appropriate im-

aging equipment calibration and quality control processes, proper
training of the various site personnel, and compliant scheduling of
subject scans.

PET Acquisition Device
The profile supports PET/CT and PET-only scanners with trans-

mission rods (e.g., 68Ge), both of which must acquire the PET data
in 3-dimensional mode (e.g., septa should not be used). PET/MRI
scanners are allowed if the repeatability of the SUVR 511-keV
m-maps (used for PET attenuation and scatter corrections) from
these scanners is conformant with the assumptions underlying the
claims.

Reconstruction Software
The PET data should be reconstructed with full corrections

(e.g., for normalization, attenuation, scatter, randoms, decay, and
dead time). If available, time of flight can be applied during the
reconstruction, but if the point-spread-function filter is available it
should not be used.

Image Analysis Workstation
The conformance of the image analysis workstation should be

tested, as described in the “Image Analysis” section above.

Software Version Tracking
Software versions, phantom imaging performance data, upgrade

versions, and the date that updates occurred should all be tracked
at the site and preferably stored in the DICOM image header.

APPENDICES IN PROFILE

The profile contains several appendices:

A: Acknowledgments and attributions: lists the members of the
QIBA amyloid PET biomarker committee and their affiliations.

B: Background information for claim: gives details of the meta-
analysis that was done to derive the claim.

C: Conventions and definitions: explains the QIBA conventions
used in writing profiles, and lists the definitions and abbrevi-
ations used in the profile.

D: Model-specific instructions and parameters: lists equipment
(e.g., PET/CT scanners) and the type of quality assurance pro-
cedures that should be performed to properly maintain the
equipment.

E: Data fields to be recorded in common-data-format mechanism:
lists the metainformation that is necessary for quantitatively
accurate PET SUVRs.

F: Testing of PET display and analysis systems with DRO: is as
described in the “Image Analysis” section above.

G: Best practice guidance for Hoffman brain phantom: includes
useful tips and tricks for filling the intricate Hoffman brain
phantom, written by authors with extensive experience.

H: Detailed example of Hoffman phantom data analysis: explains
the standard analysis used for qualifying PET scanners using
data from the Hoffman brain phantom.

I: Kinetic modeling and comparison to SUVR: is as described in
the “Image Data Acquisition” section above, which discusses
the DVR.

J: Site checklist (appendix J): distills the various mitigations re-
quired by the profile into a list, organized by actor. This checklist
is based on the questionnaire completed by multiple imaging
sites during achievement of the technically confirmed stage. The
checklist can provide a basis for imaging site qualification, to
which other criteria can be added, depending on the study.

RELATIONSHIP TO OTHER STANDARDS

A site that is using the ADNI 2 or 3 protocol (75) is close to con-
forming with the profile (Table 4). The major differences are that
the ADNI protocol does not specify accurate SUV or Bq/mL PET
image quantification (and therefore lacks related specifications for
information entry and equipment); does not specify an acceptable
axial uniformity level (should be minimized for accurate serial
SUVRs); does not specify how the subject should be positioned in
the scanner (head should be centered and serial scans should have
subject positioned as identically as possible to the previous scans);
does not have a performance assessment for the Image Analysis
Workstation; and does not make a claim about SUVR precision for
the same subject scanned using the same scanner and protocol.

PROFILE STAGE

QIBA has a process committee that has adopted the stages of
profile development as shown in Table 5. This profile has achieved
stage 3—technically confirmed. Stages 4 and 5 can be achieved in
the future as the profile is implemented and results are reported at
more sites.

INFORMATION GAPS ADDRESSED BY GROUNDWORK
PROJECTS

During writing of the profile, 3 major previously unknown sour-
ces of variability in SUVR were identified, and projects funded by
grants from the RSNA in association with this working group
were completed to characterize them: the impact of the different
Image Analysis Workstation processing algorithms on SUVR
(71); the impact of patient motion both between the CT and PET
acquisitions and during the PET acquisition (65); and the impact
of the PET reconstruction algorithm (68,69).

FUTURE DEVELOPMENTS

The profile can be updated to new versions, and proven technol-
ogy and advances can be incorporated in the profile specifications.
These include PET/MRI scanners (future versions may include
specific requirements); partial-volume effect correction (e.g., for
atrophy), once accepted and shown not to increase biomarker vari-
ability; potentially, body mass index (it is currently unknown how
body mass index may affect the claim; studies are needed to deter-
mine whether wCV depends on body mass index and, if so, at
what value of body mass index the claim is no longer valid); new
PET 18F-amyloid radiopharmaceuticals, as they become widely
used; and pooling of different amyloid tracers (centiloids (60,61)
may be able to achieve this goal).
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A separate profile has been recommended for 18F PET tau radio-
pharmaceuticals, with the profile serving as a starting base because of
a similar workflow, including site qualification, phantoms, and equip-
ment calibration; patient management during scans; sources of tech-
nical variability in measurement; image quality control; image
processing alignment and spatial registration; and SUVR versus DVR.

The unique aspects of a tau-specific profile include a different set
of radiopharmaceuticals and acquisition parameters; implications
for clinical use; radiopharmaceutical-specific differences in the tau
variants measured and in off-target binding; target regions, reference
regions, and optimal measurement methods; radiopharmaceutical-
specific differences; considerations in the longitudinal acquisition

TABLE 4
Differences Between Profile Specifications and ADNI 2 Protocol Specifications

Actor Profile section for reference ADNI 2 (58)

Site administrator 3.6.1.1: site accreditation/qualification
maintenance

Same

Site administrator 3.6.2: imaging facility personnel Same

Medical physicist 3.6.3: amyloid PET acquisition scanner Same

Medical physicist 3.6.3.1.1: radionuclide calibrator Same

Medical physicist 3.6.3.1.2: scales and stadiometers Not required

Medical physicist 3.6.3.1.4: clocks and timing devices Not required

Medical physicist 3.6.4.1: uniformity and calibration Not required

Medical physicist 3.6.4.2: resolution Same

Medical physicist 3.6.4.3: noise Same

Medical physicist 3.6.4.4: amyloid PET specific phantom
measurements

Same

Medical physicist 4.1: performance assessment: image
acquisition site

Same

Technologist 3.1.3.1.2: radiopharmaceutical activity
calculation or schedule

Dose structured report not required

Technologist 3.1.3.1.3: radiopharmaceutical
administration route

Excludes saline flush and checking for
infiltration

Technologist 3.2.1.1: timing of image data acquisition Same

Technologist 3.2.1.2: subject positioning Does not cover strict serial scan
positioning

Technologist 3.2.1.3: scanning coverage and direction Same

Technologist 3.2.1.4: scanner acquisition mode
parameters: PET acquisition

Same except does not cover if scan is
stopped and restarted

Technologist 3.2.1.4: scanner acquisition mode
parameters: CT acquisition

Not required

Technologist 3.3.1: imaging data reconstruction Same except point spread function is
allowed

Image Analyst 4.4: performance assessment: image
analysis workstation

Not required

TABLE 5
QIBA Profile Development Stages

Profile stages Description

Public comment Biomarker committee experts have drafted profile and believe it is practical and expect it to
achieve claimed performance

Consensus Wider community has read profile and judged it to be practical and expect it to achieve claimed
performance

Technically confirmed Several sites have performed profile and found it to be practical and expect it to achieve claimed
performance (status of the profile)

Claim confirmed Some sites have performed profile and found that it achieved claimed performance

Clinically confirmed Many sites have performed profile and demonstrated claimed performance is widely achievable
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time window related to equilibrium; and potentially greater bias in
SUVR versus DVR.

PROFILE WRITING AND IMPLEMENTATION BARRIERS

There are several specific challenges in developing and imple-
menting the profile.
First, the supported amyloid radiopharmaceuticals have different

pharmacokinetics and vary in their image acquisition parameters,
sensitivity, dynamic range, and manufacturer recommendations for
measurement approaches (76). Including data from all supported
amyloid radiopharmaceuticals and diverse members on the bio-
marker committee overcame this barrier.
Second, QIBA profiles have often used published literature as a

basis for establishing the variability in the longitudinal claim. Most
early amyloid PET studies used methods and scanners that can
increase variability. Focus was placed on recommending methods
and scanners that could be reasonably controlled and factored into
the claim and on finding which references were applicable.
Another challenge was in deciding between full dynamic

(DVR) and late-time-frame (SUVR) image acquisition. Although
full dynamic acquisitions enable separation of amyloid measure-
ment from blood flow, these long, labor-intensive protocols are
not practical in many clinical settings and clinical trials. Therefore,
the focus was late-time-frame SUVR, but an appendix was created
to communicate the caveats of late-time-frame measurement and
the potential benefits of full dynamic scans.
In addition, because of the lack of wide reimbursement for PET

amyloid scans, the commercial availability of amyloid radiophar-
maceuticals can be a barrier to clinical use. Antiamyloid treat-
ments will be successful only on patients with biomarker-verified
amyloid-positive tests, which may help drive reimbursement.
Finally, achieving profile conformance takes extra effort and

training by the sites for routine clinical use. This implementation
effort can be justified if PET amyloid imaging is required before
and during expensive AD treatments or if extra reimbursement is
given for quantitative PET amyloid imaging.

CONCLUSION

The QIBA amyloid profile provides recommendations for image
acquisition, processing, and measurement approaches supporting a
claim regarding technical variability in longitudinal amyloid mea-
surement. This information can aid in the design of statistically
powered clinical trials and in the assessment of longitudinal
changes in the clinic. Although it is not QIBA’s mission to enforce
profile compliance or to govern the requirements of granting agen-
cies, profiles can be used as a guideline for applicants and for
reviewer assessments of proposed study designs, with the main
objective of minimizing sample size. Given the recent market avail-
ability of antiamyloid therapeutics, and the importance of amyloid
as an early biomarker in the diagnosis of AD, the profile recommen-
dations can provide an important guide for the consistent, objective
monitoring of disease progression and treatment response.
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KEY POINTS

QUESTION: How can a PET amyloid imaging site decrease SUVR
variability when performing longitudinal scanning of the same
patient?

PERTINENT FINDINGS: Conforming with the QIBA PET amyloid
profile can decrease the wCV (e.g., variability) to no more than
1.94%.

IMPLICATIONS FOR PATIENT CARE: As AD treatments
improve, visual PET amyloid assessments become more
ambiguous, and decreasing the PET SUVR variance may allow for
earlier detection of b-amyloid plaques and more effective
antiamyloid treatments.

REFERENCES

1. McKhann GM, Knopman DS, Chertkow H, et al. The diagnosis of dementia due to
Alzheimer’s disease: recommendations from the National Institute on Aging and
the Alzheimer’s Association workgroup. Alzheimers Dement. 2011;7:263–269.

2. Jack CR Jr, Bennett DA, Blennow K, et al. NIA-AA research framework: toward
a biological definition of Alzheimer’s disease. Alzheimers Dement. 2018;14:
535–562.

3. Nicoll JA, Wilkinson D, Holmes C, Steart P, Markham H, Weller RO. Neuropa-
thology of human Alzheimer disease after immunization with amyloid-beta pep-
tide: a case report. Nat Med. 2003;9:448–452.

4. Mintun MA, Lo AC, Duggan Evans C, et al. Donanemab in early Alzheimer’s dis-
ease. N Engl J Med. 2021;384:1691–1704.

5. van der Kall LM, Truong T, Burnham SC, et al. Association of beta-amyloid level,
clinical progression, and longitudinal cognitive change in normal older individuals.
Neurology. 2021;96:e662–e670.

6. Chen K, Roontiva A, Thiyyagura P, et al. Improved power for characterizing longi-
tudinal amyloid-beta PET changes and evaluating amyloid-modifying treatments
with a cerebral white matter reference region. J Nucl Med. 2015;56:560–566.

RSNA QIBA PROFILE FOR AMYLOID PET ! Smith et al. 301



7. Brendel M, Hogenauer M, Delker A, et al. Improved longitudinal [18F]-AV45
amyloid PET by white matter reference and VOI-based partial volume effect cor-
rection. Neuroimage. 2015;108:450–459.

8. Chiao P, Bedell BJ, Avants B, et al. Impact of reference and target region selection
on amyloid PET SUV ratios in the phase 1b PRIME study of aducanumab. J Nucl
Med. 2019;60:100–106.

9. van Berckel BN, Ossenkoppele R, Tolboom N, et al. Longitudinal amyloid imag-
ing using 11C-PiB: methodologic considerations. J Nucl Med. 2013;54:1570–1576.

10. Quantitative Imaging Biomarkers Alliance. Radiological Society of North America
website. https://www.rsna.org/QIBA. Accessed October 5, 2022.

11. Profiles. Radiological Society of North America website. https://qibawiki.rsna.org/
index.php/profiles. Updated October 5, 2022. Accessed October 5, 2022.

12. Integrating the healthcare enterprise. IHE website. https://www.ihe.net/wp-content/
uploads/2018/07/ihe_radiology_users_handbook_2005edition.pdf. Published 2005.
Accessed October 5, 2022.

13. Barret O, Alagille D, Sanabria S, et al. Kinetic modeling of the tau PET tracer 18F-
AV-1451 in human healthy volunteers and Alzheimer’s disease subjects. J Nucl
Med. 2017;58:1124–1131.

14. Blautzik J, Brendel M, Sauerbeck J, et al. Reference region selection and the asso-
ciation between the rate of amyloid accumulation over time and the baseline amy-
loid burden. Eur J Nucl Med Mol Imaging. 2017;44:1364–1374.

15. Bourgeat P, Dor#e V, Doecke J, et al. Non-negative matrix factorisation improves
centiloid robustness in longitudinal studies. Neuroimage. 2021;226:117593.

16. Edison P, Hinz R, Ramlackhansingh A, et al. Can target-to-pons ratio be used as a
reliable method for the analysis of [11C]PIB brain scans? Neuroimage. 2012;60:
1716–1723.

17. Fleisher AS, Roontiva A, Reschke C, et al. Improving the power to track fibrillar
amyloid PET measurements and evaluate amyloid modifying treatments using a
cerebral white matter reference region of interest. In: Alzheimer’s Association
International Conference (AAIC). Elsevier; 2014:P4-298.

18. Hahn A, Schain M, Erlandsson M, et al. Modeling strategies for quantification of
in vivo 18F-AV-1451 binding in patients with tau pathology. J Nucl Med. 2017;58:
623–631.

19. Heeman F, Hendriks J, Lopes Alves I, et al. [11C]PIB amyloid quantification: effect
of reference region selection. EJNMMI Res. 2020;10:123.

20. Joshi A, Kennedy IA, Mintun M, Pontecorvo M, Navitsky MA, Devous MD. Mea-
suring change in beta amyloid burden over time using florbetapir PET and a sub-
cortical white matter reference region. In: Alzheimer’s Association International
Conference (AAIC). Elsevier; 2014:P4-316.

21. Klein G, Sampat M, Staewen D, Scott D, Suhy J. Comparative assessment of
SUVR methods and reference regions in amyloid PET studies. In: Alzheimer’s
Association International Conference (AAIC). Elsevier; 2015:P1-035.

22. Koeppe RA. Basic principles and controversies in PET amyloid imaging. Presented
at: Human Amyloid Imaging (HAI) Conference, February 24, 2012, Miami Beach,
FL, HAI Abstract Book, 2012.

23. Landau SM, Breault C, Joshi AD, et al.; Alzheimer’s disease neuroimaging initia-
tive. Amyloid-b imaging with Pittsburgh compound B and florbetapir: comparing
radiotracers and quantification methods. J Nucl Med. 2013;54:70–77.

24. Landau SM, Fero A, Baker SL, et al. Measurement of longitudinal b-amyloid
change with 18F-florbetapir PET and standardized uptake value ratios. J Nucl Med.
2015;56:567–574.

25. Lodge MA, Rahmim A, Wahl RL. Simultaneous measurement of noise and spatial
resolution in PET phantom images. Phys Med Biol. 2010;55:1069–1081.

26. Lundqvist R, Lilja J, Thomas BA, et al. Implementation and validation of an adap-
tive template registration method for 18F-flutemetamol imaging data. J Nucl Med.
2013;54:1472–1478.

27. Makris NE, Huisman MC, Kinahan PE, Lammertsma AA, Boellaard R. Evaluation
of strategies towards harmonization of FDG PET/CT studies in multicentre trials:
comparison of scanner validation phantoms and data analysis procedures. Eur J
Nucl Med Mol Imaging. 2013;40:1507–1515.

28. Pontecorvo MJ, Devous MD Sr, Navitsky M, et al. Relationships between flortau-
cipir PET tau binding and amyloid burden, clinical diagnosis, age and cognition.
Brain. 2017;140:748–763.

29. Schmidt ME, Chiao P, Klein G, et al. The influence of biological and technical factors
on quantitative analysis of amyloid PET: points to consider and recommendations for
controlling variability in longitudinal data.Alzheimers Dement. 2015;11:1050–1068.

30. Schwarz CG, Senjem ML, Gunter JL, et al. Optimizing PiB-PET SUVR change-
over-time measurement by a large-scale analysis of longitudinal reliability, plausi-
bility, separability, and correlation with MMSE. Neuroimage. 2017;144:113–127.

31. Shcherbinin S, Schwarz AJ, Joshi A, et al. Kinetics of the tau PET tracer 18F-AV-
1451 (T807) in subjects with normal cognitive function, mild cognitive impair-
ment, and Alzheimer disease. J Nucl Med. 2016;57:1535–1542.

32. Shokouhi S, Mckay JW, Baker SL, et al. Reference tissue normalization in longitu-
dinal 18F-florbetapir positron emission tomography of late mild cognitive impair-
ment. Alzheimers Res Ther. 2016;8:2.

33. Thurfjell L, Lilja J, Lundqvist R, et al. Automated quantification of 18F-flutemeta-
mol PET activity for categorizing scans as negative or positive for brain amyloid:
concordance with visual image reads. J Nucl Med. 2014;55:1623–1628.

34. Tryputsen V, DiBernardo A, Samtani M, Novak GP, Narayan VA, Raghavan N.
Optimizing regions-of-interest composites for capturing treatment effects on brain
amyloid in clinical trials. J Alzheimers Dis. 2015;43:809–821.

35. Abella M, Alessio AM, Mankoff DA, et al. Accuracy of CT-based attenuation cor-
rection in PET/CT bone imaging. Phys Med Biol. 2012;57:2477–2490.

36. Rowe CC, Dor#e V, Jones G, et al. 18F-florbetaben PET beta-amyloid binding
expressed in centiloids. Eur J Nucl Med Mol Imaging. 2017;44:2053–2059.

37. Su Y, Flores S, Horneck RC, et al. Utilizing the centiloid scale in cross-sectional
and longitudinal PiB PET studies. Neuroimage Clin. 2018;19:406–416.

38. Johnson KA, Minoshima S, Bohnen NI, et al. Appropriate use criteria for amyloid
PET: a report of the Amyloid Imaging Task Force, the Society of Nuclear Medi-
cine and Molecular Imaging, and the Alzheimer’s Association. Alzheimers Dement.
2013;9:e-1–e-16.

39. Johnson KA, Minoshima S, Bohnen NI, et al. Update on appropriate use criteria
for amyloid PET imaging: dementia experts, mild cognitive impairment, and edu-
cation. J Nucl Med. 2013;54:1011–1013.

40. Schmidt ME, Matthews D, Andrews R, Mosconi L. Positron emission tomography
in Alzheimer disease: diagnosis and use as biomarker endpoints. In: McArthur RA
ed. Translational Neuroimaging: Tools for CNS Drug Discovery, Development,
and Treatment. Academic Press; 2013:131–194.

41. Medicines in development: Alzheimer’s disease. PhRMA website. http://phrma-
docs.phrma.org/sites/default/files/Alzheimer%27s%202013.pdf. Published 2013.
Accessed October 6, 2022.

42. Becker GA, Masanori I, Barthel H, et al. PET quantification of 18F-florbetaben
binding to b-amyloid deposits in human brains. J Nucl Med. 2013;54:723–731.

43. Bullich S, Barthel H, Koglin N, et al. Validation of non-invasive tracer kinetic
analysis of 18F-florbetaben PET using a dual time-window acquisition protocol.
J Nucl Med. 2018;59:1104–1110.

44. Csel#enyi Z, Farde L. Quantification of blood flow-dependent component in esti-
mates of beta-amyloid load obtained using quasi-steady-state standardized uptake
value ratio. J Cereb Blood Flow Metab. 2015;35:1485–1493.

45. Forsberg A, Engler H, Blomquist G, Långstr€om B, Nordberg A. The use of PIB-
PET as a dual pathological and functional biomarker in AD. Biochim Biophys
Acta. 2012;1822:380–385.

