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FOR YOUR PATIENTS WITH ADVANCED PROSTATE CANCER

Prostate-specific membrane antigen (PSMA) is overexpressed in >80%
of men with prostate cancer and can be detected by PSMA PET.1-3

PSMA is a diagnostic and potential therapeutic target,
enabling a phenotypic precision medicine approach to

treating advanced prostate cancer.1,4-6

WHY IS PSMA A KEY PHENOTYPIC BIOMARKER
IN ADVANCED PROSTATE CANCER?
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Uptake Results

Optimization of every step
For optimal patient outcomes, clinicians require access
to imaging that ensures themost accurate diagnosis and
appropriate treatment management decisions.

Spectrum Dynamics has integrated its ground-breaking
Broadview Technology design into the VERITON-CT
system, providing a digital platform that handles routine
3Dworkflow in one place. The result is optimization of
every step, from image acquisition to interpretation.
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SNMMI Statement: Possible Effect of Omicron Infection
on 18F-FDG–Based Imaging

O
n January 14 the SNMMI COVID-19 Task Force
released a statement on reports of an unusual imag-
ing pattern seen in 18F-FDG PET/CT and 18F-FDG

PET/MR imaging that could be the result of COVID-19 Omi-
cron infection. Unlike 18F-FDG PET/CT patterns seen with
infections from previous strains of COVID-19 with principal
involvement of the lungs, the new array of findings associ-
ated with Omicron are primarily centered in the upper aero-
digestive tract and cervical lymph nodes. This includes
prominent, symmetric 18F-FDG uptake throughout the naso-
pharynx, oropharynx, and tonsils, with or without associated
18F-FDG–avid cervical lymphadenopathy, particularly in the
suprahyoid neck. The Task Group reported that “based on
what we know about the Omicron variant, it is conceivable
that this pattern, whenever correlated with COVID-19 infec-
tion, is a result of the presently dominant Omicron strain.”

The Task Force recommended that this pattern be taken
into consideration at the time of 18F-FDG PET/CT interpre-
tation and that the possibility of infection with the Omicron
variant of COVID-19 should be entertained in differential
diagnosis. Because this pattern can by no means be diagnos-
tic of COVID-19 infection, the Task Force made the follow-
ing recommendations:

1. Check the patient records to see if there is a recent
positive COVID-19 test.

2. Determine if the patient is at higher risk of COVID-19
infection based on current symptoms or due to recent
exposure or travel. If so, a recommendation can be
made to test for COVID-19 in the appropriate setting.

3. Compare with prior 18F-FDG PET/CT examinations and
the patient’s history to determine if this represents a
chronic inflammatory/reactive process or stable malig-
nancy, such as lymphoma.

4. Various differential diagnostic possibilities should be
considered if this pattern is new or if there is interval

progression, including, but not limited to, infection with
COVID-19, other viruses such as Epstein-Barr virus, ma-
lignancy, and bacterial infections.

5. This pattern may also be seen in children and younger
adults but should be interpreted cautiously in view of
normal increased activity that can be physiologic. Cor-
relation with history and symptoms and comparison to
prior examinations are recommended.

Over the past 18 months, the SNMMI COVID-19 Task
Force has met regularly to monitor, support, educate, and
provide guidance to the nuclear medicine and molecular
imaging communities. The Task Force is led by Munir Ghe-
sani, MD (Mount Sinai Health System; New York, NY).

SNMMI

SNMMI COVID-19 Task Force members have observed an unusual imag-
ing pattern on 18F-FDG PET/CT and 18F-FDG PET/MR imaging, including
symmetric 18F-FDG uptake throughout the nasopharynx, oropharynx, and
tonsils, with or without associated 18F-FDG–avid cervical lymphadenopa-
thy, particularly in the suprahyoid neck. They reported that this pattern is a
possible result of COVID-19 infection with the Omicron variant.
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CMS Proposes Medicare Coverage Policy for
Monoclonal Antibody–Based Alzheimer Treatment

O
n January 11 the U.S. Centers for Medicare & Med-
icaid Services (CMS) released a proposed National
Coverage Determination (NCD) decision memoran-

dum that would cover U.S. Food and Drug Administration
(FDA)–approved monoclonal antibodies that target b-amyloid
for the treatment of Alzheimer disease (AD) through coverage
with evidence development (CED). This means that FDA-
approved drugs in this class would be covered for people with
Medicare only if they are enrolled in qualifying clinical trials.

Aducanumab (Aduhelm; Biogen, Inc. [Cambridge, MA]
and Eisai, Co., Ltd. [Tokyo, Japan]) is currently the only
monoclonal antibody directed against b-amyloid approved by
the FDA for treatment of AD. The FDA issued conditional
approval of the drug on June 7, 2021. At that time, Biogen
announced that the cost of the drug would be $56,000 per
year ($4,300/monthly infusion). Widespread public and scien-
tific media coverage focused on the high cost, as well as on
efficacy data and potential side effects. In November 2021,
CMS announced that Medicare Part B premiums would be
increased by almost 15% in 2022, citing the potential impact
of coverage for aducanumab as 1 of 5 factors in projected
costs. On December 20, Biogen announced a 50% reduction
in the price for aducanumab, to $28,000/year.

The January 11 announcement of the proposed NCD and
limited coverage of the drug included a 30-day period for pub-
lic comment. After reviewing all comments received on the
proposed determination, CMS will announce its final decision
by April 11, 2022. If the proposed NCD is finalized, CMS will
review each submitted clinical trial to determine whether spe-
cific criteria are met. All CMS-approved clinical trials would
be posted on the CMS Coverage website. In addition to CMS-
approved trials, National Institutes of Health (NIH)–sponsored
clinical trials would be covered.Medicare patients participating
in these trials would be eligible to receive coverage of the drug,
related services, and other routine costs, which may include 1
b-amyloid PET scan if required by a clinical trial protocol.

“We believe that any appropriate assessment of patient
health outcomes must weigh both harm and benefit before arriv-
ing at a final decision,” said Lee Fleisher,MD, CMSChiefMed-
ical Officer and Director of the Center for Clinical Standards and
Quality. “Therefore, based on the public comments submitted
previously and evidence CMS reviewed, the potential for harm,
and important questions that remain, we have determined that
coverage with evidence development through clinical trials is the
right decision for Medicare patients, clinicians, and caregivers,
andwe look forward to receiving feedback on the proposal.”

SNMMI Reacts to CMS Coverage Decision
On January 12 SNMMI released the following statement on the CMS proposed NCD, including the decision to cover

only 1 b-amyloid PET scan per patient in the approved trials:
In our first round of comments to CMS, we stressed the greater benefits of b-amyloid PET scans for early and accu-

rate diagnosis of AD (compared to cerebrospinal fluid and blood biomarkers). Currently, PET is the only FDA-approved
biomarker for identifying b-amyloid plaque.

Beta-amyloid PET is critical in the process of selecting patients who can benefit from therapy with aducanumab.
Patients who are clinically thought to have AD but who show no evidence of brain amyloid in a PET scan do not have
AD; they very likely would not be helped by the drug, and they could be negatively affected by drug-related toxicities.
Although amyloid PET was not required by recent FDA prescribing information, the trials that led to approval of aduca-
numab required PET biomarker confirmation of positive amyloid status before therapy.

National coverage of b-amyloid PET will increase patient access to this therapy and will also more clearly identify
patients who are amyloid negative and would not be eligible for most trials. Currently, 3 FDA-approved radiopharmaceuti-
cals are approved for use with PET to identify b-amyloid plaque: 18F-florbetapir, 18F-flutemetamol, and 18F-florbetaben.
Their very limited use currently is covered under CED through the New IDEAS Study, a successor to the IDEAS Study
that is focused on minority populations. Outside of this trial, however, these tracers are not covered by CMS.

We are concerned that CMS did not significantly change their CED requirement for b-amyloid PET scans. This may
continue to limit access of patients to clinical trials of the drug. Removing the CED requirement would have been timely—
given the approval of aducanumab and the coverage of tau PET diagnostics as of January 1—and would also have helped
ensure equitable access to the new therapy. In addition, the current limited CMS coverage pays the provider far less than
the cost of the imaging agent, a situation that limits access to the scans for our most vulnerable populations.

SNMMI is continuing to review the proposed NCD and will be submitting comments to CMS. Our preliminary
thoughts are that CMS’s decision to cover AD therapy under CED is an incomplete solution rather than a productive res-
olution that would allow widespread and equitable patient access to monoclonal antibody therapy or clinical trials of
that treatment. We hope CMS will change its position in its final decision, due in April 2022. The Society seeks broad
national coverage of the scans either by a positive NCD or at Medicare Administrative Contractor (MAC) discretion.

12N THE JOURNAL OF NUCLEAR MEDICINE ' Vol. 63 ' No. 3 ' March 2022

N
E
W

S
L
I
N

E



HFR Outage and Isotope Supply

T
heNuclearMedicine Europe (NMEu) Emergency Response
Team alerted its stakeholders on January 24 to a
delay in the restart of the High-Flux Reactor (HFR)

(Petten, The Netherlands) that was expected to affect the supply
of 99Mo and 177Lu for medical uses. The reactor supplies 60%
of the European demand for these isotopes and 30% of the
worldwide need. According to the accompanying release, the
NMEu was informed by the Nuclear Research and Consultancy
Group (NRG), which operates the reactor, that the delay was
the result of discovery of a water leak in the reactor beam tube
cooling system. Neither workers nor the general public was
said to be at risk, and the reactor remained in safe standby status
pending investigation of the cause of the leak. Inspections of
difficult-to-access piping were performed but were not informa-
tive. Additional inspections were planned, and the NRG project

team was in place to identify remedial actions and enable the
reactor to return to service after regulatory review and
approval. Targets had been scheduled to be irradiated in the
HFR reactor during the week of January 24 for both 99Mo
and 177Lu production, and the delay affected the supply of
these radioisotopes. Medical institutions were advised to con-
tact their radioisotope suppliers to determine specific impacts
on orders. On January 31, NRG provided an update and noted
that investigators had listed options for restoring functionality
and intended to select an approach in early February. A target
date for HFR restart, however, could not be provided. Some
shortages of 99Mo/99mTc were termed inevitable, with addi-
tional reports of effects on supplies of 177Lu and 131I.