46. Frokjaer VG, Pinborg LH, Madsen J, et al. Evaluation of the serotonin transporter
ligand 123I-ADAM for SPECT studies on humans. J Nucl Med. 2008;49:247–254.

47. Gjedde A, Aanerud J, Braendgaard H, Rodell AB. Blood-brain transfer of Pitts-
burgh compound B in humans. Front Aging Neurosci. 2013;5:70.

48. Hsiao IT, Huang CC, Hsieh CJ, et al. Correlation of early-phase 18F-florbetapir
(AV-45/Amyvid) PET images to FDG images: preliminary studies. Eur J Nucl
Med Mol Imaging. 2012;39:613–620.

49. Lopresti BJ, Klunk WE, Mathis CA, et al. Simplified quantification of Pittsburgh
compound B amyloid imaging PET studies: a comparative analysis. J Nucl Med.
2005;46:1959–1972.

50. Nelissen N, Van Laere K, Thurfjell L, et al. Phase 1 study of the Pittsburgh com-
pound B derivative 18F-flutemetamol in healthy volunteers and patients with proba-
ble Alzheimer disease. J Nucl Med. 2009;50:1251–1259.

51. Price JC, Klunk WE, Lopresti BJ, et al. Kinetic modeling of amyloid binding in
humans using PET imaging and Pittsburgh compound-B. J Cereb Blood Flow
Metab. 2005;25:1528–1547.

52. Rostomian AH, Madison C, Rabinovici GD, Jagust WJ. Early 11C-PIB frames and
18F-FDG PET measures are comparable: a study validated in a cohort of AD and
FTLD patients. J Nucl Med. 2011;52:173–179.

53. Sepulveda-Falla D, Matschke J, Bernreuther C, et al. Deposition of hyperphos-
phorylated tau in cerebellum of PS1 E280A Alzheimer’s disease. Brain Pathol.
2011;21:452–463.

54. Sevigny J, Chiao P, Bussi!ere T, et al. The antibody aducanumab reduces Ab pla-
ques in Alzheimer’s disease. Nature. 2016;537:50–56.

55. Slifstein M. Revisiting an old issue: the discrepancy between tissue ratio-derived
binding parameters and kinetic modeling-derived parameters after a bolus of the
serotonin transporter radioligand 123I-ADAM. J Nucl Med. 2008;49:176–178.

56. Tolboom N, Yaqub M, Boellaard R, et al. Test-retest variability of quantitative
[11C]PIB studies in Alzheimer’s disease. Eur J Nucl Med Mol Imaging. 2009;36:
1629–1638.

57. Wong DF, Rosenberg PB, Zhou Y, et al. In vivo imaging of amyloid deposition in
Alzheimer disease using the radioligand 18F-AV-45 (florbetapir F 18). J Nucl Med.
2010;51:913–920.

58. Alzheimer’s Disease Neuroimaging Initiative. ADNI website. http://adni.loni.usc.
edu/. Accessed October 6, 2022.

59. Carson RE, Channing MA, Blasberg RG, et al. Comparison of bolus and infusion
methods for receptor quantitation: application to [18F]cyclofoxy and positron emis-
sion tomography. J Cereb Blood Flow Metab. 1993;13:24–42.

302 THE JOURNAL OF NUCLEAR MEDICINE ! Vol. 64 ! No. 2 ! February 2023



60. Klunk WE, Koeppe RA, Price JC, et al. The centiloid project: standardizing
quantitative amyloid plaque estimation by PET. Alzheimers Dement. 2015;
11:1–15.e1–4.

61. Rowe CC, Jones G, Dore V, et al. Standardized expression of 18F-NAV4694 and
11C-PiB beta-amyloid PET results with the centiloid scale. J Nucl Med. 2016;57:
1233–1237.

62. Obuchowski NA, Mozley PD, Matthews D, Buckler A, Bullen J, Jackson E. Statis-
tical considerations for planning clinical trials with quantitative imaging bio-
markers. J Natl Cancer Inst. 2019;111:19–26.

63. Joshi AD, Pontecorvo MJ, Clark CM, et al. Performance characteristics of amyloid
PET with florbetapir F 18 in patients with Alzheimer’s disease and cognitively nor-
mal subjects. J Nucl Med. 2012;53:378–384.

64. Vandenberghe R, Van Laere K, Ivanoiu A, et al. 18F-flutemetamol amyloid imag-
ing in Alzheimer disease and mild cognitive impairment: a phase 2 trial. Ann Neu-
rol. 2010;68:319–329.

65. Andrews R, Matthews D, Smith AM. The quantitative impact of emission-trans-
mission scan misalignment and region selection upon amyloid measurement accu-
racy. In: 11th Human Amyloid Imaging: Conference Program and Abstracts.
World Events Forum; 2017:73.

66. Matthews D, Marendic B, Andrews R, et al., for the Alzheimer’s Disease Neuroim-
aging Initiative. Longitudinal amyloid measurement for clinical trials: a new
approach to overcome variability. In: 8th Human Amyloid Imaging: Conference
Program and Abstracts.World Events Forum; 2014:88–89.

67. Klunk WE, Engler H, Nordberg A, et al. Imaging brain amyloid in Alzheimer’s
disease with Pittsburgh compound-B. Ann Neurol. 2004;55:306–319.

68. Matthews D, Andrews R, Smith A. The impact of PET reconstruction method on
measured amyloid SUVR. In: 12th Human Amyloid Imaging: Conference Program
and Abstracts.World Events Forum; 2018:96.

69. Smith AM, Matthews D, Andrews R. Assessment of PET amyloid quantification
differences by varying the reconstruction protocol. In: 2017 IEEE Nuclear Science
Symposium and Medical Imaging Conference (NSS/MIC). IEEE; 2017:1–6.

70. Talairach J, Tournoux P. Co-Planar Stereotaxic Atlas of the Human Brain: An
Approach to Medical Cerebral Imaging. Thieme Medical Publishers; 1988:66.

71. Perlman ES, Smith AM, Minoshima S, et al. QIBA PET amyloid biomarker com-
mittee: overview and status update. RSNA website. https://qibawiki.rsna.org/
images/0/06/PET-Amyloid-Poster_QIBA_Kiosk_RSNA2015.pdf. Published 2015.
Accessed October 6, 2022.

72. Digital Reference Object. University of Washington website. http://depts.
washington.edu/petctdro/DRObrain_main.html. Published June 21, 2016. Accessed
October 6, 2022.

73. Kameyama M, Ishibash K, Wagatsuma K, Toyohara J, Ishii K. A pitfall of white
matter reference regions used in [18F] florbetapir PET: a consideration of kinetics.
Ann Nucl Med. 2019;33:848–854.

74. Bourgeat P, Li S, Sosun D, et al. Centiloid harmonization strategies across longitu-
dinal studies: evaluation on AIBL, ADNI and OASIS3. Alzheimers Dement. 2021;
17(suppl 1):e053660.

75. PET acquisition. ADNI website. http://adni.loni.usc.edu/methods/pet-analysis-
method/pet-analysis/. Accessed October 6, 2022.

76. Bischof GN, Bartenstein P, Barthel H, et al. Toward a universal readout for 18F-
labeled amyloid tracers: the CAPTAINs study. J Nucl Med. 2021;62:999–1005.

77. Amyvid [package insert]. Eli Lilly & Co.; 2012.
78. Vizamyl [package insert]. GE Healthcare, Medi-Physics, Inc.; 2013.
79. Neuraceq [package insert]. Piramal Imaging, S.A.; 2014.
80. Rowe CC, Pejoska S, Mulligan RS, et al. Head-to-head comparison of 11C-PiB and

18F-AZD4694 (NAV4694) for beta-amyloid imaging in aging and dementia.
J Nucl Med. 2013;54:880–886.

RSNA QIBA PROFILE FOR AMYLOID PET ! Smith et al. 303



Clinical Decision Support for Axillary Lymph Node Staging
in Newly Diagnosed Breast Cancer Patients Based on
18F-FDG PET/MRI and Machine Learning

Janna Morawitz1, Benjamin Sigl2, Christian Rubbert1, Nils-Martin Bruckmann1, Frederic Dietzel1, Lena J. H€aberle3,
Saskia Ting4, Svjetlana Mohrmann5, Eugen Ruckh€aberle5, Ann-Kathrin Bittner6, Oliver Hoffmann6, Pascal Baltzer2,
Panagiotis Kapetas2, Thomas Helbich2, Paola Clauser2, Wolfgang P. Fendler7, Christoph Rischpler7, Ken Herrmann7,
Benedikt M. Schaarschmidt8, Andreas Stang9, Lale Umutlu8, Gerald Antoch1, Julian Caspers*1, and Julian Kirchner*1

1Department of Diagnostic and Interventional Radiology, Medical Faculty, University of Duesseldorf, Duesseldorf, Germany;
2Department of Biomedical Imaging and Image-Guided Therapy, Division of General Radiology, Medical University of Vienna, Vienna,
Austria; 3Institute of Pathology, Medical Faculty, Heinrich Heine University and University Hospital Duesseldorf, Duesseldorf,
Germany; 4Institute of Pathology, University Hospital Essen, West German Cancer Center, University of Duisburg–Essen and the
German Cancer Consortium (DKTK), Essen, Germany; 5Department of Gynecology, University of Duesseldorf, Medical Faculty,
Duesseldorf, Germany; 6Department of Gynecology and Obstetrics, University Hospital Essen, University of Duisburg–Essen, Essen,
Germany; 7Department of Nuclear Medicine, University Hospital Essen, University of Duisburg–Essen and German Cancer
Consortium (DKTK), Essen, Germany; 8Department of Diagnostic and Interventional Radiology and Neuroradiology, University
Hospital Essen, University of Duisburg–Essen, Essen, Germany; and 9Institute of Medical Informatics, Biometry, and Epidemiology,
Essen University Medical Center, Essen, Germany

In addition to its high prognostic value, the involvement of axillary
lymph nodes in breast cancer patients also plays an important role in
therapy planning. Therefore, an imaging modality that can determine
nodal status with high accuracy in patients with primary breast cancer
is desirable. Our purpose was to investigate whether, in newly diag-
nosed breast cancer patients, machine-learning prediction models
based on simple assessable imaging features on MRI or PET/MRI are
able to determine nodal status with performance comparable to that
of experienced radiologists; whether such models can be adjusted to
achieve low rates of false-negatives such that invasive procedures
might potentially be omitted; and whether a clinical framework for
decision support based on simple imaging features can be derived
from these models. Methods: Between August 2017 and September
2020, 303 participants from 3 centers prospectively underwent dedi-
cated whole-body 18F-FDG PET/MRI. Imaging datasets were evalu-
ated for axillary lymph node metastases based on morphologic and
metabolic features. Predictive models were developed for MRI and
PET/MRI separately using random forest classifiers on data from 2
centers and were tested on data from the third center. Results: The
diagnostic accuracy for MRI features was 87.5% both for radiologists
and for the machine-learning algorithm. For PET/MRI, the diagnostic
accuracy was 89.3% for the radiologists and 91.2% for the machine-
learning algorithm, with no significant differences in diagnostic perfor-
mance between radiologists and the machine-learning algorithm for
MRI (P 5 0.671) or PET/MRI (P 5 0.683). The most important lymph
node feature was tracer uptake, followed by lymph node size. With an
adjusted threshold, a sensitivity of 96.2% was achieved by the ran-
dom forest classifier, whereas specificity, positive predictive value,
negative predictive value, and accuracy were 68.2%, 78.1%, 93.8%,
and 83.3%, respectively. A decision tree based on 3 simple imaging

features could be established for MRI and PET/MRI. Conclusion:
Applying a high-sensitivity threshold to the random forest results
might potentially avoid invasive procedures such as sentinel lymph
node biopsy in 68.2% of the patients.

Key Words: breast cancer; lymph node metastases; machine learning;
PET/MRI

J Nucl Med 2023; 64:304–311
DOI: 10.2967/jnumed.122.264138

With more than 2.3 million cases in 2020, breast cancer repre-
sents the world’s most prevalent cancer (1). In primary breast cancer,
axillary lymph node involvement is the most important predictor of
overall survival and recurrence in breast cancer patients (2) and has a
decisive influence on the therapy regime. Whereas a few years ago
mastectomy and extensive axillary dissection were performed in
most clinically node-positive patients, advances in imaging, among
other factors, have helped to make therapeutic options for local con-
trol much less invasive (3,4). When imaging procedures such as
sonography and mammography do not reveal affected axillary lymph
nodes, sentinel lymph node biopsy is now the gold standard for clini-
cally node-negative patients (5). With regard to the planned therapy,
this is decisive, because depending on these findings, axillary dissec-
tion and axillary radiation are further therapy options (6). Nearly
60% of breast carcinoma patients do not have lymph node metasta-
ses at the time of initial diagnosis (7). These patients, in particular,
would benefit from deescalation of invasive procedures. Although
the recently introduced Node-RADS (Reporting and Data System)
classification tries to standardize reporting of possible lymph node
metastases (8), no universal consensus exists on objective criteria for
evaluation of metastatic disease in the axillary lymph nodes of breast
cancer patients, and N staging by imaging remains a challenge
(7,9,10).
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In recent years, artificial intelligence and machine learning have
emerged strongly into the medical imaging field (11). Thus, incor-
porating machine-learning models into imaging-based decision-
support tools has great potential to enhance diagnostic workup in
breast cancer patients.
Therefore, the aim of this study was to investigate whether, in

newly diagnosed breast cancer patients, machine-learning predic-
tion models based on simple and easily assessable imaging features
on MRI or PET/MRI are able to detect lymph node metastases
with performance comparable to that of experienced radiologists;
whether such models can be adjusted to achieve low rates of false-
negatives such that invasive procedures might potentially be omit-
ted; and whether a clinical framework for decision support based
on simple imaging features can be derived from these models.

MATERIALS AND METHODS

Because of the multiple aims of this study, the workflow was structured
into 3 consecutive steps involving different methods. All calculations were
based on the assessment of predefined imaging features of axillary lymph
nodes by radiologists. First, machine-learning–based prediction models
applying random forest classifiers were developed using the imaging fea-
tures derived from the radiologist reader assessments, and their predictive
performance on an independent test sample was compared with that of
radiologists. Second, the random forest classifiers were adjusted to

minimize false-negative results by receiver-operating-characteristic (ROC)
area-under-the-curve (AUC) optimization. Third, to facilitate a simple
decision framework for everyday clinical routine, a simple decision tree
classifier was trained on the imaging features independently of the opti-
mized random forest classifiers trained beforehand.

Participant Population, Inclusion Criteria, and
Imaging Protocol

The study sample consisted of 2 samples: a training sample derived
from 2 centers (University Hospital Duesseldorf and University Hospi-
tal Essen) and a testing sample from a third center (Medical University
of Vienna, General Hospital).

For the training sample, 255 participants were prospectively included
(Fig. 1). All had newly diagnosed, therapy-naïve breast cancer with at least
one of the following criteria for a worse prognosis: a newly diagnosed,
therapy-naïve T2 tumor or a higher T stage; a newly diagnosed, therapy-
naïve triple-negative tumor of any size; or a newly diagnosed, therapy-
naïve tumor with a high-risk molecular profile (Ki-67 . 14%, grade 3, or
overexpression of human epidermal growth factor receptor type 2). All par-
ticipants underwent whole-body 18F-FDG PET/MRI. Some participants
have been reported before (7,12,13). This study was approved by the local
ethics committees (study 6040R, 17-7396-BO 1 510-2009). The test sam-
ple consisted of 48 participants. All PET/MRI examinations were per-
formed on an integrated hybrid 3.0-T PET/MRI system (Biograph mMR;
Siemens Healthcare) (14).

Image Analysis
Imaging data from the training and test samples were analyzed by 1

reader, whereas data from the test sample were additionally rated by a sec-
ond reader. MRI or PET/MRI datasets were analyzed in random order
using an Osirix workstation (Pixmeo SARL). Readers were unaware of
participant identity and all clinical information except for the diagnosis of
breast cancer. For every participant, the presence or absence of axillary
lymph node metastasis was evaluated on MRI and subsequently on
PET/MRI separately. This assessment was of predefined imaging features
of the most suggestive axillary lymph node for each participant. The mor-
phologic features for the assessment of lymph node metastases were
short-axis diameter in millimeters, irregular margin (yes/no), inhomoge-
neous cortex (yes/no), intact nodal border (yes/no), perifocal edema (yes/
no), absence of fatty hilum (yes/no), and contrast medium enhancement
(yes/no) (Fig. 2). On PET/MRI, tracer uptake in terms of the SUVmax of
the selected lymph node was assessed by manually drawing a region of
interest around the respective lymph node. A lymph node SUVmax ratio

was calculated, with the blood pool SUVmax of
the ascending aorta as the denominator. Consid-
ering all criteria together, each reader then made
a final evaluation of the lymph node status,
although an absolute number of positive find-
ings did not have to be present to evaluate the
lymph node as benign or malignant.

Reference Standard
In all participants, the histopathologic find-

ings for the axillary lymph nodes served as
the reference standard. If available, sentinel
lymph node biopsy or axillary dissection was
used. Otherwise, histopathologic results were
derived from pretherapeutic ultrasound-
guided core-needle biopsy of the suggestive
lymph node. If no sufficient pretherapeutic
sampling of lymph nodes was available, sen-
tinel lymph node excision or axillary dissec-
tion after neoadjuvant systemic therapy was
used as the reference standard. In these cases,

276 participants with primary breast cancer
1) newly diagnosed, therapy-naive T2 tumor or higher T-stage or
2) newly diagnosed, therapy-naive triple-negative tumor of any size or
3) newly diagnosed, therapy-naive tumor with a high-risk molecular

profile (Ki67 > 14%, G3 or Her2neu-overexpression)

21 participants excluded because
of missing histopathological
workup of axillary lymph nodes

255 participants included in the study

FIGURE 1. Flowchart of included and excluded participants. G3 5

grade 3; Her2neu5 human epidermal growth factor receptor type 2.

FIGURE 2. Examples of morphologic and metabolic features for assessment of axillary lymph
nodes in axial T1-weighted, volume-interpolated breath-hold examination, fat-saturated, contrast-
enhanced images. Enlarged lymph node has short-axis diameter of 31 mm. Lymph node with
increased 18F-FDG uptake has SUVmax of 13.1.

MACHINE LEARNING IN PET/MRI ! Morawitz et al. 305



additional histopathologic preparations were evaluated, using focal
fibrosis or focal necrosis as retrospective indicators of previously via-
ble lymph node metastasis (15,16).

Model Development
Predictive models were developed for MRI and PET/MRI sepa-

rately using random forest classifiers. For each modality, a random
forest classifier was trained using the imaging features derived from
the reader assessment as input features and the dichotomous reference
standard (benign or malignant) as output.

To further optimize the classification of the models for sensitivity
and minimize false-negatives (to identify a rule-out criterion), an
adjusted random forest model was developed by adjusting the classifi-
cation threshold of a trained random forest model on an independent
validation set that was split from the training sample beforehand

(80:20 stratified split) so that sensitivities of more than 0.95 were
achieved on this validation set.

To additionally create more clinically interpretable classifiers, sim-
ple decision-tree classifiers with a maximum depth of 3 were addition-
ally built using Gini impurity as the optimization criterion.

The model was developed using the scikit-learn library (version
0.24.2) in Python 3.9.

Statistics
For statistical analyses, SPSS Statistics (version 21; IBM) was used.

Demographic participant data were reported using descriptive statistics.
The Cohen k was used to calculate interrater reliability between the 2
readers regarding prediction of lymph node status (metastatic vs. non-
metastatic) on MRI and PET/MRI. The diagnostic performance of the
radiologists and machine-learning models for lymph node status on

TABLE 1
Participant Demographics and Tumor Characteristics

Parameter Training sample Testing sample P

Total participants 255 48

Mean age (6SD) 51.2 6 11.9 y 52.2 6 12.2 y 0.689

Lymph node status (reference standard)

Negative 154 (60.4%) 26 (54.2%) 0.420

Positive 101 (39.6%) 22 (45.8%)

Menopause status

Premenopausal 111 (43.5%) 18 (37.5%) 0.737

Perimenopausal 25 (9.8%) 5 (10.4%)

Postmenopausal 119 (46.7%) 25 (52.1%)

Ki-67

Positive . 14% 226 (88.6%) 41 (85.4%) 0.528

Negative , 14% 29 (11.4%) 7 (14.6%)

Progesterone status

Positive 169 (66.3%) 29 (60.4%) 0.433

Negative 86 (33.7%) 19 (39.6%)

Estrogen status

Positive 187 (73.3%) 28 (58.3%) ,0.01

Negative 68 (26.7%) 20 (41.7%)

HER2neu expression

0 97 (38.0%) 23 (47.9%) 0.479

11 73 (28.6%) 14 (29.2%)

21 34 (13.3%) 5 (10.4%)

31 51 (20.0%) 6 (12.5%)

Tumor grade

1 10 (3.9%) 4 (8.3%) 0.025

2 137 (53.7%) 16 (33.3%)

3 108 (42.4%) 28 (58.3%)

Histology

No special type 222 (87.1%) 42 (87.5%) , 0.01

Lobular invasive 25 (9.8%) 0 (0%)

Other 8 (3.1%) 6 (12.5%)

HER2neu 5 human epidermal growth factor receptor type 2.
Data are number and percentage, except for age.