Nuclear Research and Consultancy Group

FDA Guidance on Patient Engagement in Medical
Device Clinical Studies

On January 25 the U.S. Food and Drug Administration
(FDA) issued 2 final guidance documents containing recom-
mendations for including patient perspectives in medical
device clinical studies. Drafts issued in 2019 were modified
by public comment and expert input to create the final docu-
ments. “Patient Engagement in the Design and Conduct of
Medical Device Clinical Studies” describes how device devel-
opers, sponsors, and industry can voluntarily use patient en-
gagement to improve clinical study design and conduct;
provides examples of approaches to consider when device
developers, sponsors, and industry wish to incorporate patient
advisor input in clinical studies; describes which patient en-
gagement activities are generally not considered by the FDA
to constitute an activity subject to FDA regulations regarding
institutional review boards; and clarifies how sponsors can
receive feedback from the FDA on plans to voluntarily include
patient advisors’ input on their clinical studies. The FDA
encouraged patient engagement in medical device clinical stud-
ies in appropriate circumstances, but the recommendations are
nonbinding. The document provides an overview of the poten-
tial value, challenges, and potential solutions related to involv-
ing patient advisors in the design and conduct of clinical
studies. Entities considering incorporating such input in medi-
cal device clinical studies were encouraged to engage in early
interactions with FDA and to obtain feedback from the relevant
FDA office/division on appropriate design and any applicable
regulatory requirements. The guidance states “FDA believes ap-
propriate patient engagement may lead to improved efficiency

and quality in the design and conduct of medical device clinical
studies and greater uptake of results by patients and providers
when making treatment decisions about a legally marketed med-
ical device, ultimately leading to earlier U.S. patient access to
beneficial medical devices.”

The second guidance, “Principles for Selecting, Developing,
Modifying, and Adapting Patient-Reported Outcome Instru-
ments for Use in Medical Device Evaluation,” describes princi-
ples that may be considered for instruments that capture and
measure patient-reported outcomes; provides recommendations
about the importance of ensuring that these instruments are
suited to the purposes to which they are applied; and outlines
best practices for selecting, developing, modifying, or adapting
a patient-reported outcome instrument for use in medical device
evaluation. In the document summary, FDA noted that “to fur-
ther integrate patient voices throughout the total product life
cycle of medical devices, it is important to consider concepts
important to patients in the regulatory evaluation and surveillance
of medical devices. Well-designed patient-reported outcome instru-
ments facilitate incorporating patient perspectives as scientific
evidence to support regulatory and health care decision-making.”
The guidance is intended to help ensure that patient-reported out-
come instruments are developed, modified, adapted, and used in
evaluation of medical devices in ways that generate “relevant,
reliable, and sufficiently robust data to assess outcomes of impor-
tance to patients, regulators, and health care providers.”

U.S. Food and Drug Administration
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SNMMI Launches Radiopharmaceutical Therapy
Centers of Excellence Program

S
NMMI announced in February the launch of a pro-
gram offering nuclear medicine facilities the oppor-
tunity to qualify as designated and certified Centers

of Excellence in Radiopharmaceutical Therapy. The centers
will meet strict regulatory, training, qualification, experi-
ence, and performance criteria to help assure patients, their
families, referring physicians, and payers that rigorous proce-
dures are in place and followed, leading to appropriate patient
selection and outcomes from radiopharmaceutical therapy.
“Our goal with this program is to ensure that patients have
reliable access to high-quality radiopharmaceutical therapy
that is well integrated into their pathways of care and deliv-
ered by highly qualified therapy teams at technically qualified
sites,” said Richard Wahl, MD, SNMMI President. “These
teams will be led by physicians appropriately trained in
nuclear medicine who will act as ‘nuclear oncologists’, work-
ing across disciplines to provide the right treatment with the
most advanced and evidence-based approaches tailored to the
needs of each patient.”

Designation as an SNMMI-recognized Radiopharma-
ceutical Therapy Center of Excellence will be a visible and
prestigious sign that each site: carefully evaluates patients
for suitability for radiopharmaceutical therapy, including
in-person assessments in a clinical setting; that treatment
providers are suitably qualified by training, experience,
appropriate board certification, and continuing medical edu-
cation to deliver the relevant radiopharmaceutical therapy
and to use relevant imaging methods and equipment to
assess patients before, during, and after treatment; that
patients will receive follow-up care with deep engagement
by the treating physicians and/or the broader therapy team;
and that total patient care will be supported by a team of
experts in nuclear medicine and molecular imaging, pathol-
ogy, endocrinology, urology, social work, physics, and other
relevant care domains. Three levels of designation will be
awarded to qualifying sites.

Registered Therapy Site designation is intended mainly
for those sites that administer only 1 type of radiopharma-

ceutical therapy. This designation does not require a regis-
tration fee.

Clinical Radiopharmaceutical Therapy Center of Excel-
lence designation will be awarded to sites with experience
administering multiple radiopharmaceutical therapies and at
which procedure frequency is sufficiently high in relevant
imaging methods and therapy procedures to assure contin-
ued excellence as evidenced by experience. Care teams at
these sites will include physicians certified to read nuclear
medicine studies and certified nuclear medicine technolo-
gists. Detailed site requirements include specifications for
board and professional certifications for team members and
modality/technology access.

Comprehensive Radiopharmaceutical Therapy Center of
Excellence designation will indicate sites that are leading
growth in the field. These centers will have experience
administering multiple radiopharmaceutical therapies, sup-
ported by established care teams in at least 2 specific disease
areas. These sites will also be actively involved in radio-
pharmaceutical therapy research, patient education, and pro-
vision of quality improvement and continuing medical
education. Detailed requirements for the members of care
teams and their appropriate certification and training are
also included.

All 3 designated site types will be listed on the SNMMI
Therapy Centers of Excellence portal, accessible to patients
seeking treatment. Designations are valid for 2 years. Sites
meeting the Center of Excellence criteria will receive certifi-
cates and door/window stickers with the designation. “It is
our hope that this effort establishes a widely respected ‘gold
standard’ by which prospective patients, colleagues in other
disciplines, and the wider community can recognize quality
and continued excellence in the rapidly advancing field of
radiopharmaceutical therapy,” said Dr. Wahl.

Additional information and detailed requirements for
each type of designation are available at: https://www.
snmmi.org/RPTCoE.

SNMMI
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S N M M I L E A D E R S H I P U P D A T E

Call the Nuclear Oncologist
Richard L. Wahl, MD, SNMMI President

T
he field of nuclear medicine began with a focus on
therapy. Early applications of radiopharmaceutical ther-
apy included the pioneering efforts of the sometimes

forgotten Anastas Kocarev, a Macedonian physician who
worked with Marie Curie on radium therapies in the 1920s. In
1941, 131I was used for the therapy of thyroid disease by
Dr. Saul Hertz and colleagues. Early nuclear medicine physi-
cians included endocrinologists, with a focus on thyroid disease,
and internists, among others. The inventions of the rectilinear
scanner, gamma camera, PET, and PET/CT imaging, as well as
development of innovative radiopharmaceuticals utilizing radio-
isotopes such as 99mTc and 18F, changed the trajectory of
nuclear medicine to a more diagnostic path. Now, with the con-
tinuing growth and evolution of radiopharmaceutical thera-
pies—such as those developed for non-Hodgkin lymphoma,
paragangliomas, neuroendocrine tumors, and bone metastases in
castration-resistant prostate cancer—and the promise of new
prostate-specific membrane antigen targeting agents in prostate
cancer, as well as the growth in a-emitter treatments, we see
nuclear medicine moving at accelerating speed back toward its
therapeutic roots.

Our Practices Will Change and Evolve
Patients undergoing the broad range of cancer therapies are

often under the care of a multidisciplinary team of specialists
that frequently includes medical, surgical, interventional, and
radiation oncologists. In addition, pathologists and nuclear
medicine practitioners play important roles. As the new radio-
pharmaceutical therapies become more and more common-
place, the makeup of teams will expand, and roles will take
shape and crystallize. Nuclear medicine must be a key and inte-
gral part of these treatment teams.

Nuclear medicine professionals have been the innovators
and are currently most often the experts leading radiopharma-
ceutical therapy globally, but this may not always be the case.
With so many professionals experienced and trained in closely
related disciplines, there is ample opportunity for others to
assume a growing role in radiopharmaceutical therapy. In the
future, our role could grow further, but it could also be a more
modest role—it all depends on the path we take and how we
plan for that future.

We Need To Move Now To Define Our Path
If we are to stay critically involved in leadership in this

new, fast-moving area of medicine, nuclear medicine physi-
cians need to maintain a clearer and more distinct profile for
the public and within health care. We need to be recognized
as the specialists to whom cancer patients are sent for

evaluation for radiopharmaceutical
therapy and, if appropriate, treatment.
We must clearly be expert and recog-
nized for our competence in radio-
pharmaceutical therapy of cancer. We
need to take definitive action.

In May 2020, the SNMMI board
of directors approved the term “nuclear
oncologist” to define a nuclear medi-
cine physician who works with radio-
nuclide therapies. One cannot be a
nuclear oncologist without being a nuclear medicine physician,
because the nuclear medicine body of knowledge is essential to
the role. To transition from nuclear medicine specialists to
nuclear oncologists, however, several steps must be taken.

First: Understand the Overall Cancer Management
Paradigm

First, nuclear medicine professionals need to understand
the bigger picture. We need to know how to better manage
patients with cancer—not only with nuclear therapies but also
with non-nuclear therapies. We need to take on a bigger role in
the management and oversight of cancer patients; we need to
take increased ownership of patients’ well-being while they are
under our care. We need to understand all the care options and
how they fit together: which options are best under which cir-
cumstances? Where does radiopharmaceutical therapy fit into
that landscape, given the remarkable evolution of nonradioac-
tive cancer therapies of a variety of types in the “precision
medicine” revolution?