306 THE JOURNAL OF NUCLEAR MEDICINE ! Vol. 64 ! No. 2 ! February 2023



MRI and PET/MRI was assessed by determining sensitivity, specificity,
positive predictive value (PPV), negative predictive value (NPV), accu-
racy, and ROC AUC. A McNemar test was used to compare the diag-
nostic performance of the radiologists with that of the machine-learning
models. A Pearson x2 test was used to compare the tumor characteris-
tics between the training and validation samples. Statistical significance
was defined as a P value of less than 0.05.

RESULTS

Participant Demographics and Reference Standard
In this study, 255 female participants (mean age, 51.2 6 11.9 y)

from 2 centers were included for the training sample (Fig. 1).
According to the reference standard, 101 of the 255 (39.6%) were
node-positive and 154 (60.4%) were node-negative.
For the testing sample, 48 female participants (mean age,

52.2 6 12.2 y) from a third center were evaluated. According to
the reference standard, 26 of the 48 (54.2%) were node-negative
and 22 (45.8%) were node-positive. The demographics and tumor
characteristics of all participants are in Table 1.

Radiologist Performance
On the basis of MRI data, the radiologist was able to determine

the correct lymph node status in 218 of 255 participants (85.5%)
in the training set. This yielded a diagnostic performance indicated
by sensitivity, specificity, PPV, NPV, and accuracy of 74.3%,
92.9%, 87.2%, 84.6%, and 85.5%, respectively, for the training
sample (Supplemental Table 1; supplemental materials are avail-
able at http://jnm.snmjournals.org). Corresponding results for radi-
ologist performance (identical results for both readers) based on
MRI in the testing sample were 84.6%, 90.9%, 91.7%, 83.3%, and
87.5% (Table 2).
When taking PET/MRI into account, the radiologist was able to

determine the correct lymph node status in 221 of 255 participants
(86.7%), and sensitivity, specificity, PPV, NPV, and accuracy
were 84.0%, 88.4%, 82.4%, 89.5%, and 86.7%, respectively, for
the training sample (Supplemental Table 1). In the testing sample,

radiologist performance on PET/MRI data was 92.3%, 86.4%,
88.9%, 90.5%, and 89.6%, respectively (Table 2).
With regard to the individual features, there were isolated dif-

ferences in the subjective evaluation of lymph nodes by the raters
(irregular margin, k 5 0.919; inhomogeneous cortex, k 5 0.879;
perifocal edema, k 5 0.776; absence of fatty hilum, k 5 0.865;
contrast medium enhancement, k 5 0.947; absent intact nodal bor-
der, 0.957; all P , 0.001), but together these led to an equal evalu-
ation of lymph node status, so that the interrater reliability with
regard to lymph node status was excellent (k 5 1.0, P , 0.001).

TABLE 2
Diagnostic Performance of MRI and PET/MRI in Assessment of Lymph Node Status of Radiologists and Random Forest

Classifier Within Testing Sample

Assessor MRI PET/MRI

Radiologists

Sensitivity 84.6 (65.1–95.6) 92.3 (74.9–99.1)

Specificity 90.9 (70.8–98.9) 86.4 (65.1–97.1)

PPV 91.7 (74.4–97.7) 88.9 (73.5–96.8)

NPV 83.3 (66.8–92.6) 90.5 (71.3–97.3)

Accuracy 87.5 (74.8–95.3) 89.6 (77.3–96.5)

Random forest algorithm

Sensitivity 88.5 (69.9–97.6) 88.5 (69.9–97.6) (reader 1), 88.5 (69.9–97.6) (reader 2)

Specificity 86.4 (65.1–97.1) 86.4 (65.1–97.1) (reader 1), 81.8 (59.7–94.8) (reader 2)

PPV 88.5 (72.6–95.7) 88.5 (72.6–95.7) (reader 1), 85.2 (70.1–93.4) (reader 2)

NPV 86.4 (68.3–94.9) 86.4 (68.3–94.9) (reader 1), 85.7 (67.0–94.7) (reader 2)

Accuracy 87.5 (74.8–96.3) 87.5 (74.8–96.3) (reader 1), 85.4 (72.2–93.9) (reader 2)

Data are percentages, with 95% CIs in parentheses.

FIGURE 3. ROC AUC for random forest model performance on testing
data and for prediction of lymph node status by radiologists on MRI and
PET/MRI. LN5 lymph node.
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Random Forest Algorithm Performance
The trained random forest classifiers yielded an accuracy of

88.3% for MRI and of 99.2% for PET/MRI on the training data,
which is indicative of a very good model fit to the training data
(Supplemental Table 1). When applied to the independent datasets
of the testing sample, the respective random forest classifier was
able to determine the correct lymph node status in 42 of 48 partici-
pants (87.5%) (23 true-positive and 19 true-negative) for MRI fea-
tures, whereas 3 participants were rated false-positive and 3
participants false-negative (both readers, Table 2). The perfor-
mance was unchanged when applying the PET/MRI-based random
forest classifier to the testing sample, with 42 of 48 correct classifi-
cations (87.5%) (23 true-positive and 19 true-negative), whereas 3
participants were rated false-positive and 3 participants false-
negative on the basis of the lymph node assessment of reader 1.
On the basis of the lymph node assessment of reader 2, there were
41 of 48 correct classifications (85.4%) (23 true-positive and 18
true-negative), whereas 4 participants were rated false-positive and
3 participants false-negative. Sensitivity, specificity, PPV, and
NPV for both classifiers on PET/MRI were 88.5%, 86.4%, 88.5%,
and 86.4%, respectively, for reader 1 and 88.5%, 81.8%, 85.2%,
85.7%, 85.4%, respectively, for reader 2 (Table 2).

Comparison of Radiologist Performance
and Random Forest Algorithm
In the testing sample, the highest ROC

AUC was achieved by the random forest
classifier based on PET/MRI data, with a
value of 91.2% (95% CI, 82.8%–99.6%),
followed by an ROC AUC of 89.5% (95%
CI, 80.4%–98.7%) by the random forest
classifier based on MRI data (Fig. 3).
There were no significant differences in

the assessment of lymph node status between
the radiologists and the random forest classi-

fier, either for MRI features (P 5 0.67) or for PET/MRI features
(P5 0.68).

Feature Importance
The most important feature in MRI was size, followed by intact

nodal border and irregular margin, whereas the most important features
for predicting the nodal status in PET/MRI were tracer uptake as indi-
cated by the ratio of the SUVmax of the lymph node to the SUVmax of
the ascending aorta, followed by size and intact nodal border (Fig. 4).

Decision Threshold Adjustment
To minimize the classifier’s false-negatives with regard to clini-

cal need, we adjusted the decision threshold of the random forest
classifier on PET/MRI data as a trade-off between precision (i.e.,
PPV) and recall (i.e., sensitivity). The default decision threshold in
the random forest classifier was 0.5. Figure 5 shows precision and
recall as a function of decision values in the internal validation
sample. The optimal decision threshold for this purpose was
obtained at 0.19. A sensitivity (recall) of 96.2% was achieved, with
only 1 false-negative in the test sample, whereas specificity, PPV,
NPV, and accuracy were 68.2%, 78.1%, 93.8%, and 83.3%, respec-
tively, at this threshold. Applying these results to everyday routines
in our cohort would mean that it would be possible to save 68.2%
(15/22) of the women from an unnecessary biopsy, although 3.8%
(1/26) of the affected women would be missed (Tables 3 and 4).

Decision Tree for Clinical Decision Support
The decision tree classifier for distinguishing benign from

malignant lymph nodes achieved an accuracy of 89.6% and an
ROC AUC of 87.6% (95% CI, 77.6%–97.5%) for MRI in the test-
ing sample and an accuracy of 89.6% and ROC AUC of 89.0%
(95% CI, 79.7%–98.4%) for PET/MRI data in the testing sample.
These decision trees can support clinical decision making based

on 3 simple imaging features each (Fig. 6A). For MRI, the root
node indicative of the most important feature is size, which is con-
sistent with the feature importance from random forests. Here, a
short-axis diameter of at least 7.5 mm serves as a cutoff for highly
suggestive lymph nodes. ROC AUC evaluation of this feature alone
shows a sensitivity of 71.6% and specificity of 86.4% (J 5 0.580)

FIGURE 5. Precision and recall scores as function of decision threshold
on internal validation sample. x represents threshold values, and y is score
of precision or recall. Adjusted decision threshold for optimized sensitivity
is indicated by dashed line.

FIGURE 4. Importance of different morphologic and metabolic features of lymph nodes.

TABLE 3
Confusion Matrix for Adjusted Threshold

Actual

Predicted

Negative Positive

Negative 15 7

Positive 1 25

308 THE JOURNAL OF NUCLEAR MEDICINE ! Vol. 64 ! No. 2 ! February 2023



for this cutoff. A cutoff of 12.5 mm led to a specificity of 100%
but a sensitivity of 34.3% (J 5 0.343) (Fig. 6B). The decision tree
and these cutoffs were determined from the training data. The com-
bination of an 18F-FDG uptake more than 1.3-fold that in the aorta
ascendens and a short-axis diameter of 7.5 mm is sufficient to char-
acterize a lymph node as malignant.
The confusion matrices and performance metrics for the decision

trees are shown in Tables 5 and 6. The performance of the decision
trees on the training data is shown in Supplemental Table 2. Sup-
plemental Table 3 shows the detection rates for lymph nodes on
18F-FDG PET/MRI per nodal stage (cN0–cN3c).

DISCUSSION

Our study demonstrated that lymph node metastases in patients
with newly diagnosed breast cancer can be diagnosed using simple

imaging features from MRI and PET/MRI, both by radiologists and
by machine-learning–based prediction models, with comparably high
accuracies. However, our results indicate that a machine-learning–
based prediction model can be advantageous in a clinical setting
because it provides the opportunity for decision threshold adjust-
ments. Compared with the current gold standard, in which every clin-
ically node-negative patient would undergo sentinel lymph node
biopsy, use of the random forest classifier on PET/MRI data would
make it possible to prevent unnecessary biopsy in 68.2% of the
women, although 3.8% of the women would be missed. This ability
is important for such a model to be suitable for the clinical setting, in
which diagnostic imaging might potentially omit invasive procedures
such as lymph node biopsy when false-negatives can reliably be
reduced. Furthermore, we derived a decision tree for clinical decision
support based on simple imaging features from MRI and PET/MRI,
which can assist clinicians in the diagnostic workup with regard to
lymph node involvement in breast cancer. Although application of
the model evaluated here does not, per se, save time in the evaluation

of lymph node criteria, the clear cascade of
the 3 easily assessable imaging features can
be helpful for the radiologist when classify-
ing axillary lymph nodes in daily routine.
Different machine-learning algorithms

for the detection of axillary lymph node
metastases have previously been shown to
provide diagnostic performance compara-
ble to or better than that of experienced
physicians in other specialties (17), but
only a few applications have been intro-
duced into everyday routine.
This study further rated the relevance of

various imaging features of lymph nodes.
Although the size of a lymph node, as charac-
terized by the short-axis diameter, is a gener-
ally accepted criterion for assessing metastatic
status (8), diagnostic accuracy can be in-
creased by adding factors such as contour and
signal intensity. Nevertheless, the feature
importance of the random forest classifier and
the good performance of the simple decision
tree classifier indicate that only a few features
are necessary to predict lymph node malig-
nancy with high accuracy. Our findings are in
line with those of Ram#ırez-Galv#an et al. (18),
who found lymph node size to be the most
important morphologic feature. However,
according to our investigation, a short-axis
diameter of at least 7.5 mm seems to be most

FIGURE 6. (A) Decision tree for predicting lymph node status in MRI and PET/MRI. (B) ROC AUC
for size and for SUVmax ratio of lymph node to mediastinal blood pool for prediction of lymph node
status. Ao5 aorta; LN5 lymph node.

TABLE 4
Performance Metrics for Adjusted Threshold

Metric Data

Sensitivity 96.2% (80.4%–99.9%)

Specificity 68.2% (45.1%–86.1%)

PPV 78.1% (65.9%–86.9%)

NPV 93.8% (68.2%–99.1%)

Accuracy 83.3% (69.8%–92.5%)

Data in parentheses are ranges.

TABLE 5
Confusion Matrices for Decision Trees

Actual

Predicted

MRI PET/MRI

Negative Positive Negative Positive

Negative 20 2 21 1

Positive 3 23 4 22
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suitable for prediction of axillary lymph node involvement by breast
cancer, whereas a diameter of at least 12.5 mm can be seen even as
evidence of malignancy (Fig. 6B).
As with other cancer entities, there is no consensus about uptake

thresholds in breast cancer to define a lymph node as benign or malig-
nant (19), but an SUVmax threshold of 1.8–2.0 has reported to be a help-
ful criterion to diagnose malignancy (20,21). Our study demonstrated
that uptake in the lymph node below that in the mediastinal blood pool
is a reliable feature of benignity, whereas uptake at least 1.3 times that
in the mediastinal blood pool should be considered malignant.
Using the adjusted threshold of the random forest classifier, the

rate of false-negatives might be substantially decreased to a range
that would be acceptable for clinical purposes. The single partici-
pant missed by our machine-learning algorithm after adjustment of
the threshold had a histopathologically proven micrometastasis
(1 mm). The clinical impact of micrometastases does not appear to
be comparable to that of macrometastases, with micrometastasis
outcome being comparable to that of node-negative patients (22).
Thus, machine-learning algorithms may be expected to play a cru-
cial role in reducing invasive procedures in the future.
This study had some limitations. Because only therapy-naïve

patients were examined at baseline staging, no general statements
can be made on regressively altered lymph nodes after therapy or on
response to therapy. The reference standard was in part based on
posttherapeutic specimens from axillary nodes and different methods
of sample acquisition, including axillary dissection and ultrasound-
guided biopsy. These differences may have had an impact on defini-
tion of the reference standard. The imaging features used as input for
the machine-learning–based prediction models still rely on subjective
assessments of radiologists. Nevertheless, we could show that these
imaging features are easy assessable and have a high interrater reli-
ability. In addition, the size of the validation cohort was only moder-
ate; further studies with a larger population are needed.

CONCLUSION

This study showed, first, that a random forest classifier based on
simple imaging features provides diagnostic performance comparable

to that of an experienced radiologist; second, that 18F-FDG PET
uptake and lymph node size assessed on MRI are the most informa-
tive features in determining the metastatic status of an axillary lymph
node; third, that a combination of 3 features can be helpful for differ-
entiating between malignant and benign axillary lymph nodes in
newly diagnosed breast cancer in daily routine; and fourth, that—
accepting a low specificity—a sensitivity of more than 95% can be
achieved with an adjusted random forest classifier on 18F-FDG
PET/MRI data, which can exclude lymph node involvement with
high confidence and might play a central role in reducing invasive
procedures in the future. Thus, the combination of the 3 imaging fea-
tures, in particular, may be applied for daily use by the radiologist, as
these can be determined and evaluated quickly and reliably, although
the decision tree should not be the only basis for therapy planning.
For therapy decision making, the adjusted random forest model is
more reliable for differentiation between malignant and benign
lymph nodes because of its higher sensitivity. Nevertheless, the
adjusted random forest model needs to be confirmed in large, pro-
spective studies to minimize the number of unnecessary invasive pro-
cedures and, if successful, will then have great impact.
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KEY POINTS

QUESTION: Can machine-learning prediction models perform
comparably to experienced radiologists in determining nodal
status on PET/MRI examinations of patients with newly diagnosed
breast cancer?

PERTINENT FINDINGS: Machine learning performed comparably
to experienced radiologists in identifying axillary lymph node
metastases on PET/MRI in patients with primary breast cancer.
The most important lymph node feature was tracer uptake,
followed by lymph node size. A combination of 3 features was
helpful for differentiation between malignant and benign axillary
lymph nodes in newly diagnosed breast cancer, leading to an
easily applicable decision tree in everyday clinical routine.

IMPLICATIONS FOR PATIENT CARE: With the help of machine
learning, axillary lymph node metastases can reliably be excluded
on PET/MRI, sparing 68.2% of the patients an invasive procedure
such as sentinel lymph node biopsy.
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When pregnancy is discovered during or after a diagnostic examina-
tion, the physician or the patient may request an estimate of the radia-
tion dose received by the fetus as per guidelines and standard
operating procedures. This study provided the imaging community
with dose estimates to the fetus from PET/CT with protocols that are
adapted to University of Michigan low-dose protocols for patients
known to be pregnant.Methods: There were 9 patients analyzed with
data for the first, second, and third trimesters, the availability of which
is quite rare. These images were used to calculate the size-specific
dose estimate (SSDE) from the CT scan portion and the SUV and 18F-
FDG uptake dose from the PET scan portion using the MIRD formula-
tion. The fetal dose estimates were tested for correlation with each of
the following independent measures: gestational age, fetal volume,
average water-equivalent diameter of the patient along the length of
the fetus, SSDE, SUV, and percentage of dose from 18F-FDG. Step-
wise multiple linear regression analysis was performed to assess the
partial correlation of each variable. To our knowledge, this was the first
study to determine fetal doses from CT and PET images. Results:
Fetal self-doses from 18F for the first, second, and third trimesters
were 2.18 mGy (single data point), 0.74–1.82 mGy, and 0.017–0.0017
mGy, respectively. The combined SSDE and fetal self-dose ranged
from 1.2 to 8.2 mGy. These types of images from pregnant patients
are rare. Conclusion: Our data indicate that the fetal radiation expo-
sure from 18F-FDG PET and CT performed, when medically neces-
sary, on pregnant women with cancer is low. All efforts should be
made to minimize fetal radiation exposure by modifying the protocol.

Key Words: PET/CT; radiation physics; MIRD; PET; fetal dose;
imaging

J Nucl Med 2023; 64:312–319
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Diagnostic imaging that uses ionizing radiation may sometimes
be necessary for a pregnant patient despite the potential risk to the
fetus. Typically, when such diagnostic information is needed, it is
relating to the health of the mother. When radiologists or nuclear
medicine physicians need to decide if the diagnostic benefits will
outweigh the risks of radiation, it is important they have a reasonable
estimate of radiation dose to the fetus. When pregnancy is discov-
ered during or after a diagnostic examination, the physician or the
patient may request an estimate of the radiation dose received by the

fetus. The risks of fetal adverse outcomes, including childhood can-
cer induction, are small at a dose of 100 mGy and negligible at doses
of less than 50 mGy (1,2). In the case of hybrid imaging in which
both modalities involve radiation, the fetal dosimetry resulting from
both modalities should be considered. One example is PET/CT,
where the CT scan provides anatomic information and the PET scan
provides information on radionuclide uptake at the tumor site. Fetal
dose estimates from CT have been based primarily on Monte Carlo
simulations of geometric patient models (3–5). PET studies of preg-
nant patients are extremely uncommon, and even 18F-FDG PET
studies accidentally performed on pregnant patients are rare (6–11).
Therefore, providing fetal dose estimates from the CT and 18F-FDG
PET images themselves and from dose reports would be helpful to
the medical imaging community. In this study, fetal dose estimates
for PET/CT scans were based on a series of pregnant patients in their
first, second, and third trimesters. These images were used to calcu-
late the size-specific dose estimate (SSDE) (12) from the CT scan
portion and to calculate the SUV and 18F-FDG uptake dose from the
PET scan portion using the MIRD formulation. This study provided
the imaging community with dose estimates to the fetus from
PET/CT based on patient data, the availability of which is quite rare.