Next: New Knowledge, Experience and Training
To achieve that new level of understanding, nuclear

oncologists will need wider exposure, an expanded body of
knowledge, and additional/refined training. For example, we
will need to gain more in-depth knowledge about the spe-
cific diseases that utilize both radiopharmaceutical and non-
radioactive therapies. We will need increased involvement
in medical, surgical, interventional, and radiation oncology
to understand how information from nuclear medicine and
molecular imaging impacts and interacts with other thera-
pies. Increased involvement in multidisciplinary conferences
can help to achieve this goal to understand new elements of
research and care.

To have full command of this information, changes will
likely be needed in nuclear medicine training programs,
which must continue to evolve. There has been a push to

Richard L. Wahl, MD

(Continued on page 17N )
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N E W S B R I E F S

Brookhaven National Lab 75th
Anniversary

The U.S. Department of Energy (DOE)
Brookhaven National Laboratory (BNL;
Upton, NY) on January 27 held a live-
streamed seminar as a launch event in
celebration of its 75th y. The virtual
event featured a panel discussion, in-
cluding Haiyan Gao, PhD, Associate Lab
Director, Nuclear and Particle Physics;
John Hill, PhD, Director, National Syn-
chrotron Light Source II; and Allison
McComiskey, PhD, Chair, Environ-
mental and Climate Sciences, who
shared their visions for the future of
particle physics, climate science, quan-
tum information science, and more.
The panel answered questions from a vir-
tual audience through YouTube, Face-
book, and Twitter.

Primarily supported by the DOE
Office of Science, BNL is a multidiscipli-
nary laboratory with 7 Nobel Prize–win-
ning discoveries, 37 R&D 100 Awards,
and 75 y of pioneering research. The lab
was founded in 1947 with a post–World
War II goal to explore peaceful applica-
tions of atomic energy. BNL today
applies its expertise and world-class facili-
ties to a wide range of scientific ques-
tions, from the fundamental forces of
physics to complex interactions of eco-
systems and the environment. The labora-
tory’s almost 3,000 scientists, engineers,
and support staff are joined each year by
more than 5,000 visiting researchers from
around the world. 99mTc was first devel-
oped at BNL in the 1950s, and in 1976
the lab synthesized and developed
18F-FDG for initial medical imaging. The
Brookhaven Linac Isotope Producer today
produces many medical isotopes for both
imaging and therapy research and contin-
ues to develop new ones. Learn more
about BNL research initiatives at https://
www.bnl.gov/science/.

Brookhaven National Laboratory

CMS Funding 1,000 New
Residency Slots

The Centers forMedicare & Medicaid
Services (CMS) on December 17 issued a
final rule that includes funding for additional
medical residency positions in hospitals

serving rural and underserved communi-
ties. The Fiscal Year (FY) 2022 Inpatient
Prospective Payment System final rule
established policies to distribute 1,000
new Medicare-funded physician residency
slots to qualifying hospitals, phasing in
200 slots per year over 5 y. CMS esti-
mates that funding for the additional resi-
dency slots, once fully phased in, will
total approximately $1.8 billion over the
next 10 y. As part of implementation of
the Consolidated Appropriations Act
(CAA, 2021), this is the largest increase
in Medicare-funded residency slots
in more than 25 y. Additional sections of
the CAA being implemented promote
increased training in rural areas and gradu-
ate medical education payments to hospi-
tals meeting certain criteria. In allocating
these new residency slots, CMSwill priori-
tize hospitals with training programs in
areas demonstrating the greatest need for
providers, as determined by Health Re-
sources and Services Administration data.
The first round of 200 residency slots was
announced at the end of January and will
begin with the start of the academic year
on July 1, 2023.

“Doctors are most likely to practice
in the areas where they do their residen-
cies. Having additional residents train in
the very areas that need the most support
can not only bolster the numbers of pro-
viders in these underserved areas but also
train them with a unique understanding of
the specific needs of these communities,”
said Meena Seshamani, MD, PhD, Direc-
tor of the CMS Center for Medicare.

For the relevant CMS fact sheet, see
https://www.cms.gov/newsroom/fact-
sheets/fiscal-year-fy-2022-medicare-
hospital-inpatient-prospective-payment-
system-ipps-final-rule-comment.

Centers for Medicare &
Medicaid Services

FDA CDRH Health of Women
Strategic Plan

On January 18, Terri Cornelison, MD,
PhD, Chief Medical Officer and Director
of the Health of Women Program at the
Center for Devices and Radiological
Health (CDRH) of the U.S. Food and
Drug Administration (FDA) shared the

CDRH Health of Women Program Stra-
tegic Plan. Originally proposed for pub-
lic feedback in 2019, the plan lays out
the framework to advance the FDA
mission by protecting and promoting
the health of women, strengthening reg-
ulatory science, and identifying and
addressing current and emerging issues
in medical device research and regula-
tion for the health of all women.

“Now, more than ever, we need to
understand the implications sex and gen-
der present for the performance of medical
devices in all individuals,” said Cornelison.
“The CDRHHealth of Women program is
a comprehensive, collaborative, landmark
program built on the premise that both sex
and gender have a considerable impact on
a woman’s overall health, not just their
reproductive or sexual health. With patients
at the heart of this initiative, and with the
strategic plan as a blueprint for the center’s
priorities, Health of Women intends to
ensure all women have access to innova-
tive, safe, and effective medical devices.”

The CDRH Health of Women pro-
gram was created in 2016 to address the
steadily growing importance of sex- and
gender-specific issues arising from med-
ical technology design and development,
clinical trial design, and other medical
device–related matters. The new plan
prioritizes the patient experience and
leverages partnerships across CDRH to
establish a portfolio of women-specific
device efforts and strategize around
gap areas to inform research. Corneli-
son outlined 3 main priorities: sex- and
gender-specific analysis and reporting,
an integrated approach for current and
emerging issues related to the health of
women, and creation of a research
roadmap.

FDA Center for Devices and
Radiological Health

DOE Isotope R&D Training
The U.S. Department of Energy (DOE)

announced in December $2 million in
funding to establish a first-of-its-kind train-
eeship program in isotope research and
development, production, and processing.
The effort will be led by Texas A&MUni-
versity (College Station) serving as the
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Isotope Traineeship Coordination (ITC) site
in collaboration with a team of 17 institu-
tions—14 institutions of higher education
(8 of which are Minority Serving Institu-
tions) and 3 DOE/National Nuclear Secu-
rity Administration national laboratories
(Argonne National Laboratory, Lemont,
IL; Lawrence Livermore National Lab-
oratory, CA; and Los Alamos National
Laboratory, NM). This investment is
intended to boost exposure to the field
of isotope science and accelerate the
time usually required for a junior scien-
tist to enter the workforce.

The workforce bolstered through this
investment makes contributions daily by
supporting the activities of the DOE Iso-
tope Program, a key federal program that

produces critical isotopes in short supply.
The isotopes produced have applications
in medicine, national security, domestic
and global industry, and discovery re-
search.

“The DOE Isotope Program sup-
ports novel isotope production and proc-
essing activities at a suite of world-class
facilities throughout the federal complex
and at universities,” said Jehanne Gillo,
PhD, Director of the DOE Isotope
Program. “To ensure a strong and
innovative program in the future, it is
critical to nurture a broad and diverse
workforce.”

The ITC collaboration aims to pro-
mote innovative and transformative
approaches to isotope production and

processing through leveraging advances
in manufacturing, artificial intelligence,
machine learning, and robotics. The
team will recruit a diverse population of
$20 undergraduate and 10 graduate stu-
dents from the 14 degree-granting sites,
develop a collaborative network and
variety of in-person and virtual training
mechanisms, establish peer-support
groups and peer-to-peer mentoring,
provide training for mentors, and
assist in trainee career advancement.
The program will train participants in
isotope science through coursework
as well as research and isotope pro-
duction experiences within the DOE
Isotope Program.

U.S. Department of Energy

(Continued from page 15N)

shortened curricula to increase the size of the workforce.
Such training may have limitations if it is not cancer
focused. Our colleagues in interventional radiology have re-
cently evolved into an independent specialty, and those who
do more oncology-focused practice identify themselves as
“interventional oncologists.” We could take the same
approach with a self-designated “nuclear oncologist” moni-
ker for those nuclear medicine physicians who function in
the radiopharmaceutical therapy/oncologic imaging domain.
But for a comprehensive understanding of nuclear oncology,
a cancer-focused training curriculum—which could include
an additional year of training in the form of a nuclear oncol-
ogy fellowship—may be necessary. A specific certification
could also help set nuclear oncologists apart, recognizing
them for their excellence.

Should we take these steps to ensure our place in the
future of radiopharmaceutical therapy? If we do not, our
role in radiopharmaceutical therapies may become limited
and possibly entail only a brief interaction with a patient. If
we do take these steps, we can feel confident that the nuclear
oncologist’s body of knowledge is sufficient to deliver the
best care to patients with cancer. As well-qualified nuclear
oncologists, we can ensure our continued seat at the cancer
therapy table—in many instances sitting at the head of that
table. Nuclear medicine physicians have long been and will,
with appropriate action, remain the innovators in radiophar-
maceutical therapies, defining therapy into the future and
advancing the relevance of our field. If we evolve as nuclear
oncologists, we will drive this important field forward for
our profession and, most important, for our patients.
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F R O M T H E L I T E R A T U R E

Each month the editor of Newsline
selects articles on diagnostic, therapeu-
tic, research, and practice issues from
a range of international publications.
Most selections come from outside the
standard canon of nuclear medicine
and radiology journals. These briefs
are offered as a monthly window on the
broad arena of medical and scientific
endeavor in which nuclear medicine
now plays an essential role. The lines
between diagnosis and therapy are
sometimes blurred, as radiolabels are
increasingly used as adjuncts to therapy
and/or as active agents in therapeutic
regimens, and these shifting lines are
reflected in the briefs presented here.
We have also added a small section on
noteworthy reviews of the literature.

68Ga-PSMA-11 vs 131I in
Thyroid Cancer

Pitalua-Cortes et al. from the National
Cancer Institute (Mexico City, Mexico)
and the Universidad Aut$onoma de Bucara-
manga (Colombia) reported in the Decem-
ber 22 issue of Frontiers in Endocrinology
(Lausanne) (2021;12:794759) on a com-
parison of 68Ga–prostate-specific mem-
brane antigen (PSMA)–11 and 131I in the
follow-up of well-differentiated metastatic
thyroid cancer. The retrospective study
included 10 patients (8 women, 2 men;
mean age, 58 6 11.6 y) who underwent
posttherapeutic 131I whole-body scanning
and SPECT/CT, as well as 68Ga-PSMA-11
PET/CT imaging. A total of 64 metastatic
lesions were analyzed (67% papillary,
33% follicular), with 58% of metastatic
lesions in bone, 17% in lung, 8% in
lymph nodes, 5% in the postoperative
thyroid bed, 5% in brain, and 7% in other
sites. 68Ga PSMA-11 PET/CT identified
all 64 lesions, whereas 131I SPECT/CT
identified only 55. Lesions not detected
by 131I SPECT/CT were in the lung
(44.4%), brain (22.2%), postoperative
thyroid bed (11.1%), lymph nodes
(11.1%), and bone (11.1%). Although
observer agreement was high for both
tracers, it was almost 100% for 68Ga

PSMA-11 PET/CT. The authors con-
cluded that the superior performance of
68Ga-PSMA PET/CT for metastatic
lesion detection when compared with
131I SPECT/CT suggests that PSMA-
based imaging could possibly be used
for early identification of radioiodine
refractory disease. They added that, in
addition to avoiding some of the chal-
lenges of 131I-based follow-up, PSMA
uptake values may both expedite diag-
noses and provide a rationale for devel-
opment of theranostic applications.

Frontiers in Endocrinology
(Lausanne)

Integrating PSMA PET in
NCTN Trials

In an article published on January
11 ahead of print in the Journal of
Clinical Oncology, Sch€oder and mem-
bers of the National Cancer Institute
(NCI) Clinical Imaging Steering Com-
mittee (CISC) Prostate-Specific Mem-
brane Antigen (PSMA) PET Working
Group reported on the results of an
expert review and survey of challenges
to clinical use of PSMA. The working
group was tasked with identification of
these challenges across various clinical
scenarios and development of consen-
sus recommendations on most effec-
tively integrating PSMA PET into
National Clinical Trials Network (NCTN)
studies. In this article, the group identi-
fied challenges in stage migration,
response assessment, trial logistics, and
statistical analysis and offered proposed
solutions. The report was also informed
by the results of an anonymous, open-
ended survey about these challenges,
as well as serial overviews of related
clinical trials. The authors discussed
implications for patient selection and
definition of study end points and pro-
vided guidance and potential solutions
for different clinical scenarios, particu-
larly with regard to best practices in
defining eligibility criteria and outcome
measures.

Journal of Clinical Oncology

PET 1 MRI in Symptomatic
Carotid Stenosis

Gianotti, from University College
Dublin, and colleagues from Mater Mis-
ericordiae University Hospital, St. Vin-
cent’s University Hospital, Connolly
Hospital, St. James Hospital, Trinity
College Dublin, and Beaumont Hospital
and Royal College Surgeons Ireland (all
in Dublin, Ireland) reported on Decem-
ber 23 in Frontiers in Neurology (2021;
12:731744) on a study investigating the
association of selected imaging charac-
teristics of plaque vulnerability mea-
sured with 18F-FDG PET and MRI in
patients with symptomatic carotid ste-
nosis. The study included 25 patients
($50 y old, mean age, 65 y; 72% men,
28% women) from a larger clinical trial
who had experienced an ischemic
stroke or motor/speech/vision transient
ischemic attack within the last 30 d,
had ipsilateral internal carotid artery
stenosis ($5.0% lumen narrowing); and
had undergone carotid PET/CT angiog-
raphy and MRI. MRI imaging quanti-
fied morphologic features of plaque
instability. In addition to inflammation-
related metabolism as represented by
SUVmax on PET, data from CT- and
MRI-assessed plaque volume were com-
pared. Plaque volume was greater in men
(1,708–1,286 mm3), patients who had
experienced strokes (1,856–1,440 mm3),
and non-statin users (1,325–1,797mm3).
PET SUVmax values were directly asso-
ciated with MRI-measured plaque lipid-
rich necrotic cores in the corresponding
axial slices and inversely associated
with whole-plaque fibrous cap thick-
ness and calcium volume. The authors
concluded that these novel correla-
tions of noninvasive imaging bio-
markers of inflammation-related pla-
que metabolism and morphologic MRI
markers of plaque instability “may sup-
port the application of combined MRI
and PET to detect vulnerable plaque in
future clinical practice and randomized
trials.”

Frontiers in Neurology
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COVID-19, Myocardial Injury,
and PET 1 MRI

In an article in the January 12 issue
of JAMA Cardiology, Hanneman et al.
from the University of Toronto (Can-
ada) and the University of Cologne
(Germany) reported on a study investi-
gating myocardial metabolic changes
early after recovery from COVID-19
using 18F-FDG PET and correlating
these changes with abnormalities in car-
diac MRI–based function and tissue
characterization measures and with infl-
ammatory blood markers. The study,
which took place between November
2020 and June 2021, included 47 pati-
ents (24 women, 23 men; mean age
43 y), who were an average of 67 d
(616 d) post-COVID 19 diagnoses at
the time of combined PET/MRI imag-
ing and blood marker evaluation. Most
patients (85%) had not been hospital-
ized during acute stages of infection.
Eight patients (17%) were found to
have focal 18F-FDG uptake on PET
consistent with myocardial inflamma-
tion and were asked to return for repeat
assessment 2 mo later. Patients with
focal 18F-FDG uptake were found on
combined imaging to have higher regi-
onal T2, T1, and extracellular volume,
higher prevalence of late gadolinium
enhancement, lower left ventricular eje-
ction fraction, worse global longitudinal
and circumferential strain, and higher
systemic inflammatory blood markers,
including interleukin 6, interleukin 8,
and high-sensitivity C-reactive protein.
In these patients, PET/MRI findings
and inflammatory blood markers reso-
lved or improved at 2-mo follow-up
assessment. The authors concluded that
these “imaging findings are generally
consistent with an imaging phenotype
with good prognosis; however, it does
emphasize the importance of studies
examining the longer-term effects of
COVID-19 on the heart.”

JAMA Cardiology

11C-PABA PET in Bacterial
Infection

Ordonez et al. from the Johns Hop-
kins University School of Medicine

(Baltimore, MD) and the University of
California San Francisco reported on
January 11 in JCI Insight (2022;7[1]:
e154117) on the use of 11C-paraamino-
benzoic acid (11C-PABA) PET imaging
for detection and monitoring of pyo-
genic bacterial infections in a range of
clinically relevant animal models and
healthy human participants. In a rabbit
model of experimentally induced myo-
sitis with E. coli or S. aureus, 11C-
PABA PET was able to selectively
localize sites of infection and differenti-
ate these from sterile inflammation. In a
prosthetic joint model in rabbits, 11C-
PABA PET successfully detected
prosthetic-related methicillin-resistant
S. aureus infection. 11C-PABA PET
also correctly detected involved sites
in bone in rats infected with S. aureus.
No adverse or clinically detectable phar-
macologic effects were noted in biodis-
tribution and radiation dosimetry studies
in 5 healthy human volunteers, and
the tracer was rapidly cleared from
most organs. The authors concluded
that “11C-PABA has the potential for
clinical translation to detect and local-
ize a broad range of bacteria” and
called for additional clinical studies in
patients with confirmed infections to
evaluate the role of 11C-PABA PET
imaging in diagnosing and monitoring
bacterial infections.”

JCI Insight

PET MTV and
Rhabdomyosarcoma Prognosis

In an article published on January
14 in PLoS One (2022;17[1]:e0261
565), Fayolle et al. from Toulouse Pur-
pan University Hospital, Curie Ins-
titute/PSL Research University (Paris),
the L$eon B$erard Cancer Centre (Lyon),
and the Toulouse Paul Sabatier Univer-
sity–INSERM (all in France) reported
on a multicenter study of the utility of
pretreatment 18F-FDG PET–derived
metabolic tumor volumes (MTVs) in
providing prognostic information in
pediatric patients with rhabdomyosar-
coma. MTV in the study was defined
as the sum of the primary tumor and
the largest metastasis (where relevant)
with a 40% threshold of the primary

tumor SUVmax. The prognostic values of
SUVmax, SUVpeak, and bone lysis were
also evaluated. The study included 101
patients (62 boys, 39 girls; median age,
7.4 y) with localized disease (n 5 35),
regional nodal spread (n 5 43), or dis-
tant metastases (n 5 23). A total of 44
patients had alveolar subtypes. The re-
searchers found that an MTV . 200
cm3 was associated with a 2.5-factor
increased risk of death or disease pro-
gression. SUVmax, SUVpeak, and bone
lysis also were correlated with both over-
all and progression-free survival. The
authors concluded that “given the thera-
peutic challenges in a pediatric popula-
tion, with the risk of developing second-
ary toxicities, our study brings an
additional argument to include metabolic
PET parameters in the decision-making
trees for the management of rhabdomyo-
sarcoma. And it could help to adapt
patients’ therapeutic management.”