MATERIALS AND METHODS

Pregnant Patient Population
In total, 9 18F-FDG PET/CT scans performed on pregnant patients

over an 11-y period at the University of Michigan were analyzed. The
axial range of these scans covered the full uterus. The gestational ages of
the fetuses of these patients ranged from 3 to 40 wk. The cohort included
2 patients in the first trimester of pregnancy, 2 in the second trimester,
and 5 in the third trimester. Some patients were scanned multiple times
during pregnancy and the postpartum period to ascertain diagnostic infor-
mation pertaining to the patient. The postpartum scans were included in
this study as a way of comparing what dose a fetus might get from a
PET/CT scan using standard protocols for nonpregnant patients.

CT Fetal Dose Estimation
The CT portion of the scans was acquired with 120-kVp and

130-kVp acquisition protocols, with the slice thickness varying from 2
to 5 mm. The patients were originally scanned with one of the follow-
ing scanners: Siemens Biograph Vision 6 PET/CT, Siemens Biograph
40 True Point PET/CT, and Siemens Emotion Duo CT/CPS 1062
PET. No oral contrast agent was used for the CT examinations. The
PET/CT images of the pregnant mothers’ anatomy were at least from
the top of the cranium to the upper thigh of the mother. The gesta-
tional age was estimated from the clinical data.

CT axial scans of the same 9 patients were collected on Siemens sys-
tems. These images were analyzed retrospectively, and the scan para-
meters were obtained from the Digital Imaging and Communications in
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Medicine (DICOM) header shown in Table 1. There are 2 patients who
were scanned twice with the fetus at different gestational ages.

These CT scans were performed using techniques yielding low
doses as shown in Table 1. For all 9 patients, there was no automatic
tube current modulation; therefore, a constant tube current and kilovol-
tage were used. For patients 1–5, scanned before 2011, the CT dose
index–volume (CTDIvol) was not reported since this quantity was not
a Food and Drug Administration requirement at the time. The CTDIvol
was calculated using the output values for a 32-cm phantom of
6.7 mGy/100 mAs in the center and 12.8 mGy/100 mAs at the periph-
ery for the Emotion Duo (13) and Biograph 6 (14) scanners. The pitch
factor could not be located in the DICOM header for scans from these
scanners, so we assumed it to be 1.0.

The CT dose to the fetus was based on the SSDE method used to cal-
culate organ dose (8,15–23). A recent study by Hardy et al. (24) showed
a reasonable accuracy (625%) with SSDE as a surrogate of fetal dose.
The normalized dose coefficient (NDC) scales the CTDIvol to make it
reflect the dose the patient actually receives. The NDC is calculated
directly from the patient size surrogates, which include the effective
diameter or water-equivalent diameter (DW). The preferred patient size
surrogate is the DW since it directly incorporates attenuation properties
from the patient scan. DW represents the diameter of a cylinder of water
that contains the same total x-ray attenuation as that contained within the
patient’s axial cross section and depends on both the cross-sectional area
of the patient and the attenuation of the contained tissues. The method of
calculating DW described in American Association of Physicists in Medi-
cine report 220 (12) was implemented using the following equation:

DW 5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4
p

CTðx, yÞ
1, 000

11

# "
3AROI

s
, Eq. 1

where CT represents the mean CT number within the reconstructed
field of view and AROI is the product of the number of pixels in the
region of interest (ROI) and the pixel area. Our ROI was inscribed
inside the reconstructed DICOM images for each patient. Since the
DICOM images are square matrices, we inscribed a circle inside
each DICOM image with a diameter equal to the entire width of the
image. DW was calculated from CT axial images as previously
described. Corrections were applied to images that were not recon-
structed at isocenter (25). In some cases, when the reconstructed
image center was not at isocenter, this ROI could contain padding
values of 23,024 Hounsfield units. Therefore, we applied a remap-
ping of all the values inside the circle used to calculate the mean CT
number, which mapped all signals equal to 23,024 to 21,000
Hounsfield units to simulate air. The use of padding values is com-
mon to most CT vendors, but the padding value may differ. Failure
to correct for this would decrease the DW values. We did not perform
any thresholding or connected-component analysis of the axial image
data before calculating DW. The DW uses the mean Hounsfield units
of the patient habitus, taking into consideration the attenuation prop-
erties of the patient. The DW was then used to calculate the NDC
using equation A-1 from the American Association of Physicists in
Medicine task group report 204, replicated in equation 2 here:

NDC5 a3 expð2b3DWÞ, Eq. 2

where constant a 5 3.70469 and constant b 5 0.03671937. The SSDE
is simply the product of the NDC and CTDIvol as shown in equation 3:

SSDE5NDC3CTDIvol, Eq. 3

where the CTDIvol for a 32-cm phantom was taken from the
patients’ dose reports. The average SSDE was taken along the

TABLE 1
Patient Data

Patient
no. System kV mA ms

Slice
thickness

(mm) Pitch CTDIvol
Weight
(kg)

Recon.
kernel

DW (cm)
Gestational
age (wk)

Patient
perimeter

(cm)

Topogram

Fetus Overall kV mA

1* Emotion Duo 130 79 800 5 1.0 6.74 74.5 B40s 34.9 33.6 17 92.5 130 30

2* Emotion Duo 130 47 800 5 1.0 4.01 66.7 B40s 37.0 35.3 33 102.4 130 30

3 Emotion Duo 130 47 800 5 1.0 4.01 53.9 B40s 33.0 32.4 12 81.4 NA

4 Emotion Duo 130 47 800 5 1.0 4.01 72.6 B40s 36.5 32.4 36 99.2 NA

5† Biograph 6 130 75 600 5 1.0 4.79 58.6 B30s 35.1 32.4 28 84.3 NA

6 Biograph 40 120 60 500 5 1.0 2.45 54.4 B30s 35.4 33.0 36 87.8 120 29

7‡ Biograph 40 120 40 500 2 1.0 1.63 69.0 I31f\5 37.4 33.6 14 99.2 120 20

8‡ Biograph 40 120 40 500 2 1.0 1.63 79.8 I31f\5 38.5 34.8 26 85.6 120 20

9§ Biograph 40 120 40 500 3 1.0 1.46 88.9 I30f\3 39.1 33.5 20 109.0 120 20

10* Emotion Duo 130 156 800 5 1.0 13.35 68.1 B40s 0 35.43 Postpartum 92.1 130 30

11§ Biograph 6 130 164 600 4 1.0 12.65 88.53 B31s 0 37.42 Postpartum 111.1 NA

12‡ Biograph 40 120 84 500 3 1.0 2.98 74.39 I30f\3 0 37.10 Postpartum 103.2 120 35

13† Biograph 6 130 162 600 4 1.0 9.73 62.4 B30s 0 34.97 Postpartum 92.09 NA

14† Biograph 6 130 182 600 4 1.0 10.49 59.9 B30s 0 34.66 Postpartum 86.94 NA

*Same patient scanned at 17 wk, 33 wk, and in postpartum period.
†Same patient was scanned at 28 wk and twice in postpartum period.
‡Same patient was scanned at 14 wk, 26 wk, and in postpartum period.
§Same patient was scanned at 20 wk and in postpartum period.
Recon. 5 reconstruction; NA 5 not applicable.
Patients 8 and 9 are same patient who came in for 2 separate scans.
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length of the fetus. The absorbed dose to the uterus was used as a
surrogate for the absorbed dose to the embryo/fetus as is common
practice in medical radiation dosimetry (22,23). The CT localizer
radiograph (or topogram) technique (kVp and mA) is reported in
Table 1. The dose range for the topograms was 0.08–0.13 mGy.

TABLE 2
18F-FDG Uptake MIRD Calculation Using RADAR with Interpolation Between 12, 24, and 36 Weeks

Patient
no.

Gestational
age (wk) SSDE (mGy)

18F-FDG fetal
self-dose (mGy)

18F-FDG fetal
total dose (mGy)

SSDE 1
18F-FDG fetal

self-dose (mGy)

Fetal self-dose
to total fetal
dose (%)

1 17 6.9 1.28 1.38 8.2 92.8

2 33 3.8 0.0063 0.0099 3.8 63.6

3 12 4.4 2.18 2.35 6.6 93.6

4 36 3.9 0.0017 0.0034 3.9 50.0

5 28 4.9 0.014 0.021 4.9 67.6

6 36 2.0 0.0017 0.0034 2.0 50.0

7 14 1.2 1.82 1.96 3.0 92.9

8 26 1.2 0.0017 0.025 1.2 68.0

9 20 1.0 0.74 0.80 1.7 92.2

10 Postpartum 13.47 4.9 (12) 5.2 (12) 18.37 (12) 92.8 (12)

0.045 (24) 0.065 (24) 13.52 (24) 68.5 (24)

0.0038 (36) 0.0075 (36) 13.47 (36) 51.2 (36)

11 Postpartum 11.87 9.2 (12) 9.9 (12) 21.07 (12) 92.8 (12)

0.085 (24) 0.12 (24) 11.96 (24) 68.5 (24)

0.0073 (36) 0.014 (36) 11.88 (36) 51.2 (36)

12 Postpartum 2.83 5.0 (12) 5.4 (12) 7.83 (12) 92.8 (12)

0.046 (24) 0.067 (24) 2.88 (24) 68.5 (24)

0.0039 (36) 0.0077 (36) 2.84 (36) 51.2 (36)

13 Postpartum 9.99 5.1 (12) 5.4 (12) 15.09 (12) 92.8 (12)

0.047 (24) 0.068 (24) 10.04 (24) 68.5 (24)

0.0040 (36) 0.0078 (36) 9.99 (36) 51.2 (36)

14 Postpartum 10.89 5.3 (12) 5.7 (12) 16.19 (12) 92.8 (12)

0.049 (24) 0.071 (24) 10.94 (24) 68.5 (24)

0.0042 (36) 0.0082 (36) 10.89 (36) 51.2 (36)

Injection activity for postpartum scans was used to calculate fetal dose at 12, 24, and 36 wk as indicated in parentheses.

TABLE 3
SUVmean, SUVmax, and 95th Percentile SUV over Entire

Fetal Volume

Patient
no.

Gestational
age (wk) SUVmean SD* SUVmax

95th
percentile

SUV

1 17 2.30 0.98 7.67 4.20

2 33 4.61 0.98 9.13 6.51

3 12 1.28 0.31 2.64 1.8

4 36 2.71 1.02 9.36 5.18

5 28 2.11 1.01 6.61 4.08

6 36 2.50 1.18 11.71 4.80

7 14 1.24 0.73 7.83 2.66

8 26 1.73 1.45 15.03 4.49

9 20 1.62 0.85 7.28 3.27

*Summed in quadrature.
FIGURE 1. 18F-FDG fetal self-dose to fetal total dose from organs of
patient.
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18F-FDG Fetal Dose Estimation
The 18F-FDG dose administered for all 9

patients in this study was 130 MBq (3.5 mCi).
At the time of the injection, the physicians
knew that the patients were pregnant, which is
the reason for such a low injection dose. All
pharmacokinetic and dosimetric estimates for
18F-FDG, including placental crossover, are
shown in Table 2 (26).

For 18F-FDG dose calculations, the fetuses
in the first, second, and third trimesters were
rounded to gestational ages of 3, 6, and 9 mo.
The 18F-FDG fetal self-dose and total dose
from both maternal organs and the fetal self-
dose were calculated using a table of specific
absorption fractions (27) for the following
organs: adrenals, brain, breasts, gallbladder
wall, lower large intestine wall, small intes-
tine, stomach, upper large intestine wall, heart
wall, kidneys, liver, lungs, muscle, ovaries,
pancreas, red marrow, bone surfaces, skin,
spleen, thymus, thyroid, urinary bladder wall,
uterus, fetus, and placenta.

The SUV is a simple metric for assessing
the amount of activity present in the fetus.
The SUV was determined using Hermes soft-
ware by drawing a contour ROI about the
fetus in all slices of the PET image where the
fetus was present. The mean, maximum, and

peak (95% percentile) values were determined over the entire volume
of the fetus.

Statistical Analysis
The fetal dose estimates were tested for correlation with each of the

following independent measures: gestational age, fetal volume, average
DW of the patient along the length of the fetus, SSDE, SUV, and per-
centage of dose from 18F-FDG. Stepwise multiple linear regression
analysis was performed to assess the partial correlation of each variable.

RESULTS

All data were collected under an institutional review board–ap-
proved protocol in a retrospective manner in which the need for
patient consent was waived. Table 3 shows the following informa-
tion gathered from the PET scan: SUVmean, SD, SUVmax, and 95th
percentile SUV, all over the entire volume of the fetus. Table 2
shows the SSDE for 4 cases after 2011, the 18F fetal self-dose, 18F
fetal total dose, total dose from SSDE and 18F to fetus, and per-
centage of fetal self-dose to total dose. Figure 1 shows the 18F-
FDG fetal self-dose to fetal total dose from organs, including the
fetus, of the patient.

DISCUSSION

To our knowledge, this was the largest series of pregnant
patients for whom fetal radiation dose from 18F-FDG and SSDE
was calculated. Our data add considerably to the existing literature
about fetal radiation exposure from 18F-FDG PET and CT dose
studies of pregnant patients. These patients were not accidentally
exposed to 18F-FDG during their pregnancy but rather underwent
intentional studies that were performed after adequate consideration
of the risks and benefits of 18F-FDG PET in these pregnant patients
with malignancy. 18F-FDG is known to cross the placental mem-
brane and accumulate in the fetus (8,22,28–30), and we were able
to clearly identify 18F-FDG activity in the fetus inside the gravid

7.0

0.0

7.0

0.0

FIGURE 2. Examples of single PET (left), CT (middle), and PET/CT (right)
images for 6 patients in cohort with high concentration of 18F-FDG in fetal
heart at gestational ages (from top to bottom) of 12 wk, 20 wk (second
and third from top), and 36 wk (bottom three) to demonstrate first trimes-
ter, second trimester, and third trimester pregnancies, respectively.
18F-FDG uptake in fetus is seen in PET images.

7.0

0.0

7.0

0.0

Coronal PET Sagittal PET Axial PET

Coronal fused PET/CT Sagittal fused PET/CT Axial fused PET/CT

FIGURE 3. Example of concentrated uptake of 18F-FDG in fetal heart (arrows) for patient in second
trimester at 20 wkT.
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uterus, confirming the ability of 18F-FDG to cross the placenta and
accumulate in the fetus. There is no scientific literature documenting
fetal toxicity associated with 18F-FDG in pregnant women or nonhu-
man primates. All our patients delivered healthy babies at term.
For visual inspection, Figure 2 shows examples of a single CT

and corresponding PET image of the fetus for pregnant patients in
the first, second, and third trimesters.
Our results show that fetal doses from a combined dose from

18F-FDG and SSDE range from 1.2 to 8.2 mGy and that the SSDE
alone ranges from 1.0 to 2.0 mGy, as shown in Table 2. These
doses are significantly below the threshold of 50–100 mGy consid-
ered for deterministic effects to the fetus, although fetal dose in
this range does not conclusively result in an adverse impact on the
fetus (31). Generally, most of the diagnostic studies performed
during a mother’s pregnancy are below this threshold. However,
there is no threshold for stochastic effects, but a discussion about
the probability of various deterministic and stochastic effects
occurring because of fetal exposure to radiation from CT or 18F-
FDG PET in pregnancy is beyond the scope of this article.

It is not uncommon for a pregnant
mother to be imaged using CT by itself.
According to a large, multicenter study of
advanced medical imaging in pregnancy.
The CT imaging rates in the United States
increased from 2.0 examinations per 1,000
pregnancies in 1996 to 11.4 per 1,000 preg-
nancies in 2007, remained stable through
2010, and decreased to 9.3 per 1,000 preg-
nancies by 2016 (32). Fetal dose estimates
from CT have been based primarily on
Monte Carlo simulations of geometric
patient models. One method is the
CTExpo software (version 1.5.1; Medizi-
nische Hochschule) (32), in which organ
dose estimates are based on simulations
performed by Zankl et al. at the German
National Research Center, with the Eva
geometric phantom model representing a

standard-sized female patient (3,4). Felmlee et al. demonstrated esti-
mates of CT dose index using Monte Carlo simulations on an
anthropomorphic phantom (5). Using Monte Carlo simulations,
Ratnapalan et al. (33) and Lazarus et al. (34) reported that normal-
ized fetal CT dose ranges from 7.3 to 14.3 mGy/100 mAs and that
mean dose is 17.1 mGy (range, 8–44 mGy), respectively.
Goldberg-Stein et al. looked at a series of 54 patients and estimated
mean fetal dose to be 24.8 mGy (range, 6.7–56 mGy) (35). Doses
to the fetus from a single-acquisition abdominal–pelvic CT exami-
nation have ranged between 10 and 50 mGy in phantom and clini-
cal studies. Hurwitz et al. (36) estimated fetal dose as 1.52–3.22
cGy using physical measurements from internal dosimeters in an
anthropomorphic phantom that was modified to represent a newly
pregnant patient and a patient who was 3 mo pregnant. Since the
patients in our study were known to be pregnant before the scan,
the scanner technique may have been set to give the lowest possi-
ble CTDIvol, which was indicative of the automatic exposure con-
trol’s being turned off. Although CTDIvol is often provided, the
uniform cylindric phantom does not represent the gross anatomy of

a pregnant patient. SSDE, a quantity that
describes the absorbed dose to the patient,
scales the CTDIvol with a factor based on
the patient’s size and attenuation (12,37).
This metric will be required to be reported
by vendors soon, though it will likely be an
average SSDE over the entire patient range.
Hardy et al. (24) calculated the CTDIvol–
to–fetal-dose coefficients for tube current–
modulated and fixed tube current CT
examinations of pregnant patients of various
gestational ages and reported the SSDE.
To estimate SSDE to an organ, Moore
et al. (23) provided a method that utilized
the conversion factor for the uterus. Exist-
ing methods to estimate fetal dose for preg-
nant patients undergoing CT examinations
assume early term pregnancy in a single-
sized patient model with an average, non-
varying maternal anatomy. These dose
estimates do not consider natural variations
such as fetal presentation and gestational
age. Differences in these attributes can
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FIGURE 4. Example of concentrated uptake of 18F-FDG in fetal heart (arrows) for patient in second
trimester at 26 wk.
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FIGURE 5. Example of concentrated uptake of 18F-FDG in fetal heart (arrows) for patient in second
trimester at 28 wk (entering third trimester).
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cause overestimation or underestimation of up to 100% (38). Angel
et al. (39) used Monte Carlo simulations to estimate fetal dose in
CT for a range of gestational ages and patient sizes and found no
significant correlation between gestational age and fetal dose. For
various fetal ages and maternal body habitus, the fetal dose esti-
mates were between 1.1 and 21.9 mGy for CT.

18F-FDG PET studies of pregnant patients are extremely uncom-
mon, and even 18F-FDG PET studies accidentally performed on preg-
nant patients are rare (6–11). Because adequate and accurate data
regarding 18F-FDG uptake by the fetus are not available other than
the very few case reports of accidental exposure, it is difficult to get

an estimate of fetal radiation exposure from
18F-FDG PET in pregnant patients. As a
result, most estimates of fetal dose from 18F-
FDG PET are based on models of exposure
of the fetus to radiation from the mother and
do not consider self-dose from the fetus itself.
Those studies that have been published are
based mostly on data from nonhuman pri-
mates and mathematic models (8–11).
Recent case reports by Zanotti-Fregonara
et al. (28,40) have raised the possibility that
18F-FDG dose to the fetus in early preg-
nancy may be higher than estimated by cur-
rent dosimetric standards. Hence, there is a
need to have more data to establish the accu-
rate fetal dose exposure. A few studies have
looked at fetal dose from mothers having a
PET scan using 18F-FDG (41–44). The Soci-
ety of Nuclear Medicine and Molecular
Imaging has provided a nuclear medicine
radiation dose tool for 18F-FDG examina-
tions for different patient models, including
pregnant women in the early stage of preg-
nancy and at 3, 6, and 9 mo into pregnancy.