PLoS One

Consensus Statement:
Postoperative 131I in DTC

Pacini et al. from the University of
Siena (Italy), University Hospital Essen/
University Duisburg-Essen (Germany),
University of Pisa (Italy), Maria Skłodo-
wska-Curie National Research Institute
of Oncology (Gliwice, Poland), Gustave
Roussy Cancer Campus and University
Paris-Saclay (Villejuif, France), Univer-
sity Hospital Marburg (Germany), and
Radboud University Medical Center
(Nijmegen, The Netherlands) provided
on January 1 in the European Thyroid
Journal (2022;11[1]:e210046) a Euro-
pean Thyroid Association Consensus
Statement intended to deliver rational
recommendations for indications for
postoperative radioiodine therapy in dif-
ferentiated thyroid cancer tailored to the
specific goals of these indications and
the needs of each patient. The 8 rec-
ommendations addressed the questions
of which patients are candidates for
which form of radioiodine therapy, ap-
propriate activities of radioiodine for
specific scenarios, and optimal prepara-
tion methods. The authors recommended
individual risk-based assessment of can-
didates for postoperative 131I treatment.
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They added that because this consen-
sus statement was based largely on
retrospective studies in which biases
could not be excluded, “the only way
to scientifically compare 2 treatment
modalities and to exclude biases is
to perform randomized prospective
studies,” which they termed “clearly
feasible.”

European Thyroid Journal

PET and Immunotherapy
Discontinuation in Melanoma

In an article published online on Janu-
ary 9 ahead of print in the International
Journal of Cancer, Ellebaek et al. from
Copenhagen University Hospital (Herlev,
Denmark) reported on a study of the clini-
cal value of routine 18F-FDG PET imaging
as a decision-assisting tool for early immu-
notherapy discontinuation in advanced
melanoma. The retrospective study
included data from 140 patients in the
Danish Metastatic Melanoma Database.
Patients treated with an anti-PD-1–based
regimen for ,18 mo and who had
experienced $4 mo without disease
progression after stopping treatment
were included. Serial 18F-FDG PET/CT
had evaluated these patients as having par-
tial or complete responses. Patients were
divided into “elective” and “toxicity”
groups, depending on the reasons for
which their treatment had been discontin-
ued. Over a median 29.3-mo follow-up, a
higher percentage of patients remained
alive in the elective group (93%) than in
the toxicity group (75%), with improved
melanoma-specific survival. Patients with-
out 18F-FDG–avid lesions when treatment
was discontinued showed improved
melanoma-specific survival. In multivari-
ate analysis, the absence of lesions was
the only independent predictive feature of
improved melanoma-specific survival.
The authors concluded that patients with
metastatic melanoma who obtain an
early response and discontinue immuno-
therapy early “have an excellent progno-
sis, especially in the absence of 18F-FDG
PET–avid lesions when discontinuing
treatment.” They added that “these data
support the option of early

discontinuation, limiting possible over-
treatment and thereby toxicity, health, and
economic expenses and improving
logistics.”

International Journal of Cancer

PET/CT in Untreated
Multiple Myeloma

Li et al. from the Second Hospital of
Anhui Medical University (Hefei, Peo-
ple’s Republic of China) reported on Jan-
uary 9 ahead of print in Clinical and
Experimental Medicine on a systematic
review and metaanalysis of the prognostic
value of 18F-FDG PET/CT at diagnosis
and before treatment in patients with mul-
tiple myeloma. The researchers systemati-
cally reviewed the major medical litera-
ture databases for relevant articles, with a
resulting study set of 16 qualifying
articles including 2,589 patients. Statisti-
cal analyses indicated that PET/CT has
an excellent prognostic role in multiple
myeloma and that higher SUVmax,
more focal lesions, and extramedullary dis-
ease at the time of diagnosis were associ-
ated with poor overall and progression-
free survival. Similar results were seen in
most subgroup analyses. The authors con-
cluded that “pretreatment 18F-FDG PET/
CT examination has prognostic value for
myeloma patients and has guiding signifi-
cance for clinical treatment.”

Clinical and Experimental Medicine

Predicting
Chemoimmunotherapy
Outcomes in NSCLC

In an article in the January 9 issue
of Therapeutic Advances in Medical
Oncology (2022;14:17588359211068
732), Kim et al. from Yonsei Univer-
sity College of Medicine (Seoul and
other sites in the Republic of Korea)
evaluated whether imaging biomarkers
of 18F-FDG PET/CT and routinely
assessed clinical and laboratory values
were associated with clinical outcomes
in patients with advanced non–small
cell lung cancer (NSCLC) receiving
pembrolizumab plus platinum-doublet
chemotherapy as first-line treatment.

The retrospective study included 52
patients with advanced disease who
underwent 18F-FDG PET/CT before
beginning treatment. Over a median
follow-up period of 16.7 mo (range,
15.7–17.7 mo), 43 (82.7%) patients
experienced disease progression and 31
(59.6%) died. An objective response to
treatment was seen in 23 (44.2%). After
analysis, SUVmax, metabolic tumor vol-
ume, total lesion glycolysis, and bone
marrow-to-liver uptake ratio on PET/
CT, as well as neutrophil-to-lymphocyte
ratio in laboratory analyses, were inde-
pendently and significantly predictive of
treatment response, progression-free sur-
vival, and overall survival. The authors
concluded that these results suggest the
potential of these variables as “effective
markers for combined PD-1 blockade
and chemotherapy” in patients with
NSCLC.

Therapeutic Advances in Medical
Oncology

SSTR Expression and PET/CT
in Pancreatic NENs

Majala et al. from Turku University
Hospital/University of Turku and Helsinki
University Hospital/University of Helsinki
(both in Finland) reported in the Decem-
ber 29 issue of Cancers (Basel)
(2021;14[1]:162) on a study designed to
correlate immunohistochemical tissue lev-
els of somatostatin receptors 1–5 with
receptor density as seen in 68Ga-DOTA-
NOC uptake on PET/CT in a prospective
series of patients with nonfunctional
pancreatic neuroendocrine neoplasms
(PNENs). The study included 21 patients
with a total of 35 such lesions and with
21 lymph node metastases on histolo-
gic analysis who underwent both 68Ga-
DOTANOC and 18F-FDG PET/CT
imaging. Twenty patients proceeded to
surgery, and 1 underwent endoscopic
ultrasonography and core-needle biopsy.
His-tology and PET/CT findings were
correlated. Expression of SSTR1 was de-
tected in 74% of lesions, SSTR2 in 91%,
SSTR3 in 80%, SSTR4 in 14%, and
SSTR5 in 77%. SSTR2 immunohisto-
chemistry significantly correlated with
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68Ga-DOTANOC PET/CT findings. All
68Ga-DOTANOC–avid tumors expressed
SSTR2, SSTR3, or SSTR5. SSTR5
expression was associated with low Ki-
67 proliferation, possibly associated with
better prognoses. The authors noted that
“further prospective studies, in larger
tumor series, are needed to study the
correlation of SSTR expression profile
with 68Ga-labeled SST and 18F-FDG
PET/CT for the personalized manage-
ment of PNEN patients.”

Cancers (Basel)

Interim Report on the
GastroPET Study

In an article in the January 5 issue of
Therapeutic Advances in Medical Oncol-
ogy (2022;13:17588359211065153), Ob-
ermannova et al. from Masaryk Memorial
Cancer Institute (Brno), Charles Univer-
sity and General University Hospital
(Prague), University Hospital Olomouc,
and University Hospital Brno (all in the
Czech Republic) reported on the method-
ology, study design, and initial patient
safety data for GastroPET, a large multi-
center phase II trial assessing an 18F-
FDG PET/CT preoperative treatment
strategy for localized esophagogastric
junction adenocarcinoma, with the R0
resection rate as a primary endpoint. The
report included data on the first 63 patients
enrolled. Patients with locally advanced
esophagogastric junction adenocarcinoma
(Siewert I–III) stages Ib–IIIc underwent
baseline PET/CT scanning and repeat
imaging after 14 d of oxaliplatinum-5FU-
(docetaxel) chemotherapy. Response
was defined as a $35% decrease in
SUVaverage from baseline. Responders
(n 5 35) were then continued on the
same chemotherapy for 2–3 mo before
surgery. Management for nonresponders
(n 5 28) was changed to preoperative
chemoradiotherapy (weekly carboplatin
and paclitaxel with concurrent radiother-
apy [45 Gy in 25 fractions]). In addition
to initial reporting on feasibility, the study
group compared local and centralized
reading of imaging results. At the time of
this report, 47 patients (28 responders,

19 nonresponders) had completed sur-
gery. Grade 3 or higher postoperative
complications were reported in 5 respond-
ers and 2 nonresponders (no statistical dif-
ference). Two patients died after surgery,
1 in each arm of the study. Centralized
and local image interpretations of changes
in SUV were 100% concordant. The
authors noted that these results confirm
“the accuracy of a PET response–guided
treatment algorithm for locally advanced
esophagogastric junction cancer in a mul-
ticenter setting” and that preoperative
treatment adaption based on PET/CT
appeared to be feasible and safe.

Therapeutic Advances in Medical
Oncology

68Ga-PSMA-11 PET/CT and
Glial Tumors

Kunikowska et al. from the Medical
University of Warsaw, Poznan Univer-
sity of Medical Sciences, National Centre
for Nuclear Research (Otwock), and the
Maria Skłodowska-Curie National
Research Institute of Oncology (Warsaw;
all in Poland) reported on January 13 in
Science Reports (2022;12[1]:652) on a
study using 68Ga–prostate-specific mem-
brane antigen–11 (68Ga-PSMA-11) PET/
CT to study PSMA expression in recur-
rent glial tumors. The study included 34
patients (ages, 44.5 6 10.3 y) with sus-
pected recurrence of histologically con-
firmed grade III (n 5 6) and grade IV
(n5 28) gliomas. All patients underwent
both contrast-enhanced MR and 68Ga-
PSMA-11 PET/CT imaging. PET/CT
was positive in all areas indicated as sus-
picious for recurrence on MR, and recur-
rence was confirmed by histopathology
and/or follow-up imaging. Median
SUVmax for tumors was 6.5 (range, 0.9–
15.6) and SUVmean was 3.5 (range,
0.9–7.5). The median target-to-background
ratio was 152 (range, 15–1,400), and
median target-to-liver background ratio
was 1.3 (range, 0.2–2.6). No significant
differences were found in PET/CT param-
eters between grades III and IV. The
authors concluded that because treatment
options in recurrent glioma are limited,

this observation may point to therapeutic
innovations using radiolabeled agents tar-
geting PSMA.

Science Reports

PET/CT in Neurofibromatosis
Type 1

In an article published online on Jan-
uary 13 ahead of print in the Journal of
NeuroOncology, Geitenbeek et al. from
University Medical Center Utrecht, Eras-
mus Medical Center Cancer Institute
(Rotterdam), and Maastricht University
Medical Center (all in The Netherlands)
reported on the diagnostic accuracy and
value of 18F-FDG PET/CT in detecting
malignant peripheral nerve sheath tumors
(MPNSTs) in adult and pediatric patients
with neurofibromatosis type 1. The retro-
spective study included 60 patients, all of
whom underwent PET/CT and in whom
70 tumors were identified (10 MPNSTs
and 60 benign peripheral nerve sheath
tumors [BPNSTs]; 40 in females, 30 in
males; 15 in children, 55 in adults). Over
a mean follow-up of 3.5 6 1.6 y at the
time of the report, 7 MPNST patients
and 4 BPNST patients had died. The
authors developed a diagnostic algorithm
for PET/CT findings. They identified
ideal threshold values of 5.8 for SUVmax

(sensitivity 70%, specificity 92%), 5.0
for SUVpeak (sensitivity 70%, specificity
97%), 1.7 for maximum tumor-to-liver
ratio (TLmax) (sensitivity 90%, specific-
ity 86%), and 2.3 for TLmean (sensitiv-
ity 90%, specificity 79%). A standard
TLmean threshold value of 2.0 yielded a
sensitivity of 90% and specificity of
74%, and the standard SUVmax thresh-
old value of 3.5 yielded a sensitivity of
80% and specificity of 63%. SUVmax

and adjusted SUV for lean body mass
were somewhat lower in children, but
TL ratios were similar in the 2 groups.
Using thresholds of TLmean . 2.0 or
TLmean , 2.0 1 SUVmax . 3.5, the
authors’ algorithm achieved sensitivity
of 100% and specificity of 63%. They
concluded that these semiquantitative
PET markers “offer acceptable diag-
nostic accuracy for detecting malignant
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transformation of peripheral nerve
sheath tumors in neurofibromatosis type
1,” adding that the potential differences
between uptake values of adults and
children did not impact the diagnostic
algorithm.

Journal of NeuroOncology

Reviews

Review articles provide an impor-
tant way to stay up to date on the latest
topics and approaches through valuable
summaries of pertinent literature. The
Newsline editor recommends several gen-
eral reviews accessioned into the PubMed
database in December and January. In an
article e-published on January 10 in
Geburtshilfe und Frauenheilkunde
(2022;82[1]:50–58), Unger et al. from
Universit€atsklinikum Freiburg and the St.
Vincentius Kliniken (Karslruhe, both in

Germany) provided a structured overview
of “Expression of prostate specific mem-
brane antigen (PSMA) in breast cancer.”
Taralli et al. from the Fondazione Policli-
nico Universitario Agostino Gemelli
IRCCS (Rome), S. Orsola-Malpighi
University Hospital (Bologna), Azienda
Ospedaliera San Camillo Forlanini
(Rome), and the Universit"a Cattolica del
Sacro Cuore (Rome, all in Italy) summa-
rized data on “The prognostic value of
18F-FDG PET imaging in staging in
patients with malignant pleural mesothe-
lioma: A literature review” on December
22 in the Journal of Clinical Medicine
(2021;11[1]:33). In an article published
on January 17 ahead of print in the Brit-
ish Journal of Haematology, El-Galaly
et al. from Aalborg University (Den-
mark), the BC Cancer Centre for
Lymphoid Cancer/University of Brit-

ish Columbia (Vancouver, Canada),
Sir Charles Gairdner Hospital (Perth, Aus-
tralia), and the University ofWestern Aus-
tralia asked “Pretreatment total metabolic
tumour volumes in lymphoma: Does
quantity matter?” Bidakhvidi et al. from
University Hospitals Leuven (Belgium)
reviewed on December 28 in Cancers
(Basel) (2021;14[1]:129) “Peptide recep-
tor radionuclide therapy targeting the
somatostatin receptor: Basic principles,
clinical applications, and optimization
strategies.” In the December 31 issue of
the International Journal of Molecular
Sciences (2021;23[1]:474), Ben-Shalom
et al. from Tel Aviv Sourasky Medical
Center, Weizmann Institute of Science
(Rehovot), and Tel Aviv University (all in
Israel) reported on “The role of molecular
imaging as a marker of remyelination and
repair in multiple sclerosis.”
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D I S C U S S I O N S W I T H L E A D E R S

Health Care and Nuclear Medicine in France
A Conversation Between Dominique Le Guludec, Johannes Czernin, and J$er$emie Calais

Dominique Le Guludec1, Johannes Czernin2, and J$er$emie Calais2

1Hospital Bichat, Paris, France; and 2Ahmanson Translational Theranostics Division, Department of Molecular and Medical
Pharmacology, David Geffen School of Medicine, University of California Los Angeles, Los Angeles, California

Johannes Czernin, editor in chief of The Journal of Nuclear
Medicine, and J$er$emie Calais, associate editor, talked with Domi-
nique Le Guludec, president of the Haute Autorit$e de Sant$e (HAS;
French High Authority of Health). In this position, appointed by the
president of the Republic of France, she chairs the HAS scien-
tific deliberative board and is responsible for overseeing the
institution’s strategic planning and ensuring programming and
implementation of various legislative assignments. Before her cur-
rent appointment, Dr. Le Guludec headed the Nuclear Medicine
Department (1993–2017) and Medical Imaging Unit (2006–2011)
at the Bichat Hospital (Paris) and presided over the board of direc-
tors for the French National Institute of Radioprotection and
Nuclear Safety (IRSN; 2013–2017).
After cardiology residency training early in her career, Dr. Le

Guludec specialized in biophysics and nuclear medicine at the
University Paris–Diderot teaching hospital, Bichat. Her research
interests and training led her to manage Bichat’s Department of
Nuclear Medicine and Medical Imaging Unit as well as the
INSERM (National Institute of Health and Medical Research)
Research Cardiovascular Imaging Team, which was responsible
for running several national and European innovation programs in
molecular imaging and nanotechnology.
In addition to academic and medical practice roles, Dr. Le

Guludec held various administrative roles throughout her career,
including as president of the Medical Establishment Commis-
sion of University Hospitals Paris Nord. She also undertook sci-
entific responsibilities at the international level as president of
the Cardiovascular Committee of the European Association of
Nuclear Medicine (EANM; 2002–2006), member of the Euro-
pean Council of Nuclear Cardiology (2005–2013), and member
of the EANM Executive Committee (2011–2013). In September
2021 she was appointed vice president of the Heads of Agencies
Group, which convenes 20 public health technology assessment
bodies across Europe.
Dr. Calais: It’s a great honor to speak with you. When we saw

each other the last time in 2016 you were the chair of the Department
of Nuclear Medicine and Biophysics at the Bichat University Hospital
in Paris. Since then, you’ve become president of the French HAS. We
asked you to participate in this discussion because your career path
from nuclear medicine to a national leadership position is inspiring.
Can you tell us a bit about your career?

Dr. Le Guludec: I did not start out
as a nuclear medicine physician. I
began as a clinical cardiologist. I main-
tained a weekly outpatient consultation
for cardiac patients throughout my career
until quite recently. At the time of my
university fellowship and assistant pro-
fessorship in cardiology, I did 2 years
of research in the Department of
Molecular Imaging at the Commissar-
iat "a l’Energie Atomique et aux Ener-
gies Alternatives Hospital in Orsay.
I worked on various quantitative PET
imaging approaches, including receptor imaging, which was very
innovative at that time. This was the origin of my interest in nuclear
medicine and molecular imaging. I subsequently started training in
nuclear medicine and never regretted it. In the beginning I
focused mostly on research and clinical nuclear cardiology but
expanded my scope and eventually covered all aspects of diag-
nostic and therapeutic nuclear medicine. Finally, in 1988, I took
a position in the Department of Nuclear Medicine and Biophys-
ics at Bichat University Hospital, which at the time had only a
single-detector g-camera. This was a challenge, but, over time,
we created a strong and robust program. When I left to become
president of HAS in 2017, the nuclear medicine department of
Bichat hospital had become a fairly large department, with 3
SPECT systems, 1 PET/CT, and 1 PET/MR in installation. I
fought for expansion of equipment, space, and medical and non-
medical staff to bring both the clinical department and research
unit to a high level to match the quality of the university
hospital.
Dr. Czernin: In Europe, trainees and faculty need to combine

research with clinical work. It’s a little different in the United
States, where research is often conducted by people with limited
clinical responsibilities, so that they have time for research. What
about the life/work balance, as they call it now? How can young
MDs do high-level research and provide excellent clinical service
at the same time?
Dr. Le Guludec: In France, we have 2 categories of doctors:

those who have a university position and conduct research, teach-
ing, and clinical activities; and others, who are focused on the
clinic and are not expected to do academic research. In my group,
we decided that it was good for everyone to do both clinical work
and research—but this could be clinical, applied, or preclinical
research. Depending on individual preferences, they could do more
or less clinical or fundamental research.
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Dr. Czernin: What does the clinical service look like?
Dr. Le Guludec: Some physicians provide only nuclear medi-

cine services, whereas others focus on nuclear cardiology, oncol-
ogy, or endocrinology. But there is a lot of collaboration, a strong
team spirit, and constant communication and exchanges about
patient cases. Although individuals have specific interests, every-
one is involved in everything.
Dr. Calais: One of your main career achievements is that

you built a successful academic and clinical department.
What about all the other responsibilities you took on, like at
the National University Council or the IRSN. How did this
happen?
Dr. Le Guludec: I never looked for these functions; they were

the results of unplanned opportunities. Maybe women do less
career planning than men—I never planned anything. When some
of my professional attempts were successful, I was asked to do
more. I was on the faculty board for my university and was the
only woman in that group for a long time. I had major responsibil-
ities for the medical commission of a group of 7 big hospitals in
Paris. I was asked to serve as the chair of the board of directors of
the IRSN in 2013, when the former chair became president of
HAS. She then became the Minister of Health and proposed my
name to the French government to take over at HAS. This has
become the most challenging assignment I’ve ever taken on.
It’s full-time (actually full-time 3 3!). Why did I choose to
move? I gave it quite a lot of thought before jumping into this
new challenge. First, nuclear medicine gave me a very broad
view of medicine, which is good for what is expected at HAS.
In addition, as I approached the end of my university career, it
was time to let my successor take the department lead at the