This model provides 2 dosimetry tables (45,46) to perform these cal-
culations, and the user inputs the initial activity. The first is from
International Commission on Radiological Protection (ICRP) publi-
cation 128 (2015), which bases its dosimetry model on anthropomor-
phic phantoms and bases its effective doses on organ-weighting
factors from ICRP publication 60. The tables contain a mix of pub-
lished estimates from ICRP (publications 53, 80, and 106) and
dosimetry provided by Stabin et al. (26). The second is dose esti-
mates from the Radiation Dose Assessment Resource (RADAR)
(2017) generated using a set of anthropomorphic phantoms (26)
based on the recommended body and organ masses given in ICRP

publication 89 (2003). This study uses PET
scans of pregnant patients to calculate the
SUV, fetal self-dose, and total fetal dose
from the organs of the patient, and from our
findings, we determined that 18F-FDG dose
is exceedingly low. The fetal heart contains
the highest concentration of 18F-FDG
uptake, as shown in Figures 3–7, which
show examples of 18F-FDG in the fetal
heart for patients in their second and third
trimesters. Supplemental Figure 1 shows a
patient who is well into her third trimester
with 18F-FDG in the fetal heart, like that
shown in Figure 7 (supplemental materials
are available at http://jnm.snmjournals.org).
Figure 2A shows a higher concentration of
18F-FDG uptake in the fetal heart.
For PET/CT, the total estimated radia-

tion dose to the fetus is the sum of CT
exposure, maternal g-irradiation, and fetal
b- and g-irradiation. One method for cal-
culating fetal dose estimates for CT is the
ImPACT CTDosimetry dose calculator
(CTDosimetry.xls, version 0.99; ImPACT)
(47), which is based on Monte Carlo
simulations performed by the National
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FIGURE 6. Example of concentrated uptake of 18F-FDG in fetal heart (arrows) for patients well into
third trimester at 33 wk.
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FIGURE 7. Example of concentrated uptake of 18F-FDG in fetal heart (arrows) for patients well into
third trimester at 36 wk.
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Radiological Protection Board (48) with a geometric MIRD phan-
tom model (49).
A limitation to our study is that, although we believe our sample

of pregnant patients to be the largest ever reported, it is still rela-
tively small. Another limitation is that we considered the fetus to
be an oval shape in PET images for calculating SUV. It was diffi-
cult to contour the perimeter of the fetus, especially for the first tri-
mester; however. this oval was confined as much as possible to the
fetus for each PET slice. We also rounded the gestational age
upward to 3, 6, and 9 mo for the MIRD calculations. Lastly, we did
not attempt to estimate the dose uncertainties for this study.

CONCLUSION

To our knowledge, this was the first study to determine fetal doses
from CT and PET images of pregnant patients. These types of images
from pregnant patients are rare. Fetal self-dose from 18F for the first,
second, and third trimesters was 2.18, 0.74–1.82, and 0.017–0.0017
mGy, respectively. The range of SSDE for the CT scan and fetal self-
dose for the PET scan was 1.2–8.2 mGy. Our data indicate that fetal
radiation exposure from 18F-FDG PET and CT performed, when
medically necessary, on pregnant women with cancer is low. All
efforts should be made to minimize fetal radiation exposure while
maintaining diagnostic accuracy by modifying the protocol.
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KEY POINTS

QUESTION: Is there a risk to the fetus for pregnant patients
undergoing a PET/CT scan?

PERTINENT FINDINGS: In a study involving 9 pregnant patients
who underwent PET/CT, our data suggest that the fetal radiation
exposure from 18F-FDG PET and CT performed, when medically
necessary, on pregnant women with cancer is low. The fetal
self-dose from 18F-FDG for the first, second, and third trimesters
was 2.18, 0.74–1.82, and 0.017–0.0017 mGy, respectively, and
the range of SSDE and fetal self-dose was 1.2–8.2 mGy.

IMPLICATIONS FOR PATIENT CARE: Although use of PET/CT
on pregnant patients is not encouraged, the data suggest that if a
scan is needed to assess the health of the patient, the dose to the
fetus would not put the fetus at risk. All efforts should be made to
minimize fetal radiation exposure by modifying the protocol.
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There remains an unmet need for molecularly targeted imaging agents
for multiple myeloma (MM). The integrin very late antigen 4 (VLA4), is
differentially expressed in malignant MM cells and in pathogenic
inflammatory microenvironmental cells. [64Cu]Cu-CB-TE1A1P-LLP2A
(64Cu-LLP2A) is a VLA4-targeted, high-affinity radiopharmaceutical
with promising utility for managing patients diagnosed with MM.
Here, we evaluated the safety and human radiation dosimetry of
64Cu-LLP2A for potential use in MM patients.Methods: A single-dose
[natCu]Cu-LLP2A (Cu-LLP2A) tolerability and toxicity study was per-
formed on CD-1 (Hsd:ICR) male and female mice. 64Cu-LLP2A was
synthesized in accordance with good-manufacturing-practice–com-
pliant procedures. Three MM patients and six healthy participants
underwent 64Cu-LLP2A-PET/CT or PET/MRI at up to 3 time points to
help determine tracer biodistribution, pharmacokinetics, and radiation
dosimetry. Time–activity curves were plotted for each participant.
Mean organ-absorbed doses and effective doses were calculated
using the OLINDA software. Tracer bioactivity was evaluated via cell-
binding assays, and metabolites from human blood samples were
analyzed with analytic radio–high-performance liquid chromatogra-
phy. When feasible, VLA4 expression was evaluated in the biopsy tis-
sues using 14-color flow cytometry. Results: A 150-fold mass excess
of the desired imaging dose was tolerated well in male and female
CD-1 mice (no observed adverse effect level). Time–activity curves
from human imaging data showed rapid tracer clearance from blood
via the kidneys and bladder. The effective dose of 64Cu-LLP2A in
humans was 0.0366 0.006mSv/MBq, and the spleen had the highest
organ uptake, 0.142 6 0.034 mSv/MBq. Among all tissues, the red
marrow demonstrated the highest residence time. Image quality analy-
sis supports an early imaging time (4–5 h after injection of the radio-
tracer) as optimal. Cell studies showed statistically significant blocking
for the tracer produced for all human studies (82.42% 6 13.47%).
Blood metabolism studies confirmed a stable product peak (.90%)
up to 1 h after injection of the radiopharmaceutical. No clinical or labo-
ratory adverse events related to 64Cu-LLP2A were observed in the
human participants. Conclusion: 64Cu-LLP2A exhibited a favorable
dosimetry and safety profile for use in humans.

Key Words: radiochemistry; radiopharmaceuticals; dosimetry; first-
in-humans; safety; translational imaging
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Recent advances in molecularly targeted radiopharmaceuticals
have been nothing short of transformative. In oncology, PET imaging
using molecularly targeted radiolabeled molecules is a vital approach
toward managing patients effectively and improving outcomes. Wide-
spread development of diverse disease-specific small molecules, pep-
tides, and antibodies as imaging vectors has thrust discovery of new
oncogenic molecular mechanisms and biomarkers.
PET imaging performed with the metabolic radiopharmaceuti-

cal, 18F-FDG, has been the leading nuclear medicine tracer for
oncologic studies, as demonstrated by its wide availability and fre-
quent use (1). Of note, as compared with solid tumors, in hemato-
logic malignancies 18F-FDG PET/CT remains the mainstay for
imaging of extramedullary infiltration, relapse, and assessment of
inflammatory activity in leukemia as well as in 18F-FDG–avid
lymphoma (2). There is increasing evidence of superior accuracy
when nuclear imaging is synergized with liquid biopsies (3). Multiple
myeloma (MM) is the second most common hematologic cancer, can
cause debilitating end-organ symptoms, and remains largely incur-
able. It is a disease of malignant plasma cells that originate in the
bone marrow (BM). Myeloma is commonly preceded by either or
both precursor states: monoclonal gammopathy of undetermined sig-
nificance and smoldering MM. Although the precursor states are not
symptomatic; they are not benign either, and they present with a vari-
able progression rate to overt myeloma. The unstable genome (4);
inter-, intra-, and spatial tumoral heterogeneity (5); and age, race, and
immunosuppressive BM microenvironment all contribute to the com-
plexity and nonuniformity of myeloma pathogenesis. Consequently,
the therapy options for MM encompass a combination of corticoste-
roids, immunomodulatory agents, proteasome inhibitors, immune-
and cell-based therapies, and BM transplantation (6).
One of the overt features of MM is the presentation of diffuse

infiltration and punctate focal lesions in the BM (7). Molecular
PET and functional MRI are highly informative in the manage-
ment of patients with MM, from initial diagnosis to therapy and
longitudinal tumor monitoring (8), especially in the context of
bone and BM involvement (9). Anatomic and functional imaging

Received May 4, 2022; revision accepted Aug. 11, 2022.
For correspondence or reprints, contact Farrokh Dehdashti (dehdashtif@

wustl.edu) or Monica Shokeen (mshokeen@wustl.edu).
*Contributed equally to this work.
Published online Aug. 25, 2022.
Immediate Open Access: Creative Commons Attribution 4.0 International

License (CC BY) allows users to share and adapt with attribution, excluding
materials credited to previous publications. License: https://creativecommons.
org/licenses/by/4.0/. Details: http://jnm.snmjournals.org/site/misc/permission.
xhtml.

COPYRIGHT© 2023 by the Society of Nuclear Medicine andMolecular Imaging.

320 THE JOURNAL OF NUCLEAR MEDICINE ! Vol. 64 ! No. 2 ! February 2023



play a forefront role in the detection of minimal residual disease
and relapse and in therapy response as well (10). 18F-FDG PET/
CT works adequately in patients in whom 18F-FDG–avid myeloma
lesions manifest (11). Despite its frequent use in the clinic, a
known limitation of 18F-FDG PET in MM is the inconsistent
expression of glucose transporter 1 and hexokinase 2 enzyme in
myeloma cells (12). 18F-FDG uptake can additionally change dur-
ing the course of disease progression and after therapy (12,13).
Collectively, the tumor microenvironment in MM can significantly
affect 18F-FDG signal specificity in the BM, leading to either an
overestimation or an underestimation of disease burden. Therefore,
development of new molecularly targeted tracers for imaging and
therapy of MM that can supplement these limitations is the logical
next step. It is encouraging to witness an exciting array of new tracers
(14) in MM targeted toward metabolism and altered proteins such as
CD38, CXCR4, and BCMA (15–18).
Myeloma cells thrive on the pathogenic interactions with the cel-

lular and noncellular components of the BM. One of the molecules
that contributes significantly to the vicious cycle of the MM–BM
interaction is the integrin very late antigen 4 (VLA4). VLA4 is over-
expressed on MM cells relative to other cells and is an established
marker of cell adhesion–mediated drug resistance. We recently de-
scribed the transcriptomic and biologic effects of VLA4 modulation
in myeloma cells (19). Encouragingly, there is a well-characterized
preclinical PET probe, [64Cu]Cu-CB-TE1A1P-LLP2A (64Cu-
LLP2A), specific to the activated conformation of VLA4 (20,21).
We have previously demonstrated the utility of 64Cu-LLP2A-PET
in diverse human and mouse models of MM (19,22–24).
After rigorous characterization; in vitro and in vivo evaluations;

and rodent dosimetry, toxicity, and safety studies, we initiated and
completed the first-in-humans evaluation of 64Cu-LLP2A with the
primary goal of evaluating the safety and dosimetry of this tracer.
The secondary goal was to determine the optimal imaging time point
in humans. Furthermore, this foundational study informs optimization
of the next generation of VLA4-targeted radiotracers for achieving a
precise signal-to-background ratio in the BM.

MATERIALS AND METHODS

LLP2A-CB-TE1A1P (LLP2A) peptide was purchased from Auspep
Pyt (Tullamarine). All other chemicals were purchased from Sigma
Aldrich unless otherwise noted. 64Cu was purchased from Washington
University School of Medicine and was produced on a TR-19 biomed-
ical cyclotron (Nuclear System Co.) at the Washington University
School of Medicine. The institutional review board approved the
study, and all participants gave written informed consent. All data in
the tables and all radiopharmaceutical doses mentioned are correct.

Good-Manufacturing-Practice–Compliant Synthesis of
64Cu-LLP2A for Human PET Imaging

64Cu-LLP2A was synthesized according to the good-manufactur-
ing-practice–compliant procedure in a chemistry hot cell. Details are
provided in the supplemental materials and Supplemental Figure 1
(supplemental materials are available at http://jnm.snmjournals.org).

Prerelease and Postrelease Quality Control Specifications
64Cu-LLP2A was released for clinical use after prerelease quality

control specifications were met. Pre- and postrelease conditions are
described in the supplemental materials and Supplemental Figure 2.

Preclinical Studies
Cell Uptake Assay. A whole-cell uptake assay was performed as

previously described to calculate the percentage specific uptake of

64Cu-LLP2A in the murine MM cell line, 5TGM1 (24). Additional
details are provided in the supplemental methods.
Toxicity Studies on Mice. The toxicity of [natCu]Cu-LLP2A (Cu-

LLP2A) was evaluated in male and female CD-1 IGS mice. Details
are in the supplemental methods.

Clinical Studies
Patient Population. We studied 6 healthy participants and 3 par-

ticipants with a confirmed diagnosis of MM (Table 1). This study
(NCT03804424) was approved by the Institutional Review Board and
the Radioactive Drug Research Committee at Washington University
School of Medicine and was conducted under investigational new
drug application 136782 submitted to the U.S. Food and Drug Adminis-
tration. All patients gave written informed consent before participation.
The inclusion criteria for patients with MM included an age of 18 y or
older and clinically or pathologically defined MM in accordance with the
criteria of the International Myeloma Working Group. All types of active
myeloma were eligible, including both newly diagnosed and previously
treated. Healthy volunteers were eligible if the study principle investigator
assessed them as being healthy, if they were at least 18 y old, and if they
had no known hematologic disorder (e.g., anemia or leukemia).

For safety evaluation, the vital signs of all participants were mea-
sured (blood pressure, heart and respiratory rate, and temperature) and
they underwent clinical laboratory testing (standard hematologic and
comprehensive metabolic panels that included measurement of hemoglo-
bin, white blood cells, neutrophils, lymphocytes, platelets, creatinine,
blood urea nitrogen, calcium, sodium, potassium, carbon dioxide, alanine
transaminase, aspartate aminotransferase, alkaline phosphatase, total bili-
rubin, and albumin), urinalysis, and electrocardiography before 64Cu-
LLP2A administration and at 60 min after injection or before discharge.
All participants were additionally monitored for adverse reactions (e.g.,
dyspnea, chest tightness, fever, and rigors) during administration of 64Cu-
LLP2A.
PET Imaging Procedures. PET imaging was performed with a

Siemens mMR, Biograph 40HD PET/CT, or Biograph Vision scanner.
The scanners were independently calibrated against a National Institute
of Standards and Technology–traceable 68Ge source and then were cross
calibrated to the dose calibrator using an F08 water cylinder. Participants
entering the study were asked to undergo 64Cu-LLP2A-PET at up to 3
separate time points to calculate human dosimetry. Two of the MM par-
ticipants underwent 64Cu-LLP2A-PET/MRI, and one of the MM partici-
pant underwent 64Cu-LLP2A-PET/CT. All healthy participants underwent
64Cu-LLP2A-PET/MRI, and 1 healthy participant underwent CT (64Cu-
LLP2A-PET/CT) at the third imaging time point. All participants were
injected with 64Cu-LLP2A at median dose of 352.24 MBq (range,
247–433 MBq). Three participants underwent a single-station 60-min
dynamic study immediately after administration of 64Cu-LLP2A over the
known site of the tumor (1 MM participant) or over the lower lumbar
spine and pelvis (2 healthy participants). Dynamic imaging was followed
by static body imaging (typically mid brain to lower thighs) at 2 time
points. The remaining 6 participants did not undergo dynamic imaging
but rather underwent static body imaging at 3 time points between 0 and
26 h after injection. 64Cu-LLP2A-PET/MR or PET/CT images were eval-
uated to determine the imaging time after administration of 64Cu-LLP2A
that yields the best-quality images and the best tumor-to-nontumor ratio
for visual and quantitative analysis of the images. 64Cu-LLP2A-PET
images were correlated with all available imaging studies to assess lesion
uptake of 64Cu-LLP2A in known lesions seen on the radiologic studies.

PET/MRI in all participants consisted of a 2-point DIXON MRI for
attenuation correction and body emission scans (2–5 min per bed posi-
tion). In all participants who underwent simultaneous PET/MRI, addi-
tional sequences were performed: T1-weighted turbo-spin echo (TSE),
T2-weighted fat suppression post-contrast imaging, diffusion-weighted
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imaging (DWI)/apparent diffusion coefficient (ADC) dynamic imag-
ing, and contrast-enhanced (DCE) imaging.

PET/CT consisted of a spiral CT scan for attenuation correction
(120 kVp, 50 effective mAs at a 4-mm slice thickness) from the top of
the skull through the upper thighs with the subject supine. Emission
images beginning at the skull and proceeding through the lower thighs
were obtained (at a rate of 1–10 min per bed position, depending on
the time after injection) over 6–7 bed positions with a total imaging dura-
tion of no more than 1 h. Images were reconstructed with 3-dimensional
ordered-subsets expectation maximization with 3 iterations, 21 subsets,
and a postreconstruction gaussian filter of 4 mm.
Image Analysis. Two nuclear medicine physicians and 1 physicist

reviewed the images. Similar findings were found by all 3 reviewers,
independently. The quantitative analysis was performed primarily by 1
individual, with cross-validation and contributions from the other 2
experts. PET images of the healthy participants were evaluated to assess
the biodistribution of 64Cu-LLP2A. The images of the patients diagnosed
with MM were evaluated qualitatively in comparison with the healthy
participants with the following grading scale: no uptake (tumor # back-
ground), minimal uptake (tumor 5 background), moderate uptake
(tumor . background), and intense uptake (tumor @ background). The
images were evaluated semiquantitatively by measurement of the

tumor SUVmax. A region of interest was drawn around the entire lesion,
with knowledge of the tumor location. In patients with no focal lesions
and positive BM biopsy results for the iliac bone for MM, we deter-
mined SUVmax, SUVmean, and the iliac bone (or tumor)–to–spleen (and
liver) ratio. The SUV for BM uptake was measured as the average of
lumbar vertebrae 3–5 in most participants (supplemental materials).
For radiation dosimetry estimation, volumes of interest (VOIs) were
traced on the organs on the PET images with visible uptake. The liver,
spleen, and kidney average organ activity concentration was measured
by drawing a VOI that encompassed most of the organs as visible on
the PET images at each imaging time point. The blood-pool activity
was measured from a VOI traced with the left ventricle of the heart.
Red marrow activity was measured from the tracer’s VOIs on the mar-
row uptake seen on lumber vertebrae 2–4. The total organ activity was
then scaled by the standard male or female organ masses as defined by
the International Commission on Radiological Protection (25). Total
urinary bladder content was measured from a VOI encompassing the
whole bladder as seen on the PET images.
Organ Time-Integrated Activity and Radiation Dose. Organ

time-integrated activity was calculated on a per-patient basis by ana-
lytic integration of mono- or dual-exponent fits for the liver, spleen,
kidneys, marrow, and blood-pool time–activity curves. The heart

TABLE 1
Participant Characteristics

Subject
no. Sex Age (y) Weight (kg)

Dose
injected
(MBq) Scanner Participant status*

Preinjection mDRD
glomerular filtration

rate† (mL/min/1.73 m2)

MMDN01 F 44 68 257.5 mMR Healthy 69.8

MMDN02 M 30 90.7 357 mMR Healthy 82

MMDN03 F 25 61.2 347 mMR; Bio40
PET/CT

Healthy 76.3

MMDN04 F 25 63 370 mMR Healthy 90

MMDN05 M 25 77.1 433 mMR Healthy 112.9

MMDN06 F 27 66.7 361.5 mMR Healthy 91.3

MMDM01 F 83 54 377 mMR MM: untreated; plasma
cell burden, 24%;
ISS, I; R-ISS, II;
subtype, IgA k;
cytogenetics, t
(14,16)

70.5

MMDM02 M 63 77.1 366 mMR MM: untreated; plasma
cell burden, 22%;
ISS, UNK; R-ISS,
UNK; subtype, IgG k;
no high-risk
abnormalities

52.5

MMDM03‡ M 68 136.1 301.2 Vision
PET/CT

MM: relapsed; plasma
cell burden, 20%;
ISS, 3; R-ISS, 3;
subtype, IgG l;
cytogenetics, t (4,14)

40.3

*MM status includes BM plasma cell infiltration, clinical parameters, disease stage, and subtype.
‡Prior treatments for MMDM03 include (1) bortezomib, lenalidomide, and dexamethasone; melphalan autologous stem cell

transplantation; and lenalidomide maintenance; (2) lenalidomide and dexamethasone; daratumumab, bortezomib, and dexamethasone;
and pomalidomide and dexamethasone; (3) daratumumab, carfilzomib, and dexamethasone; and (4) elotuzumab, pomalidomide, and
dexamethasone.