hospital. Finally, it was the last opportunity in my life to
change my career completely.
Dr. Calais: Driven by research interests, you made a choice to

move from cardiology to nuclear medicine. Do you think you
would have grown the same way if you had stayed in cardiology?
In nuclear medicine you gained a very specific expertise.
Dr. Le Guludec: I never thought about it in that way. On the

contrary, I have the feeling that nuclear medicine is very broad in
its applications. Some cardiologists are focused on cardiology and
only cardiology. But when you do nuclear medicine you have to
deal with oncology, infections, cardiology, neurology, etc. It gives
you a very broad overview of medicine.
Dr. Czernin: Can we talk about your view of nuclear medi-

cine residency programs and the differences between the stand-
ing of nuclear medicine in Europe and the United States? What
is the curriculum in France, how long is the training, and what
are the priorities?
Dr. Le Guludec: Training has changed a lot. When I started

in the 1980s, it was possible to train in 2 specialties simulta-
neously. Today physicians have to choose a specialty at the
beginning of residency, just after medical school. It’s a pity,
because nuclear medicine could be seeded by various special-
ties and provide opportunities for cardiologists, oncologists,
endocrinologists. This would enrich the field. Today 4 years
of training are required in which, theoretically, the trainee

must cover all nuclear medicine content and, of course, radia-
tion protection and biophysics, as well as other related clini-
cal fields.
Dr. Czernin: Are you specifically training residents for

research?
Dr. Le Guludec: When residents and fellows joined my depart-

ment, I asked them to work toward a master of science degree,
because even for clinical nuclear medicine training, basic science
knowledge is very important. They also had to learn how to read
and write scientific papers and how to ask the right questions. All
residents at Bichat have done master of science degrees, and some
have gone on to complete PhDs.
Dr. Calais: Including some research methodology in the

training curriculum will benefit nuclear medicine as a whole.
At UCLA, I had the opportunity to participate in the translation
of prostate-specific membrane antigen–targeted radiopharma-
ceuticals from research into clinical care. By interacting with
the regulatory institutions, the Food and Drug Administration,
insurance companies, Medicare, and the guideline committees,
we learned what was required and the kinds of evidence
needed for regulatory approval and reimbursement. The large
volume of data available in PubMed from what were mostly
retrospective studies was not helpful in meeting the evidence
criteria. What is your position and that of HAS on evidence
generation?
Dr. Le Guludec: Nuclear medicine is often coming in with

small, not very well-designed studies while competing with
very strong specialties and industry. A product such as a radio-
nuclide agent for therapy is competing with big pharma and
with very expensive drugs. Clinical research has to be much

stronger and better structured to be competitive. At HAS, we
are evaluating many new and very innovative drugs. Nuclear
medicine has a strong place, but we have to demonstrate that
properly.
Dr. Czernin: You talked about the different subsections of

nuclear medicine that you integrate. Can you comment on the cur-
rent development of theranostics in academic departments as well
as in clinical practice? How available are the new theranostic
approaches in France?
Dr. Le Guludec: For a long time, nuclear medicine devel-

oped approaches mostly for imaging and subsequent treatment
of neuroendocrine tumors and, more recently, prostate cancer.
The HAS has to evaluate and validate all products for reim-
bursement. Often the nuclear medicine data are weak in prov-
ing superiority over other treatments. The field of nuclear
medicine and theranostics must do a much better job in com-
ing up with high-quality evidence to support therapeutic or
diagnostic tools.
Dr. Calais: In your view, who is going to do theranostics? Who

does the treatments? Medical oncologists, radiation oncologists,
or nuclear medicine physicians? In the United States, it’s much
more open than in France. How important is the independence of
nuclear medicine? In the United States, it’s actually usually a divi-
sion of radiology. How important is independence within increas-
ingly integrated health-care systems?

`̀Nuclear medicine and health care are great fields to be pursued with great passion. I have never been bored one
day in my life.´́
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Dr. Le Guludec: Nuclear medicine has a very specific
knowledge base and very specific competence. Whereas 90%
of radiology is still very anatomic, nuclear medicine now has a
functional and mostly molecular approach. It’s impossible not
to collaborate, so we have to be open. We should not be afraid
to be eaten because we are small. We have a very specific
expertise, and no one can do it in our place. So, in my view,
there is no risk. The risk for us is in not being able to prove
our added value sufficiently.
Dr. Czernin: Let’s talk about HAS for a moment. The agency

is dealing with an enormous variety of regulatory and legisla-
tive issues that range from being responsible for all measures
taken against coronavirus disease 2019 (COVID-19), to device
approvals, to drug approvals, to training issues, to physician
competence, and more. Can you describe the main roles of this
agency?
Dr. Le Guludec: We are not a government agency. I am nomi-

nated by the president of France, after approval by the equivalents
of the Congress and Senate, but HAS is an authority that is inde-
pendent of political decisions. It is a scientific agency that advises
the government, which can take or leave the advice. Mostly they
accept the advice. Why? Because we develop recommendations
based on science and consensus, we gain legitimacy. But this
notion of independence from politics and from the industry lobby
is important: we have very strict rules about conflicts of interest
for our experts, for all of us. This is critically important in the eyes
of our citizens.
We have 3 big tasks aimed at improving quality in the health

system: to assess and appraise all medical products and devices
and procedures; to make all recommendations for good prac-
tice for professionals and establish all guidelines for diseases
and for public health, including prevention and screening
(e.g., we are currently working on lung cancer screening
guidelines); and to measure and improve quality in hospitals,
clinics, private practice, social, medical/social, elder care, and
so on.
These are separate departments, but it gives us quite a complete

view of the health system. For instance, all health institutions (pri-
vate or public) must be certified by HAS. The public system pays
for these certifications at no cost to the institutions.
Dr. Calais: You told us that your annual budget is e60 million,

but given the enormous tasks to be completed by your 440 cow-
orkers, is this sufficient?
Dr. Le Guludec: We work with many external experts. Work-

ing groups include 1 or 2 people from HAS, but the members are
external experts. So, HAS provides the structure, but we work
with many more people. We have thousands of experts working
with us.
Dr. Czernin: There is a misconception in America about

European health-care systems, which are often called social-
ist. I wanted to go into some of the specific differences between
these systems. What are the priorities of the French system?
You mentioned one already: disease prevention and overall
health.
Dr. Le Guludec: We are very committed here to equity. All

people must have equal access to care, which is considered a
human right. Much effort is put into delivering the same quality of
care and access to health care for everyone in France. This is not
easy, because, as in the United States, there are parts of the coun-
try where doctors don’t want to go to. We also have a shortage of
doctors, nurses, and technicians.

Dr. Czernin: Physicians make much more money if they work
for private entities. Is the health care provided by private practice
also available for everyone, or do patients have to have additional
private insurance to cover the costs?
Dr. Le Guludec: In France, out-of-pocket payments account

for 8% of all health spending. So, it is very little. These out-
of-pocket costs are related to specific domains—dental and
so on—that are not so well reimbursed. The great majority
of health care is reimbursed either by national or private
insurance.
Dr. Czernin: In the United States, out-of-pocket contributions

accounted for 12% in 2018—double the percentage in France.
Overall U.S. health-care expenditure was around $3.8 trillion in
2018, meaning that out-of-pocket payments accounted for close
to $400 billion. That’s an enormous stress for many patients. In
which direction is France moving? Is it set in stone that the sys-
tem will remain focused on equity, or is it trending more toward
for-profit?
Dr. Le Guludec: French people are very attached to their

public health care as it is now. We have presidential elections
next year, and none of the candidates plan to touch the public
system of health care. It’s written in our DNA. The French
health-care system is beautiful but, of course, with many imper-
fections. Yet, if you ask French citizens, they are not ready to
move to private. They prefer to pay more taxes for health but to
keep this system.
Dr. Czernin: There must be something good about the French

system, because I compared the life expectancy data for France
and the United States. The French live 7 years longer.
Dr. Le Guludec: There are many differences in the way we

live—in the way we eat, for example. The health system is not the
only determinant of life expectancy. It is one of the components
but not the only one.
Dr. Czernin: We have minorities and large immigrant popula-

tions, as well as poverty. We have large groups of patients who
are underserved. France also has immigrants. How is health care
covered for immigrants?
Dr. Le Guludec: There is a solidarity fund that covers

health care for all. If immigrants are living in France and are
paid in France, they get health care like everybody else. Illegal
immigrants have limited access. If they go to the hospital, they
will be treated but will not receive screening or preventive
health care.
Dr. Calais: We are also interested to know how COVID-19 has

affected your work.
Dr. Le Guludec: It has been quite tricky. We have a fairly

robust way of working. We apply scientific rigor, transpar-
ency, independence, and are a “consensus machine.” But this
process takes time. With COVID-19, we had to move toward
very quick evaluations, which raised the level of uncertainty.
That’s not so easy for the teams here, but they did very well. I
think we helped as much as we could in this crisis, and we are
still doing that.
Dr. Calais: You emphasized the time that it takes to analyze and

achieve consensus. Misconceptions and mistrust are high among the
general population about recommendations coming from the govern-
ment. One of the reasons is that people believe that we, as experts,
should know everything. We need to communicate transparently
about those things that we don’t know. False statements induce so
much long-term damage. What does COVID-19 teach us about the
perception of science, which has been degraded in the public
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estimation and where one can say anything, whether it’s true or
not? What can be done to restore trust?
Dr. Le Guludec: We recently held a very large symposium

about scientific expertise in crisis. This is an important discus-
sion. We don’t communicate enough; we must be very transpar-
ent during this crisis. We did a lot of work with journalists,
because they were completely lost. We were speaking one day
about viral testing and the next day about serologic testing, and
this created confusion. So, we had many sessions to explain
these and other topics: What is a diagnostic test? What informa-
tion do we get from serum tests? Why is this test better than
another? I believe that HAS has not been contested in its evalu-
ations in this crisis. Of course, we have the conspiracy theorists
and antivaccine groups who don’t hear anything. But the large
majority of the population had confidence in what we were tell-
ing them.
Dr. Calais: We are coming to the end of this discussion. Let me

return to nuclear medicine. As a national health-care leader in
France, what is your view on the future of nuclear medicine and
theranostics?