†Glomerular filtration rate reference: https://www.mdcalc.com/mdrd-gfr-equation.
mDRD 5 modification of diet in renal disease equation; ISS 5 MM international staging system; R-ISS 5 revised MM international

staging system; UNK 5 unknown.
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content time-integrated activity was computed from the blood time-
integrated activity and the total blood volume and heart chamber
volume for the adult male or female as defined in International Com-
mission on Radiological Protection publication 106 (25). The cumula-
tive urine data (from both imaging and urine collection) were plotted
as a function of time and were fitted for each patient with an uptake
function of the form (A 5 A0(1 2 exp(2A1 t)), where A0 is the filling
fraction and A1 is related to the filling half-life by the relation ln(2)/A1.
The filling fraction and filling half-life were then entered in the MIRD
bladder voiding model along with a voiding interval of 2 h to yield the
bladder content time-integrated activity (26). Aggregated time–activity
curves are presented in Figure 1. The male and female radiation doses,
the average organ radiation doses per sex, and the effective dose were
generated (Table 2). The organ residence times calculated from the
human dosimetry data are presented in Table 3. Additional details are
included in the supplemental materials.
Blood Metabolism Study. To determine the stability of 64Cu-

LLP2A and to measure the metabolites of 64Cu-LLP2A in human
samples, whole blood samples were collected and analyzed by analytic
radio–high-performance liquid chromatography. Additional details are
in the supplemental methods.
Flow Cytometry Study. Two of the 3 participants with MM agreed

to provide blood and BM samples for an institutional banking study of
plasma cell dyscrasias. For this study, a sample from one of the MM
patients was analyzed. Details are provided in the supplemen-
tal methods.

Statistical Analysis
Student t tests were used to evaluate differences in tracer uptake

between patients with MM and healthy participants. Demographic
and clinical characteristics were summarized by descriptive statistics.
A P value of less than 0.05 was deemed statistically significant.

RESULTS

Cell-Binding Assays
The whole cell uptake of 64Cu-LLP2A at 37"C in VLA4-

expressing 5TGM1 cells was determined as part of the postrelease
quality control after each radiolabeling study. Cell uptake of 64Cu-
LLP2A was significantly reduced in the presence of the blocking
agent (unlabeled LLP2A) (n 5 9; percentage blocking, 82.42 6

13.47) (Supplemental Fig. 3).

Animal Toxicity Studies
A single intravenous injection of 0.0103 mg of Cu-LLP2A per

mouse was well tolerated in male and female CD-1 IGS mice and
was considered a level with no observed adverse effects (Supplemen-
tal Fig. 4). Additional details are provided in the supplemental results.

Human Imaging
Six healthy volunteers and 3 participants with a confirmed MM

diagnosis (median age, 30 y; range, 25–83 y) participated in the
study. On the basis of no-observed-adverse-effect-level data, the
maximum administered amount of VLA4-targeted radiotracer,
64Cu-LLP2A, was calculated to be 15 mg, and the mean radioactivity
administered per patient was 352.24 MBq (9.5mg), with a maximum
specific activity of 572.7 MBq/nmol. The radiochemical purity of
more than 90% was confirmed by radio–high-performance liquid
chromatography for all participant imaging sessions.
Qualitative analysis showed that the best-quality images were

obtained between 1 and 5 h after injection of the radiotracer. The
images that were collected the next day, typically at around 24 h,
were of relatively lower counts and higher image noise (Fig. 2).
At an average of 240 min, the mean 6 SD for the SUVmax of iliac
bones in healthy volunteers (n 5 5) was 12.05 6 2.0, whereas it
was 25.62 6 9.38 for myeloma patients (n 5 3) (2-tailed; P ,
0.03) (Fig. 3). The BM SUVmax was measured as the average of
lumbar vertebra 3–5 for most patients (Supplemental Fig. 5). Two
participants had a new diagnosis of MM; both had negative find-
ings on 18F-FDG PET/CT for diffuse or focal areas of increased
uptake. However, one of these participants had a lytic lesion in the
right iliac bone that was not 18F-FDG–avid and demonstrated
focally intense 64Cu-LLP2A uptake. The scan of this MM partici-
pant (MMDM02) demonstrated diffuse moderate T1 hypointensity
of the marrow in the spine and pelvis, similar to intervertebral
disks and skeletal muscle, indicating diffuse marrow infiltration
(Fig. 4). The second MM patient (MMDM01), who underwent
PET/MRI, had recurrent MM with an increase in immunoglobulin
M while on a regimen of elotuzumab. This subject had negative
results on 18F-FDG PET/CT and on a bone survey. However, the
MRI scan for MMDM01 showed heterogeneous mild T1 hypointen-
sity of marrow in the spine and pelvis but not as T1 hypointense as
in the intervertebral disks and skeletal muscle, a finding that might
be attributable to red marrow and not sufficient to be called diffuse

marrow infiltration on MRI. 64Cu-LLP2A-
PET demonstrated an overall diffuse, mod-
erately increased uptake throughout the BM
in all of these 3 myeloma participants.

Safety Evaluation
The mean and SD of the administered

mass of 64Cu-LLP2A was 9.52 6 1.33 mg
(range, 6.9–11.7 mg). There were no adverse
or clinically detectable pharmacologic effects
in any of the participants. No changes in vital
signs or in the results of laboratory stud-
ies or electrocardiography were observed.
A comprehensive list of safety evaluation
parameters and results is summarized in
Supplemental Figure 6.

Serum and Plasma Stability Study
Stability of 64Cu-LLP2A in blood sam-

ples was determined. Radioactive frag-
ments (metabolites) were evaluated in the

FIGURE 1. Aggregated time–activity curves. Orange circles indicate MM participants; black circles
indicate healthy participants. %I/A5 percentage injected activity.
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serum and plasma samples obtained from participants after they
were injected with the radiotracer. Analytic radio–high-performance
liquid chromatography was used to collect fractions, which were

measured (radioactive counts) using the g-counter. Data were nor-
malized before plotting and analysis. Our original intent was to per-
form metabolite analysis from 0 to 4 h; however, the assay sensitivity

was determined to be best for the time point
at 1 h after injection. The low radioactivity
counts after 1 h are likely due to the tracer’s
small size and pharmacokinetics (rapid blood
clearance). The rapid blood clearance diluted
the signal to close to the baseline noise
beyond 1 h. For patient convenience, we
made the decision to limit the metabolite
blood sampling to 1 h and amended the pro-
tocol accordingly. We previously performed
ex vivo stability testing on human serum
and demonstrated radiopharmaceutical sta-
bility up to 24 h. Here, the data showed that
more than 90% of 64Cu-LLP2A was stable
at 1 h, with the measured retention time of
5.5–7 min. The remaining radioactivity was
accounted for by free 64Cu (elution time,
2–3 min) (Supplemental Fig. 7).

Flow Cytometry Study
The expression of activated VLA4 on

hematopoietic cell populations within the
BM or peripheral blood of 3 healthy partici-
pants from MM tissue bank (UPN1954,
UPN2055, and UPN2140) and a patient
with MM (MMDM02) (baseline and after
disease progression 4 mo later) was exam-
ined by flow cytometry using LLP2A-Cy5
(19). Using a 14-color flow cytometry panel,
we identified 18 different hematopoietic cell
populations within these 7 samples (Supple-
mental Fig. 8). The BM mononuclear cells
exhibited similar cellular distributions with
the exception of fewer mature B cells in
the patient with MM than in the healthy

TABLE 3
Residence Times Calculated from Human Dosimetry Data (n 5 9)

Organ
MMDM01

(F)
MMDM02

(M)
MMDM03

(M)
MMDN01

(M)
MMDN02

(M)
MMDN03

(F)
MMDN04

(F)
MMDN05

(M)
MMDN06

(F)

Liver 1.05 0.62 0.82 1.23 0.71 1.00 0.80 0.71 0.83

Kidneys 0.10 0.20 0.16 0.12 0.28 0.13 0.12 0.08 0.13

Bladder content 3.21 3.29 4.34 1.08 2.10 6.72 9.25 7.46 12.48

Spleen 0.23 0.19 0.27 0.48 0.18 0.31 0.20 0.25 0.26

Red marrow 4.75 3.11 2.89 2.02 1.83 2.93 1.89 1.54 1.56

Heart content 0.072 0.053 0.061 0.055 0.041 0.067 0.042 0.015 0.035

Total 9.41 7.47 8.54 4.99 5.15 11.16 12.30 10.05 15.28

MIRD 2-h void 0.19 0.20 0.24 0.10 0.15 0.43 0.48 0.43 0.68

Excreted 3.02 3.09 4.10 0.99 1.95 6.29 8.77 7.03 11.79

Remainder 8.91 10.85 9.78 13.34 13.18 7.17 6.02 8.27 3.05

MM participants are MMDM01, MMDM02, and MMDM03; healthy participants are MMDN01, MMDN02, MMDN03, MMDN04,
MMDN05, and MMDN06. Data are hours.

FIGURE 2. Anterior maximum-intensity-projection 64Cu-LLP2A-PET images of healthy volunteer
(MMDN05) and subject with MM (MMDM03) at similar time points after tracer injection. Best-quality
images were obtained 1–5 h after injection of radiotracer. Later time points (#24 h) exhibited rela-
tively lower count and high image noise. Unit of measurement for intensity bars5 SUV.
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participants (Fig. 5A; Supplemental Fig. 9). In contrast, the
peripheral blood samples from the patient with MM were enriched
for CD138-positive plasma cells expressing high levels of CD16
and activated VLA-4, as measured with LLP2A-Cy5 (Fig. 5B;
Supplemental Fig. 10). As we previously described, subsets of B
cells, T cells, natural killer T cells, and myeloid cells expressing
activated VLA-4 (LLP2Ahi) were identified in both the healthy
control and the MM samples (19).

DISCUSSION

The landscape of MM pathogenesis and progression varies from
patient to patient. Tumor heterogeneity, development of resistance

to drugs, relapse of refractory disease, persistence of minimal residual
disease, and variability in response are some of the hallmarks of
MM. Molecular imaging has the ability to address some of the critical
issues in management of MM patients by providing an accurate
assessment of disease burden spatially, unambiguous staging, and
quantitative and qualitative assessment of sites of disease, as well as
detection of residual disease after treatment (27). Some outstanding
challenges remain in the myeloma diagnostic tool kit: tissue biop-
sies are prone to sampling errors, serum assays can be confounding
in cases of nonsecretory and heavily treated myelomas, conven-
tional radiologic modalities are not sensitive for detecting osteolytic
lesions, and molecular imaging using 18F-FDG has inherent limita-
tions in MM. In recent years, different groups have assessed the
utility of myeloma-specific agents targeted to myeloma proteins
such as CD38 and CXCR4. Metabolic tracers such as 18F-FACBC
(28) and 11C-acetate (29) have also been explored as alternatives to
18F-FDG. Although promising, the short 20-min radioactive half-
life of 11C makes it a challenging radionuclide for routine use. The
12.7-h radioactive half-life of the positron emitter 64Cu, on the other
hand, is a more viable option for wide clinical use.
Over 80% of myeloma patients present with skeleton-related

events, and a significant number also experience pathologic frac-
tures (30). Therefore, focusing on markers involved in the adher-
ence, survival, and progression of myeloma cells in the BM is
highly relevant. MM cells interact with the VCAM-1 expressed on
the BM stromal cells and soluble fibronectin via VLA4 (31). Sev-
eral studies have independently shown that VLA4 is overex-
pressed in MM cells relative to other cells and is an established
marker of cell adhesion–mediated drug resistance.
Here, we describe, for the first time to our knowledge, the pro-

duction of a VLA4-targeted clinical-grade tracer, 64Cu-LLP2A,
under good-manufacturing-practice conditions in a cyclotron facil-
ity for use in human participants. The results of toxicity studies on
rodents (no observed adverse effect level), and subsequently in
patients, demonstrate the safety of injecting up to 15 mg of this tracer
into patients. This level is not a limiting dose, but a reasonable start-
ing point based on robust rodent imaging, toxicity, dosimetry, and
safety data. The prerelease acceptance criteria, which included fac-
tors such as the pH, more than 90% radiochemical purity, more than
99% radionuclide purity, and an acceptable endotoxin result (,175
endotoxin units per total batch volume) was met for each imaging
study. The postrelease quality control cell data also met the

FIGURE 3. Comparison of 64Cu-LLP2A SUVmax of iliac bones in healthy
and MM participants at average of 240 min after injection of radiotracer.
Mean and SD for SUVmax were 12.056 2.0 for healthy participants (n5 5)
and 25.626 9.38 for MM patients (n5 3) (**P, 0.03, 2-tailed).

18F-FDG 64Cu-LLP2A

CT

PET

PET/CT

PET DWI

Dixon (fat-only)PET / Dixon (fat-only)

SUV

SUV

FIGURE 4. MM patient underwent PET imaging with 64Cu-LLP2A and 18F-FDG. On PET/CT, osteolytic lesion in right iliac bone (arrows) of MM patient
had 18F-FDG uptake similar to background marrow. On PET/MRI, this same lesion (arrows) had 64Cu-LLP2A uptake above background marrow, corre-
sponding to fat-replacing lesion on fat-only Dixon images and hyperintense lesion on DWI. In this lesion, 64Cu-LLP2A SUVmax was 29.5 with SULpeak
(per PERCIST) of 18.7; in comparison, 18F-FDG SUVmax was 2.9 with SULpeak (per PERCIST) of 2.1. DWI5 diffusion-weighted imaging.
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acceptance criteria for each study participant. These data validated
the robustness of the tracer production and retention of bioactivity
after the radiolabeling procedure.
Six healthy participants and 3 participants with a confirmed diag-

nosis of MM were injected with 64Cu-LLP2A. Metabolite analysis
in these patients demonstrated that the tracer was more than 90% sta-
ble up to 1 h, with free copper identified as the only remaining
metabolite. Accurate stability analysis beyond 1 h was not feasible
because of sensitivity limitations. The calculated effective dose of
64Cu-LLP2A (0.036 mSv/MBq) is within the range of other reported
copper radiopharmaceuticals (e.g., 64Cu-SARTATE [0.0204 mSv/
MBq] (32), 64Cu-ATSM [0.036 mSv/MBq] (33), 64Cu-DOTA-
AE105 [0.0284 mSv/MBq] (34), and 64Cu-DOTATATE [0.0315
mSv/MBq]) (35). The organ with the highest dose is the spleen, at a
sex-averaged value of 0.142 mSv/MBq, followed by the red marrow
(0.104 mSv/MBq) and bladder wall (0.094 mSv/MBq). As a com-
parison, the effective dose for 18F-FDG, the most widely used radio-
pharmaceutical for oncologic imaging, is 0.019 mSv/MBq (25).
The tracer pharmacokinetics in humans closely followed the

rodent data, with rapid washout from blood and clearance via kid-
neys and bladder. As expected, there was relatively high uptake in
the BM. The residence time in the BM was generally higher in
women than in men and, overall, was higher in MM participants
than in healthy participants. The SUV analysis of the BM in the iliac
bones showed significantly higher values in the MM participants
than in the healthy participants. The SD of SUVs was also higher in
the MM participants across all time points. This finding points to the
inhomogeneity and patchiness of the malignant BM in the MM
patients as compared with healthy individuals (36). Comparison of
image quality from early and late time points supports the selection of
early time points—that is, 4–5 h after injection of the radiotracer—as
optimal. This timing is advantageous for the convenience of myeloma
patients, as they prefer same-day imaging because of the morbidity
associated with the myeloma disease burden.
Takahashi et al. have demonstrated a quantitative metabolic

parameter for 18F-FDG PET for assessing the intensity of bone
involvement in MM (37). Li et al. proposed 18F-FDG uptake
higher than liver as the positivity cutoff to discriminate between
physiologic and pathologic uptake in the BM and defined 4 BM

18F-FDG uptake patterns (normal, focal,
diffuse, and mixed) as reliable prognostic
predictors of MM (38). In our study, we
focused on the iliac bone SUVmax and
SUVmean and on SUVs normalized to liver
and spleen. SUVs from the spine BM
showed borderline statistical significance
between MM and healthy participants
(higher SUVs in MM participants). Further
studies on a larger cohort are required to
propose robust qualitative and quantitative
metrics for 64Cu-LLP2A-PET. Other key
variables to consider are the disease stage
(precursor, newly diagnosed, relapsed,
refractory, remission, or residual), genetic
fingerprint, spatial distribution, BM inhomo-
geneity, age, and sex, as all these factors are
known to impact myeloma pathogenesis (39).

CONCLUSION

In this trial, we demonstrated that 64Cu-
LLP2A can readily be synthesized with high quality and specific
activity, is safe in humans, and has an acceptable radiation dosim-
etry, on a par with other 64Cu-labeled imaging agents and about
twice higher than 18F-FDG, mainly because of the longer half-life
of 64Cu. We demonstrated that phenotyping of the imaging signal
using flow cytometry is complex yet feasible. Among the various
discerning imaging features, the imaging data showed that there
was uptake of 64Cu-LLP2A in the BM of healthy participants, as
expected. To address this aspect of background uptake, we are
working toward optimizing the imaging parameters to enhance the
signal-to-background ratio in the malignant BM. The optimization
approaches involve modulation of the imaging dose and molar activ-
ity as well as use of time-of-flight scanners for precise and sensitive
imaging. Furthermore, in vitro and ex vivo studies evaluating the
mechanisms of uptake, activation, retention, and efflux will be used
to reduce background uptake. In our future 64Cu-LLP2A-PET imag-
ing trials, we plan to incorporate a systems biology approach to inte-
grate longitudinal clinical data with the imaging results.
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FIGURE 5. Flow cytometry analysis of LLP2A-Cy5 staining of human BM and peripheral blood cell
subsets. (A) Heat map showing percentage of different cell subsets found within BM or peripheral
blood (PB) of healthy participants from MM tissue bank (UPN1954, UPN2055, and UPN2140) or one
of the MM patients (UPN99520/MMDM02) at baseline and after disease progression 4 mo later.
(B) Heat map showing mean fluorescence intensity of LLP2A-Cy5 staining of different cell subsets.
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KEY POINTS

QUESTION: Is 64Cu-LLP2A-PET safe for use in humans?

PERTINENT FINDINGS: This first-in-humans imaging trial
demonstrated that 64Cu-LLP2A-PET is safe for use in MM
patients. Preliminary findings support early imaging time points,
which are amenable to patient comfort.

IMPLICATIONS FOR PATIENT CARE: 64Cu-LLP2A-PET can
inform on the unique biology of VLA4-positive malignant cells in
MM patients, thus having potential to enhance diagnosis and
guide therapy.
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Therapy with 90Y-labeled fibroblast activation protein inhibitors (90Y-
FAPIs) was recently introduced as a novel treatment concept for
patients with solid tumors. Lesion and organ-at-risk dosimetry is part of
assessing treatment efficacy and safety and requires reliable quantifi-
cation of tissue uptake. As 90Y quantification is limited by the low inter-
nal positron–electron pair conversion rate, the increased effective
sensitivity of digital silicon photomultiplier-based PET/CT systems
might increase quantification accuracy and, consequently, allow for
dosimetry in 90Y-FAPI therapy. The aim of this study was to explore the
conditions for reliable lesion image quantification in 90Y-FAPI radionu-
clide therapy using a digital PET/CT system. Methods: Two tumor
phantoms were filled with 90Y solution using different sphere activity
concentrations and a constant signal-to-background ratio of 40. The
minimum detectable activity concentration was determined, and its
dependence on acquisition time (15 vs. 30 min per bed position) and
smoothing levels (all-pass vs. 5-mm gaussian filter) was investigated.
Quantification accuracy was evaluated at various activity concentra-
tions to estimate the minimum quantifiable activity concentration using
contour-based and oversized volume-of-interest–based quantification
approaches. A620% deviation range between image-derived and true
activity concentrations was regarded as acceptable. Tumor dosimetry
for 3 patients treated with 90Y-FAPI is presented to project the phantom
results to clinical scenarios. Results: For a lesion size of 40 mm and a
clinical acquisition time of 15 min, both minimum detectable and mini-
mum quantifiable activity concentrations were 0.12MBq/mL. For lesion
sizes of greater than or equal to 30 mm, accurate quantification was
feasible for detectable lesions. Only for the smallest 10-mm sphere, the
minimum detectable and minimum quantifiable activity concentrations
differ substantially (0.43 vs. 1.97 MBq/mL). No notable differences
between the 2 quantification approaches were observed. For the inves-
tigated tumors, absorbed dose estimates with reliable accuracy were
achievable. Conclusion: For lesion sizes and activity concentrations
that are expected to be observed in patients treated with 90Y-FAPI,
quantification with reasonable accuracy is possible. Further dosimetry
studies are needed to thoroughly investigate the efficacy and safety of
90Y-FAPI therapy.

Key Words: 90Y; PET; minimum detectable activity; quantification
accuracy; FAPI therapy
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The high-energy b-particle emitter 90Y is a radionuclide that
is used in oncologic radionuclide therapy regimens. Typical appli-
cations include local radioembolization of hepatocellular carci-
noma by selective internal radiation therapy (1) or systemic
therapies using, for example, somatostatin receptor agonists like
90Y-DOTATATE/DOTATOC to target neuroendocrine tumors
after intravenous injection (2). Recently, systemic treatments of
sarcoma or pancreatic cancer patients using 90Y-labeled fibroblast
activation protein (FAP) inhibitors (90Y-FAPIs) were introduced
(3,4). The target molecule, fibroblast activation protein a, is a cell
surface dipeptidyl peptidase expressed by cancer-associated fibro-
blasts in the tumor microenvironment of various solid tumors as
well as cancer cells such as sarcoma and mesothelioma (5).
Intratherapeutic 90Y bremsstrahlung whole-body scintigraphy or

SPECT imaging is established and well tolerated by patients for rap-
idly verifying tracer accumulation in the tumor tissue and for investi-
gating tracer biodistribution (6). However, these imaging modalities
do not allow reliable quantification of 90Y activity concentrations,
which is mandatory for intratherapeutic lesion dosimetry in systemic
radionuclide therapy (7). Limiting factors are, for example, an inaccu-
rate compensation of scattered and septal penetrating photons of the
continuous bremsstrahlung energy spectrum and the difficulty of
choosing an appropriate energy window, as no discrete g-photons are
emitted (7,8). In 90Y-FAPI therapy, lesion dosimetry is required for
dose-response investigations and can be part of the decision-making
process regarding the application of further therapeutic cycles.
As an alternative to bremsstrahlung imaging, 90Y PET can be per-

formed (9) to provide higher visual image quality and higher detect-
ability for small lesions (6,8). Moreover, the possibility of reliable
90Y PET quantification for selective internal radiation therapy was
demonstrated (10). However, tumor activity concentrations in selec-
tive internal radiation therapy are typically high (.1 MBq/mL) (11),
whereas in systemic radionuclide therapies, considerably lower

Received Apr. 30, 2022; revision accepted Aug. 13, 2022.
For correspondence or reprints, contact David Kersting (david.kersting@

uni-due.de).
Published online Aug. 18, 2022.
COPYRIGHT! 2023 by the Society of Nuclear Medicine andMolecular Imaging.

90Y-FAPI PET QUANTIFICATION ! Kersting et al. 329



activity concentrations are accumulated by the tumor tissue (3). As
90Y PET imaging is limited by poor counting statistics due to internal
positron–electron pair conversion occurring in only 0.00326% of
pairs per decay (11), quantification of low activity concentrations is
extremely challenging (12).
The recently introduced digital silicon photomultiplier-based

PET/CT systems offer higher effective sensitivity and higher spa-
tial and coincidence timing resolutions than previous-generation
systems. Therefore, image quality and lesion detectability are
improved, particularly for small lesions with low tracer uptake
(13–17). The improvements were described for different radionu-
clides, including 18F (positron branching ratio, 97%) and 68Ga
(positron branching ratio, 89%), and for the nonstandard tracer
124I (23%). Recently, first applications of digital 90Y PET in the
context of selective internal radiation therapy were described
(12,18) but—to our knowledge—no performance evaluation for
systemic radionuclide therapy has been performed yet.
The aim of this study was to explore the conditions for reliable

lesion image quantification in 90Y-FAPI radionuclide therapy
using a digital PET/CT system.

MATERIALS AND METHODS

Study Design
The study consisted of 2 parts: a phantom study and a clinical case

study. A National Electrical Manufacturers Association (NEMA) tumor
phantom and an anthropomorphic abdominal tumor phantom were
scanned under different conditions to estimate the size-dependent mini-
mum detectable activity concentration (MDAC), minimum quantifiable
activity concentration (MQAC), and quantification accuracy. Two
approaches for partial-volume effect correction were compared. Addi-
tionally, tumor dosimetry for 3 patients treated with 90Y-FAPI was per-
formed and evaluated, considering the results of the phantom data. A
condensed version of the methods used is given in this article; full
experimental details are presented as supplemental materials (supple-
mental materials are available at http://jnm.snmjournals.org).

Simple Approaches to Correct for Partial-Volume Effects
In clinical tumor dosimetry, the mean imaged activity concentration

within the tumor boundary is commonly used to derive the (mean) tumor
absorbed (radiation) dose. When the mean activity concentration is used,
a partial-volume effect correction is necessary unless the objects are
extremely large, that is, an equivalent sphere diameter of greater than or
equal to 47 times the PET spatial resolution (19). Two simple approaches
were applied in this study to correct for this effect. In the first, the
contour-based approach, measured sphere recovery coefficient (RC)
values were used to correct the mean imaged activity concentration
within the lesion boundary. RC values were derived from the NEMA
tumor phantom. The second approach, the oversized volume-of-interest
(VOI)–based approach, included the total activity within the lesion vol-
ume using an oversized VOI, whose borders had an approximate distance
of 1 time the PET spatial resolution of the actual geometric (CT-derived)
boundary of the lesion. It was assumed that this oversized VOI contained
the main activity to compensate for partial-volume effects; however, to
compensate for a contribution from background activity, a background
subtraction was performed as previously described (20).

Phantoms
Setup and Preparation. The NEMA tumor phantom is a torso-

shaped phantom containing 6 spheres (with diameters of 9.7, 12.6,
17.4, 22.2, 27.7, and 37.0 mm). The anthropomorphic abdominal
tumor phantom (Abdo-Man) (21) contains a refillable liver insert, in
which 4 spheres (diameters of 10.0, 20.0, 30.0, and 40.0 mm) are
attached. It was selected from the phantoms available at our institution

(University Hospital Essen) to resemble the human body scattering
geometry more realistically than the NEMA tumor phantom. More-
over, an investigation of quantification accuracy with the NEMA
phantom would have been biased for the contour-based method, as the
RC values were determined using images of the same phantom.

On the basis of clinical data, spheric inserts and the cavity were
filled with 90Y solution at a representative initial sphere activity con-
centration of about 3.3 MBq/mL and a signal-to-background ratio of
about 40. The initial activity concentration was determined as the
mean of measurements using 3 different calibrated vial geometries in
2 different dose calibrators; the maximum error of the initial activity
concentration was estimated to be 67% at the 95% confidence level
(Supplemental Table 1). Activity concentrations at the PET start time
were 3.36, 1.96, 1.22, 0.73, 0.34, 0.20, 0.12, and 0.05 MBq/mL for the
NEMA tumor phantom and 3.33, 1.97, 1.23, 0.73, 0.34, 0.20, 0.12,
and 0.06 MBq/mL for the anthropomorphic tumor phantom.
PET Acquisition and Image Reconstruction. Phantom PET data

were acquired using a single bed position on a digital Biograph Vision
600 PET/CT scanner (Siemens Healthineers; detailed specifications
are given in Supplemental Table 2), which exhibits a time-of-flight
resolution of 210 ps (22). Initially, the NEMA tumor phantom was
scanned for 6 h to determine RC values at high counting statistics.
Thereafter, PET data for both phantoms were acquired for 30 min and
used to reconstruct 30- and 15-min acquisition time PET images.

Images were reconstructed with the time-of-flight option and with
point spread function modeling as previously recommended for quantita-
tive 90Y PET imaging on the Biograph Vision scanner (12). Two postre-
construction smoothing filter levels (all-pass and 5-mm gaussian filters)
were applied. The images had a voxel size of 3.30 3 3.30 3 3.00 mm,
and the measured system spatial resolution (average full width at half
maximum) (23) was 6.0 mm for a 5-mm gaussian smoothing filter.

Patients
Patient Characteristics. Retrospective analysis of clinical data was

approved by the local ethics committee (permit no. 20-9558-BO). Data-
sets for 3 patients who had progressive, advanced-stage solitary fibrous
tumor (SFT) and received 90Y-FAPI-46 therapy (first cycle) under com-
passionate access after clinical indication were included. The decision
about radionuclide treatment was made by a multidisciplinary tumor
board. All patients had either previously shown progressive disease
during established treatment options or were not eligible for other estab-
lished treatment concepts. The administered therapeutic activities were
8.90 GBq (patient 1), 3.82 GBq (patient 2), and 3.67 GBq (patient 3).
PET Acquisition and Image Reconstruction. PET/CT examina-

tions were scheduled as described in a previous study (3). Because of
symptomatic patients and logistical reasons, serial PET/CT acquisitions
were performed at slightly different time points: 17, 22, and 41 h after
injection for patient 1; 2, 20, and 43 h after injection for patient 2; and
1, 4, and 20 h after injection for patient 3. PET data acquisition and
image reconstruction were performed as described for phantoms (15-min
acquisition time per bed position and 5-mm gaussian smoothing filter).

Phantom Analysis
MDAC. The images of the NEMA tumor phantom at various activ-

ity concentrations were used to determine the MDAC as previously
described (13,24). In brief, the visual detectability of each sphere was
determined in a human observer study. Next, the signal-to-noise ratio
(SNR) of each sphere was determined to estimate the SNR threshold
indicating detectability. Finally, the MDAC was calculated for each
sphere. The MDAC was defined as the activity concentration at the
threshold SNR.
Quantification Accuracy Evaluation. To evaluate the lesion quan-

tification accuracy, the activity concentration ratio of PET-imaged mea-
surements to (decay-corrected) dose calibrator–derived measurements
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was investigated. A 620% deviation range of the activity concentration
ratio was regarded as acceptable considering the uncertainty for the 90Y
activity concentration dose calibrator measurement, the 18F PET cross-
calibration measurement (25), and the frequency of the positron–electron
pair conversion (26–29).
MQAC. The results of the quantification accuracy evaluations

were used to estimate the MQAC, that is, the minimum activity con-
centration for which the quantification appears to be reliable. In its
derivation, the values for the quantification accuracy should lie within
the 620% deviation range.

Patient Analysis
In the patient analysis, key quantities related to the estimation of

the tumor absorbed dose were derived. The procedure used was previ-
ously described (3). In brief, the tumor volumes were estimated by
manual segmentation (VOI technique) using the respective CT images,
and the VOIs were used to determine the tumor uptake values at 3
imaging time points. Mean tumor activity concentrations were deter-
mined using both the contour-based approach and the oversized VOI–
based approach. The resulting uptake curves were parameterized by
fitting a monoexponential function to the measured uptake values to
determine the effective half-lives. The time-integrated activity coeffi-
cients (residence times) were determined and used to estimate the
tumor absorbed doses with the sphere model of OLINDA/EXM (30).
A logarithmic approach was applied for interpolation between tumor
absorbed doses in the OLINDA tables.

Software/Statistics
PET image analysis and VOI segmentation were performed

using PMOD 4.202 (PMOD Technologies); MATLAB R2021a (The
MathWorks) was used for data handling and computations. The tumor

absorbed dose was calculated using OLINDA/EXM 2.2 software (Her-
mes Medical Solutions AB). Graphics were created using BioRender.-
com (BioRender; www.BioRender.com).

RESULTS

Recovery Coefficients
Fitting parameters for calculating measured and fitted RC values

are listed in Supplemental Table 3. The agreement between fitted
and measured RC values was high (maximum percentage devia-
tion of –6%), indicating a small contribution of the fitting process
to the total error of the quantification approaches.

MDAC
Figure 1 shows exemplary PET images for the NEMA tumor

phantom. The human observer study revealed an SNR threshold of
greater than or equal to 6 for distinguishing between spheres that
were not detected and spheres that were detected (Supplemental
Fig. 1). The MDAC for each sphere size is shown in Table 1. The
SNR is presented as a function of the activity concentration for all
acquisition conditions in Supplemental Figure 2. The 5-mm
smoothed images provided improved detectability for smaller
spheres, and the MDAC was smaller by a mean factor of 0.54 in
comparison with the results for images without gaussian smooth-
ing. For a 30-min acquisition time, the MDAC was reduced by a
factor of 0.53 compared with that for a 15-min acquisition time.
As the detectability was higher for the 5-mm gaussian filter, the fol-

lowing evaluation of the anthropomorphic phantom and patient exam-
ples was restricted to this filter level. Moreover, an acquisition time of
30 min per bed position is excessively long and not feasible for patients

who are in pain and undergoing 90Y-FAPI-46
therapy (typically, a PET scan comprises at
least 2 bed positions); therefore, only an acqui-
sition time of 15 min (per bed position) was
further evaluated.
Figure 2 shows exemplary PET maximum-

intensity projections (MIPs) of the anthropo-
morphic abdominal tumor phantom. Only
detectable spheres were included in the quanti-
fication accuracy analysis (detectable was
defined as an activity concentration greater
than or equal to the size-dependent MDAC;
the MDAC for the 9.7-, 17.4-, 27.7-, and
37.0-mm spheres in the NEMA tumor phan-
tom were used for the 10.0-, 20.0-, 30.0-, and
40.0-mm spheres in the anthropomorphic
abdominal tumor phantom).
Quantification accuracy results from the

contour-based and oversizedVOI–based quan-
tification approaches are shown in Figure 3.
For the 40- and 30-mm spheres, accurate quan-
tification was feasible for detectable lesions
using both approaches. The oversized VOI–
based approach revealed slightly more accu-
rate results for the 30-mm sphere. For the
20-mm sphere and activity concentrations of
less than or equal to 1.23MBq/mL, quantifica-
tion accuracy for the contour-based method
was slightly below the –20% deviation thresh-
old, whereas accurate quantification was feasi-
ble down to activity concentrations of greater
than or equal to 0.34 MBq/mL using the

FIGURE 1. PET images of NEMA tumor phantom showing different investigated emission times
and gaussian filter levels at highest sphere activity concentration of 3.36 MBq/mL (A) and different
investigated sphere activity concentrations for 15-min acquisition time and 5-mm gaussian smooth-
ing level (B).
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oversized VOI–based approach. For the smallest (10-mm-diameter)
sphere, quantification accuracy was limited for activity concentrations
of less than or equal to 1.23 MBq/mL, and the contour-based approach
revealed slightly more accurate results. In general, a trend toward an
underestimation of the activity concentration was observed for low
activity concentrations.

MQAC
The MQAC ranged from 0.12 MBq/mL for the 40-mm sphere

to 1.97 MBq/mL for the 10-mm sphere. Detailed results are pre-
sented in Table 2.

Patient Tumor Dosimetry
Lesion dosimetry was performed for 3 tumor sites in 3 patients

with thoracic/pleural SFT. In patient 1, a left paracardial supra-
diaphragmatic SFT was evaluated; in patient 2, a right lateral SFT
of the third thoracic vertebra was evaluated; and in patient 3, a left
lateral SFT of the aortic arch was evaluated (Figs. 4–6). Almost
all activity concentration measurements were considered reliable

(Fig. 7). The activity concentration at the last measurement in
patient 1 was below the MQAC for the largest sphere investigated
in the phantom study (sphere diameter of 40 mm), which is why
we did not use the data point for the lesion dosimetry estimation.
The relevant key dosimetry data derived from both the over-

sized VOI–based and the contour-based quantification approaches
are listed in Table 3. The tumor absorbed dose estimation ranged
from 0.6 to 12.0 Gy/GBq. Overall good agreement (absolute per-
centage deviation of ,20%) of the relevant quantities was
observed between the 2 approaches, except for the effective half-
life of the tumor in patient 1 (8.4 vs. 12.2 h).

DISCUSSION

FAP-targeted radionuclide therapy is emerging for patients with
solid tumors and, recently, several case reports and case series
using different ligands and radionuclides were published (31–33).
For example, 90Y-FAPI therapy was described for the treatment of
sarcoma and pancreatic cancer patients (3,4) as well as a patient

TABLE 1
Estimated MDAC for Investigated Sphere Diameters,
Acquisition Time Durations, and Smoothing Levels

Sphere
diameter
(mm)

Estimated MDAC (MBq/mL)

All-pass filter
5-mm gaussian
smoothing filter

15 min 30 min 15 min 30 min

9.7 0.71 0.44 0.43 0.33

12.6 0.51 0.23 0.30 0.17

17.4 0.37 0.15 0.16 0.07

22.2 0.37 0.18 0.18 0.09

27.7 0.29 0.16 0.15 0.08

37.0 0.27 0.14 0.12 0.06

FIGURE 2. PET MIP images of anthropomorphic abdominal tumor
phantom at 4 different activity concentration levels. Images were recon-
structed using 15-min acquisition data and smoothed with 5-mm gaussian
filter. In the MIP images, the largest sphere is marginally discernible at
0.12 MBq/mL.

FIGURE 3. Contour-based and oversized VOI–based quantification accu-
racy using anthropomorphic tumor phantom. Dashed horizontal lines indi-
cate620% error margins. Missing bars correspond to spheres regarded as
“not detected” and as such not considered for quantification accuracy eval-
uation. Only PET images with 5-mm gaussian filter and acquisition time of
15 min (per bed position) were analyzed. AC5 activity concentration.

TABLE 2
Estimated MQAC of Reliability at Lesion Sizes Derived

From Images Reconstructed with 15-min Acquisition Time
Data and Smoothed with 5-mm Gaussian Filter

Lesion diameter (mm) MQAC (MBq/mL)

10 1.97

20 0.34

30 0.20

40 0.12
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with both breast and colorectal cancers (34). Safety and efficacy
studies, including dosimetry, have been reported for 177Lu-labeled
FAP–targeted radionuclide therapy (32,35). Given that 90Y-based
dosimetry for systemic radioligand therapy is not as well estab-
lished and documented as 177Lu-based dosimetry, it is even more
important to establish the basis for accurate radionuclide quantifi-
cation. Doing so will have relevance in pharmacovigilance pro-
cesses of authorization (such as the evaluation of safety) in the
form of dosimetry for organs at risk and efficacy in the form of
tumor dosimetry for investigating the dose effects of novel 90Y
radioligand therapy agents.
In the present study, we applied a heuristic approach for reliable

lesion quantification in 90Y-FAPI therapy. To the best of our knowl-
edge, no reports on reliable PET-derived 90Y tumor quantification
for activity concentration ranges as they appear in systemic radionu-
clide therapies have yet been published. The phantom evaluation
(Figs. 1 and 2) showed that for detectable lesions greater than or
equal to 30 mm in diameter, reliable quantification is feasible
(Fig. 3). For the 20-mm-diameter sphere, the difference between
the MQAC and the MDAC was small (0.34 vs. 0.16 MBq/mL).

Only for the smallest sphere (10-mm diameter) was the MQAC nota-
bly higher than the MDAC (1.97 vs. 0.43 MBq/mL). Possible expla-
nations are the low absolute amount of 90Y activity resulting in poor
counting statistics and the proximity to the 40-mm sphere (also, see a
comparison of MDACs between NEMA and anthropomorphic phan-
toms in the supplemental materials and Supplemental Table 4).
In current clinical scenarios, patients undergoing 90Y-FAPI-46

therapy will most likely exhibit larger tumor masses, as this ther-
apy is offered in end-stage diseases when established therapy
options have already been exhausted (3,4). In the evaluated
patients (Figs. 4–7), the accumulated tumor activity concentration
was, except for 1 data point, larger than the size-dependent
MQAC of 0.12 MBq/mL (40-mm-diameter lesion). We therefore
assume that reliable quantification in the context of intratherapeu-
tic tumor dosimetry is feasible in 90Y-FAPI-46 therapy using a
digital PET/CT system. The tumor absorbed dose estimation ran-
ged from 0.6 to 12.0 Gy/GBq (Table 3).
As cancer-associated fibroblasts were described to be nonuniformly

distributed in the tumor microenvironment (36), 90Y-FAPI accumula-
tion will most likely follow that pattern and lead to nonuniform tumor
uptake in PET imaging. Because the high b-particle energy of 90Y
leads to a high particle range, tumor cells surrounding FAP-expressing
cancer-associated fibroblasts will be targets of crossfire and bystander
radiation (37). Therefore, 90Y—which deposits its energy at a distance
of up to 1 cm—may be more suitable for FAPI radionuclide therapy
than 177Lu—with an energy deposition in close proximity to the source
(38). However, the consequences of nonuniform FAPI uptake for
the quantification of accumulated activity, dosimetry, and the dose
response remain unclear. In the present study, quantification ap-
proaches were projected without adjustments from the homogeneous
conditions of the phantom study to the patient images. Therefore,
accumulated activity was measured as the mean activity concentration.
This approach might be appropriate given a high level of influence of
crossfire and bystander effects, which might lead to a homogenization
of the radiation dose. Voxel-based dosimetry might be an alternative
to take into account a nonuniform activity distribution (39); however,
its clinical relevance might be limited by the low accumulated activity
concentrations in systemic 90Y radionuclide therapy.
Future evaluations of clinical data will be necessary to investi-

gate possible effects on determined tumor doses and, especially,

FIGURE 4. PET/CT imaging and lesion delineation for patient 1. 90Y-
FAPI-46 PET MIP images (A) and axial PET/CT images (B) show contour-
based VOI (blue) and oversized VOI (green). Only first 2 PET data points
were considered for tumor absorbed dose estimation.

FIGURE 5. PET/CT imaging and lesion delineation for patient 2. 90Y-
FAPI-46 PET MIP images (A) and axial PET/CT images (B) show contour-
based VOI (blue) and oversized VOI (green).

FIGURE 6. PET/CT imaging and lesion delineation for patient 3. 90Y-
FAPI-46 PET MIP images (A) and axial PET/CT images (B) show contour-
based VOI (blue) and oversized VOI (green).
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dose-response effects to select the optimal quantification approach.
With increasing application of 90Y FAPI therapy, sufficient data
will probably be available for a systematic evaluation. At the
moment, the number of investigated patients with sufficient
follow-up data is limited. In the present study, we investigated the
quantification accuracy of a current-generation PET scanner as a
basis for future clinical evaluations.
The comparison of 15- and 30-min acquisition times per bed

position revealed a lower MDAC for the 30-min acquisition time,
by a factor of approximately 2 (Table 1). Thus, an approximate
linear correlation between MDAC and acquisition time was
observed. This finding is in line with the results of a previous
study using a different radionuclide (13). Typically, PET scans in
patients receiving 90Y-based therapy are performed using at least
2 bed positions (3). Therefore, in most patients, an extension of
the acquisition time will most likely not be tolerable. Moreover,
detectability was improved when a 5-mm gaussian filter was
applied (Table 1). In a systematic comparison of previous-
generation Siemens PET/CT systems for quantitative 90Y imaging,
the use of a gaussian filter was left to the user’s decision (40). We
therefore propose an acquisition time of 15 min for clinical im-
aging protocols and the application of a 5-mm gaussian filter.
Both evaluated quantification methods exhibit limitations and advan-

tages. On the one hand, the contour-based approach is more reproduc-
ible, but it has no background activity concentration correction. On the
other hand, although the oversized VOI–based approach will represent

the lesion activity surrounded by a uniform
and low activity concentration background,
accounting for a nonuniform background
might be challenging, making the quantifica-
tion prone to error. Regarding quantification
accuracy in phantom data and estimated activ-
ity concentrations in patient data, both meth-
ods yielded comparable results (Figs. 3 and 7),
probably because of a low and visually uni-
form background. Larger differences might be
possible for tumor lesions close to a region
with high physiologic tracer accumulation,
such as the kidney.
Only a few previous studies investigating

90Y PET imaging in the context of systemic
radionuclide therapy were published, and
none of these used a digital PET system.
Fabbri et al. (41) identified an MDAC of

0.20 MBq/mL for the 3 largest spheres of the NEMA tumor phan-
tom using a previous-generation time-of-flight–capable PET scanner.
In that study, 30-min acquisitions with no background activity were
reconstructed with 3-dimensional ordered-subset expectation maximi-
zation using 2 iterations and 4 subsets and a 5-mm gaussian filter. In
the present study, for a 30-min acquisition time, the MDAC was
smaller (0.06–0.09 MBq/mL) (Table 1). The improvement is
explained by the improved time-of-flight resolution of the digital
PET system and is comparable to the improvement that we observed
in a direct comparison of 2 PET/CT systems for 124I (13). Of note,
Fabbri et al. (41) did not investigate quantification accuracy. Walrand
et al. (42) also investigated previous-generation PET systems (42);
they predicted a reliable estimation of the mean absorbed kidney
dose after 90Y-DOTATOC therapy using a kidney phantom filled
with an activity concentration of about 0.33 MBq/mL—substantially
larger than the MQAC for the largest sphere in the present study
(0.12 MBq/mL). Moreover, the investigated kidney cortex had a vol-
ume of 107 mL—considerably larger than the largest sphere in the
present study (sphere volume of 33.5 mL).
Future improvements might be possible through the application

of total-body PET/CT scanners (43), which cover an extended
field of view and allow complete acquisition of all necessary PET
data in a patient scan using a single bed position. Moreover,
increased sensitivity may allow for shorter acquisition times (44)
or, alternatively, improved accuracy of detection and quantifica-
tion of lesions at lower activity concentrations.
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FIGURE 7. Tumor activity concentration (AC) derived from either contour-based or oversized
VOI–based approach as function of time after administration (3 time points). Values within parenthe-
ses are respective equivalent sphere diameters. ACs above horizontal dashed lines indicate reliable
quantification based on Figure 3. Asterisk indicates value that appears to be “unreliable” in terms of
quantification (see text for details).

TABLE 3
Key Dosimetry Quantities for Estimating Tumor AD per Administered Activity Using Contour-Based and Oversized

VOI–Based Approaches

Contour-based Oversized VOI-based

Patient V (mL) d (mm) TIAC (min) Teff (h) AD (Gy/GBq) TIAC (min) Teff (h) AD (Gy/GBq)

1 240 77 17 8.4 0.62 17 12.2 0.60

2 32 39 42 12.3 10.90 47 12.4 12.00

3 33 40 4 7.5 0.98 4 7.3 0.93

AD 5 absorbed dose; VOI 5 volume of interest; V 5 tumor volume; d 5 equivalent sphere diameter; TIAC 5 time-integrated activity
coefficient; Teff 5 effective half-life.
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CONCLUSION

For 90Y-treated-lesions with a diameter of greater than or equal to
40 mm—typical in patients receiving FAPI radionuclide therapy—
reliable quantification was possible for activity concentrations of at
least 0.12 MBq/mL using a digital PET system. For lesions with a
diameter of greater than or equal to 30 mm, the minimum detect-
able activity and minimum quantifiable activity were in good
agreement, suggesting that dosimetry can be performed for detect-
able lesions. Further dosimetry studies are needed to thoroughly
investigate the efficacy and safety of novel 90Y-FAPI radionuclide
therapies.
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KEY POINTS

QUESTION: Does digital PET allow reliable quantification for
lesion dosimetry in 90Y-FAPI radionuclide therapy?

PERTINENT FINDINGS: For lesion sizes and activity concentra-
tions that are expected to be observed in patients treated with
90Y-FAPI, quantification with reasonable accuracy is possible.

IMPLICATIONS FOR PATIENT CARE: Reliable lesion dosimetry
in 90Y-FAPI radionuclide therapy is mandatory for dose-response
evaluations and for decisions about treatment continuation.
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Osteosarcoma is a malignant bone tumor
with very limited therapeutic options (1).
However, targeting the frequently overex-
pressed disialoganglioside GD2 was suc-
cessful in preclinical studies with bispecific
GD2 antibodies (2), and a clinical trial
is ongoing using the clinically approved
GD2 antibody dinutuximab in osteosar-
coma patients (NCT02484443). Recently,
we developed the radiolabeled antibody
[64Cu]Cu-DOTAGA-ch14.18/CHO to evalu-
ate GD2 expression by PET (3).
Here, we assessed the in vivo GD2 expres-

sion in a heavily pretreated woman with pro-
gressive pulmonary osteosarcoma metastasis
for potential therapy stratification (compas-
sionate use according to German Medicinal
Products Act AMG §13.2b). PET/MRI was
performed 19 h after injection of 234 MBq
of [64Cu]Cu-NOTA-ch14.18/CHO and re-
vealed increased tracer retention with a high
signal-to-background ratio bilaterally in the
pulmonary metastases (SUVmax, 9.8; Fig. 1).
The background uptake in normal lung tis-
sue and blood pool was reasonably low,
whereas retention in the liver was relatively
high. An intense GD2 expression was con-
firmed in a resected pulmonary metastasis by
GD2 immunohistochemistry and by cyclic
immunofluorescence staining.
To the best of our knowledge, we pre-

sent here the first report of clinical GD2

PET/MRI in an osteosarcoma patient with pulmonary metastasis.
Our findings demonstrate that GD2 expression can be assessed
noninvasively in vivo using [64Cu]Cu-NOTA-ch14.18/CHO-PET/
MRI, which might open new possibilities for therapy stratification

A PET MRI Fusion

B C GD2
CD56
Collagen IV
DAPI
CD105
Cytokeratin
SMA

D

0 5 0 5SUVSUV

FIGURE 1. (A) Maximum-intensity projection (left) and representative transaxial slices (right) of
[64Cu]Cu-NOTA-ch14.18/CHO-PET/MRI. (B) Hematoxylin and eosin staining. (C) GD2 immunochem-
istry. (D) Cyclic immunofluorescence staining of resected pulmonary osteosarcoma metastasis.
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in GD2-expressing tumor entities such as osteosarcoma or
melanoma.
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L E T T E R S T O T H E E D I T O R

Dosimetry in Radiopharmaceutical Therapy

TO THE EDITOR: Regarding “Dosimetry in Radiopharmaceuti-
cal Therapy” (1), in general this is a very good paper, and I am
pleased to see attention being drawn to this important topic. Unfortu-
nately, however, it ends on the familiar sour note that we should not
do any dosimetry at this time, as it may not be perfect, and we should
wait and wait until there is absolute proof of its usefulness.
First, as a minor point, the 1962 Benua “dose to blood”method (2) is

completely outdated, being superseded by several detailed dosimetry
models for the red marrow (3). Dose to blood itself is not relevant to
internal dose calculations; this was a poor early surrogate for the truly
important dose to active red marrow and ignores valiant efforts by
many (Spiers, Eckerman, Bolch, and others) to develop good marrow
dose models. The Eckerman model is implemented in the easy-to-use
OLINDA/EXM software (4). The Benua method should not be cited
as a recommended standard dosimetry method.
Second, the authors state that “Treating patients according to [pre-

scribed tumor-absorbed dose] is a concept extended from [external-
beam radiotherapy] practice. However, there are few dose–response
data available for [radiopharmaceutical therapy] onwhich to base treat-
ment prescription.” They also state that “dosimetry is not performed
because dose–response data are lacking, and dose–response data are
lacking because dosimetry is not performed.” The authors conclude
that “If dosimetry is to become more than an academic exercise, we
need to show that it makes a significant difference to clinical outcomes
with [radiopharmaceutical therapy]. Ultimately, the only acceptable
way of achieving this is through multicenter randomized controlled
clinical trials comparing dosimetry-based prescriptions with one-
size-fits-all activity-based prescriptions.” The authors did not mention
Garin et al., who said, “Compared with standard dosimetry, personal-
ized dosimetry significantly improved the objective response rate in
patients with locally advanced hepatocellular carcinoma.” (5). As the
authors note, we cannot mature in our understanding of dose–response
relationships with no understanding whatsoever of what the potential
radiation doses are. Our colleagues in external-beam radiotherapy
knew years ago that dosimetrywas essential to radiation therapy. Their
methods were not perfect at the start but have improved over the years.
If we continue to refuse to even start, we will never progress. Further-
more, for any future therapy applications of radiation in these patients,
radiation doses from prior therapies are needed.
Thus, as noted some years ago (6), radiopharmaceutical therapy

patients are clearly being treated at a lower standard of care than exter-
nal-beam radiotherapy patients. I ask anyone advocating against calcu-
lation of patient-individualized dosimetry of cancer patients whether
they would accept this if it were their spouse, child, or other loved
one receiving therapy without optimization of their therapy, which
requires patient-individualized dosimetry. We need to break this
vicious cycle of endless, pointless discussions while inaction domi-
nates and patients are given substandard medical care.
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Reply: Dosimetry in Radiopharmaceutical
Therapy

REPLY: We are grateful for the commentary on our paper (1) by
Dr. Stabin and agree with almost everything he says (2). We would,
however, take issue with his characterization of our conclusions,
especially the “sour note that we should not do any dosimetry at
this time… .” This is certainly not the conclusionwe intended to con-
vey and is difficult to reconcile with the fact that the paper is devoted
largely to how to do dosimetry.
We probably all agree that themain goal of performing dosimetry is

to improve clinical outcomes. This means it must, in some way, affect
the treatment prescription. A patient-individualized, dosimetry-driven
treatment prescription will almost certainly be different from a stan-
dard “one-size-fits-all” treatment prescription.Mostmedical physicists
and nuclear medicine physicians likely agree that an individualized
approach would be better, but it remains to be determined how
much better in terms of objective clinical endpoints such as progres-
sion-free survival and overall survival. Other stakeholders (e.g.,
medical oncologists, pharma sponsors, medical insurers, adminis-
trators, and perhaps even patients themselves) may resist the addi-
tional time and effort, expense, and logistic complexity unless
there is a demonstrable and significant cost benefit. Compelling
data from randomized, multicenter clinical trials comparing a dosim-
etry-based prescription with simpler alternatives are therefore
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essential for broad acceptance of dosimetry-based radiopharmaceuti-
cal therapy. Although specialists in our field may not need convinc-
ing, the greater community very much does.
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B O O K R E V I E W

Nuclear Medicine: The Essentials

H. Jadvar and P.M. Colletti

Wolters Kluwer, 2021, 310 pages, $110.99

In contrast to the discipline of conventional radiology, to which
medical school students, trainees, and many practitioners of medicine
are heavily exposed, the field of nuclear medicine is somewhat spe-
cialized and requires special training for optimal understanding of its
role in various domains in medicine. Therefore, there is a dire need
for a simplified exposure to the specialty that provides some practical
knowledge about the field and its unique role in the day-to-day prac-
tice of medicine. “The Essentials” series is a collection of radiology
textbooks that follow such a standardized format. The series is
designed to provide a practical tool for those who wish to gain a
broad base of knowledge on various specialties in medical imaging.
The content is confined to the essentials of the specialty and can be
understood by the novice. However, enough details are included to
be useful for those who teach the specialty and to provide a reference
for health-care providers practicing the specialty of imaging. “The
Essentials” books are compact in size and allow for residents and
other interested groups to grasp practical knowledge about the vari-
ous procedures that are offered by this specialty. Furthermore, the
self-assessment sections provide multiple-choice questions at the end
of each chapter. As such, this additional training is of particular ben-
efit for those who are preparing for an image-rich computer-based
examination for professional and maintenance certifications.

Currently, the field of nuclear medicine is the fastest-growing dis-
cipline in medical imaging. The recent introduction of novel radio-
pharmaceuticals for imaging and targeted therapy is revolutionary;
therefore, educating trainees and the community at large about their
applications in many disciplines is essential at this time. These
include innovations in high-technology instruments related to digi-
tal and time-of-flight cameras, total-body PET instruments, PET/
CT, PET/MRI, and SPECT/CT. This textbook provides a concise
yet comprehensive overview of the field of molecular imaging that fits
the criteria intended for “The Essentials” series. Each chapter describes
the basics of physics, instrumentation, quality control, radiochemistry,
radiation safety, and other essential information about each procedure.

The table of contents includes radiochemistry, instrumentation,
physics, and radiation safety as introductions to technical bases for

performing various procedures. The clinical section deals with as-
sessment of diseases and disorders of various organs and anatomic
structures (thyroid, parathyroid, and neuroendocrine glands; central
nervous system; skeleton; lungs; gastrointestinal tract; kidneys;
and lymph nodes). Also, chapters are devoted to radiotheranos-
tics, the essentials of pediatric nuclear medicine, quality assur-
ance, and procedures on pregnant and lactating patients. Overall,
the book includes 19 chapters.

The chapters are organized in a logical manner and describe in
some detail the imaging techniques that practitioners of the disci-
pline follow. Therefore, readers who may not be familiar with the
role of nuclear medicine procedures will be able to comprehend
the scope of this discipline in clinical settings. No critically impor-
tant topics are missing from this comprehensive book.

The chapters are written by highly qualified and expert contribut-
ing authors with longstanding experience in their respective disci-
plines. The main authors, Drs. Jadvar and Colletti, have substantially
contributed by writing several chapters of this book.

Overall, this book provides a well-balanced view of current
applications of conventional nuclear medicine and PET. Therefore,
the book is a strong medium for introducing physicians and scien-
tists to ongoing activities in the field and their relevance to the day-
to-day practice of medicine. There are no serious weaknesses to the
overall content of the book. Additionally, the figures and tables are
of high quality. Most of the figures in the book are selected from
the authors’ own clinical files and are of high quality.

In conclusion, Nuclear Medicine: The Essentials provides a
comprehensive and excellent review of the current practice of the
field. Therefore, this book will be of great interest to trainees, tech-
nologists, and scientists, as well as to practitioners of this rapidly
evolving specialty. As such, the book is highly recommended for
those who wish to refresh their understanding of the field and its
various applications in medicine.

Abass Alavi
Hospital of the University of Pennsylvania

Philadelphia, Pennsylvania
E-mail: abass.alavi@pennmedicine.upenn.edu
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Richard C. Reba, MD, 1932–2022

R
ichard C. Reba, MD, a past president
of SNMMI, died in Frederick, MD, on
December 30, 2022. He received his

MD in 1957 from the University of Maryland
College of Physicians and Surgeons. While
serving in the U.S. Army Medical Corps, he
became a research fellow under Henry N.
Wagner, Jr., MD, at the Johns Hopkins Hospi-
tal, and later a senior investigator in the Division
of Nuclear Medicine and chief of the Depart-
ment of Isotope Metabolism at Walter Reed Army Institute of
Research. He served in 1965 and 1966 as chief of Medical
Services at the 85th Evac Hospital in Qui Nhon, Vietnam.

During his long career, Dr. Reba held faculty positions
at Johns Hopkins, Washington Hospital Center, George

Washington University, the University of Chi-
cago, and Georgetown University. His research
foci included development and application of
SPECT and PET radiopharmaceuticals, and, in
the 1980s, he carried out pioneering SPECT
imaging of neuroreceptors in humans. He pro-
vided expert advice to the National Institutes of
Health, the International Atomic Energy Agency,
and government advisory committees and was
the author/coauthor of 330 scientific papers.

Dr. Reba was the 1993 president of what was then the
Society of Nuclear Medicine and worked to identify practice
guidelines and criteria for scientific assessment, educate
nuclear medicine professionals, and advance health care
reform.

Michel Meignan, MD, PhD, 1947–2022

M
ichel Meignan, MD, PhD, died on
October 15, 2022, at the age of 75,
after a long battle against cancer. He

was head of the nuclear medicine department
at Henri Mondor Hospital (Assistance Publique
Hôpitaux de Paris; Cr#eteil, France) from 1997
to 2013. He was trained at the University of
Paris, and his early work concentrated on respi-
ratory physiopathology using 81mKr ventilation/
perfusion scintigraphy. From 2005 onward, he
focused on PET/CT evaluation of treatment re-
sponse in lymphoma. In particular, he set up a network for
centralized review of PET/CT scans and led the imaging sec-
tion of the Lymphoma Study Association, an international
multidisciplinary cooperative group. His leadership led to
harmonization of PET/CT interpretation criteria, implementa-
tion of PET/CT–guided therapeutic strategies, and development
of new prognostic biomarkers. Professor Meignan initiated the
pioneering workshops on PET in Lymphoma and Myeloma, a
unique forum for researchers from around the world. His con-
viction and remarkable ability to unite international experts
contributed considerably to dissemination of knowledge

about metabolic imaging of lymphomas. He pub-
lished more than 240 scientific articles.

A professor emeritus since 2016, he was until
recently the imaging lead on the organizing com-
mittee for revision of the Lugano classification for
management of patients with lymphoma. He re-
mained committed to teaching and the clinic and
inspired colleagues in multiple fields. He was an
extraordinary mentor, keen to nurture new talent.
Professor Meignan will be remembered as an atten-
tive, inventive, rigorous, honest, and erudite man.

Sally Barrington
King’s College, London, UK

Ir!ene Buvat
Institut Curie, Paris, France
Anne-S#egol!ene Cottereau

Ren#e Descartes University, Paris, France
Andrea Gallamini

Centre Antoine-Lacassagne, Nice, France
Catherine Thieblemont

Hôpital Saint-Louis, Paris, France
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Debuting this spring, the ASNC/SNMMI 80 Hour Authorized User Training Course
features more than 40 expert lecturers from across nuclear medicine.

The course is designed to train authorized users and define the responsibilities
inherent to the role while also meeting NRC-specified knowledge requirements
for 80 hours of didactic training highlighted by real-world clinical scenarios.

This new course will be available as a standalone program in addition to special
packages developed for training programs.

LEARN MORE: www.snmmi.org/80HourCourse



REGISTRATION OPENS THIS FEBRUARY!

WWW.SNMMI.ORG/AM2023
Register Today

Chicago, Illinois, USA
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