Dr. Le Guludec: I am very optimistic about the future of nuclear
medicine. Its potential is enormous. Nuclear medicine has to rethink
its evaluation processes and provide evidence that its innovations
change outcomes. The competition is tough. The field has to under-
stand and apply the rules of clinical product development for therapy
and also for imaging. HAS is currently changing the process in
France to have medical imaging in general reviewed by a new group
dedicated to diagnostic products rather than by the same group that
evaluates therapeutics. So, we are proposing a new way to evaluate
all diagnostic procedures. We will have to put that into law, which is
a fight in which I hope to succeed before the end of my mission here.
Dr. Calais: That’s great to hear. This would be of great benefit

to nuclear medicine. Do you have a final message for young peo-
ple in our field?
Dr. Le Guludec: Nuclear medicine and health care are great

fields to be pursued with great passion. I have never been bored
one day in my life.
Dr. Calais: That is the best message. We thank you very much

for providing us and our readers with your insights into nuclear
medicine and global health-care issues.
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T H E S T A T E O F T H E A R T

The History of Prostate-Specific Membrane Antigen as a
Theranostic Target in Prostate Cancer: The Cornerstone Role
of the Prostate Cancer Foundation

Andrea K. Miyahira and Howard R. Soule
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Prostate-specific membrane antigen (PSMA) is a credentialed imaging
and therapy (theranostic) target for the detection and treatment of
prostate cancer. PSMA-targeted PET imaging and molecular radio-
therapy are promising evolving technologies that will improve the out-
comes of prostate cancer patients. In anticipation of this new era in
prostate cancer theranostics, this article will review the history of
PSMA from discovery through early- and late-stage clinical trials.
Since 1993, the Prostate Cancer Foundation has funded critical and
foundational PSMA research that established this theranostic revolu-
tion. The history and role of Prostate Cancer Foundation funding in
this field will be discussed.

Key Words: theranostics; prostate cancer; PSMA; PET imaging;
molecular radiotherapy
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The Prostate Cancer Foundation (PCF) was established in
1993 as CaP CURE, the first nonprofit global organization with a
mission of funding basic, translational, and clinical research to dis-
cover better diagnostics and treatments for advanced prostate can-
cer. The prostate-specific membrane antigen (PSMA) represents
one of the earliest and most constant research areas funded by
PCF, with the first project funding given in 1994 to William Fair
and Neil Bander for PSMA theranostics applications. Since its
inception, PCF has funded over $28.5 million for research on
PSMA biology, molecular imaging, and therapy. Many advance-
ments in the biologic understanding and clinical applications that
exploit PSMA have a foundation in PCF funding.

BIRTH: DISCOVERY AND EARLY CHARACTERIZATION

The discovery of PSMA can be first traced to Murphy and Hor-
oszewicz’s team (1), who developed the 7E11-C5 monoclonal
antibody (capromab) from mice immunized with the human pros-
tate cancer-derived cell line LNCaP in 1987. 7E11-C5 recognized
an antigen restricted to normal and malignant prostate epithelium
and present in the sera of some prostate cancer patients. Horosze-
wicz et al. concluded that this “new antigenic marker may be of
clinical potential in [prostate cancer].”

Using 7E11-C5, Heston and Fair’s group (2,3) at Memorial
Sloan Kettering Cancer Center cloned the PSMA gene in 1993.
PSMA, also known as folate hydrolase 1 and glutamate carboxy-
peptidase II (GCP-II), is a 750-amino-acid, 100-kD, type II trans-
membrane protein with a short N-terminal intracellular domain and
a large C-terminal extracellular domain (2). PSMA is expressed
predominantly in the prostate and a subset of proximal renal
tubules, with lower expression in the small bowel, salivary glands,
and some glial cells in the brain (1–5). In 1993, Heston’s group (2)
concluded that “as an integral membrane protein unique to pros-
tatic epithelial cells, the antigen or perhaps a specific PSM[A]
ligand may serve as an excellent site for imaging and/or targeting
of metastatic deposits,” setting the stage for PSMA as a theranostic
target.
In 1994 and 1995, Fair and Heston’s groups obtained PCF fund-

ing and described PSMA as a folate hydrolase highly expressed in
prostate cancer (6), further detailed its tissue distribution (5), and
mapped its genomic organization on chromosome 11p11–12 (3,7).
PSMA expression was observed in most ($95%) primary prostate
cancer and lymph node metastases, consistent with observed
7E11-C5 immunoreactivity (1,5,8,9). PSMA was also expressed
on the neovasculature of epithelial malignancies, including renal
cell, bladder, and colon cancers (5).

YOUTH: EARLY EVIDENCE OF UTILITY

Anti-PSMA Antibody Development
Development of 7E11-C5 as a theranostic agent began before

identification of PSMA as its target (8,10,11). In 1996, 111In-cap-
romab pendetide (ProstaScint; EUSA Pharma) became the first
U.S. Food and Drug Administration (FDA)–approved molecular
imaging agent for prostate cancer. 7E11-C5 targets an intracellular
epitope of PSMA (1,12), binding only dying or dead cells. This
fact limited ProstaScint performance as an imaging agent, particu-
larly in well-vascularized bone metastases.
The first antibodies to the extracellular domain of PSMA were

developed in 1997 with PCF funding by Bander’s team (13) at
Weill Cornell Medical College. J591, the lead antibody, enabled
studies of PSMA in viable cells. Bander’s team (14) demonstrated
that PSMA is constitutively internalized and that antibody binding
increased the rate of internalization by severalfold. This property,
the authors noted, “should aid the development of novel therapeu-
tic methods to target the delivery of toxins, drugs, or short-range
isotopes specifically to the interior of prostate cancer cells.”
Scheinberg and team (Memorial Sloan Kettering Cancer Center)

received PCF funding to develop a-particle–emitting antibody mol-
ecular radiotherapy (MRT) constructs for prostate cancer. With
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Bander, Scheinberg’s team (15,16) demonstrated preclinical activity
for 213Bi-J591 and 225Ac-J591 conjugates. Bander’s team (17) fur-
ther demonstrated promising antitumor efficacy of the b-emitting
conjugates 90Y-J591 and 177Lu-J591 in preclinical models.
Humanized J591 (huJ591) was developed to increase its clinical

potential (18) and advanced to prostate cancer theranostics trials.

PSMA-Targeted Ligand Development
In 2001, Kozikowski’s group (Georgetown University) (19)

developed urea-based inhibitors of the neurotransmitter regulator
GCP-II (NAALADase), a central nervous system version of
PSMA, as potential neuroprotective agents. The urea-based motif
(glutamate-urea-lysine) binds with high affinity to the extracellular
domain of GCP-II (PSMA) (20). Pomper et al. (Johns Hopkins
University) (21) recognized the potential for pivoting Kozikow-
ski’s inhibitors to PSMA-targeting agents and that they would be
amenable to radiolabeling for molecular imaging or therapy.
Pomper (21,22) led the first in vivo animal studies evaluating
GCP-II–targeted urea-based ligands as PET and SPECT agents.
Pomper’s team (22) concluded that with these low-molecular-
weight urea-based agents, “we believe that we have the rudiments
of a novel and practical approach to prostate cancer imaging.”
Most currently studied PSMA-targeted ligands are derivatives of
these early urea-based compounds.
Pomper’s team further developed the PSMA-targeted PET imag-

ing ligands 18F-DCFBC in 2008 (23) and 18F-DCFPyL (PyL) in
2011 (24), as well as the first 68Ga-labeled PSMA-targeted ligands
in 2010 (25).
The PET tracer 68Ga-PSMA-11 (68Ga-PSMA-HBED-CC;

68Ga-DKFZ-PSMA-11) was developed by Eder et al. (German
Cancer Research Center) and was reported in 2012 (26).

18F-DCFPyL and 68Ga-PSMA-11 are the most-studied PSMA-
targeted PET tracers. Both have recently been FDA-approved.
Clinical development of these is discussed later in this article.
Development and promising first clinical experiences with the

PSMA-targeted ligand 177Lu-PSMA-DOTAGA-FFK(Sub-KuE),
and its improved derivative PSMA I&T, were respectively
reported by Baum’s team (Zentralklinik Bad Berka) in 2014 (27)
and by Weineisen et al. (Technische Universit€at M€unchen) in
2015 (28).
In 2015, Eder’s team (29) and Kratochwil et al. (University

Hospital Heidelberg) (30) reported development and first clinical
experiences with the PSMA-targeting ligand PSMA-617. 68Ga-
PSMA-617 showed promise as a PET tracer (29), and the first met-
astatic castration-resistant prostate cancer (mCRPC) patient treated
with 177Lu-PSMA-617 experienced radiologic and prostate-specific
antigen (PSA) responses (30).

Additional clinically studied PSMA-targeting ligands include
MIP-1095, rhPSMA-7, PSMA-1007, and PSMA-R2 (31).

ADOLESCENCE: TRANSLATION

Clinical Development of PSMA PET
Two PSMA PET imaging agents are FDA-approved for prostate

cancer, 68Ga-PSMA-11 (for use at University of California, Los
Angeles [UCLA] and the University of California San Francisco
[UCSF]) and 18F-DCFPyL. PCF funding contributed to the devel-
opment of both. We detailed the clinical development of these
agents and compared them other prostate cancer imaging technolo-
gies (31).

18F-DCFPYL PET. 18F-DCFBC was the predecessor of
18F-DCFPyL. In early PCF-funded clinical studies led by Pomper
and Cho (32–34), 18F-DCFBC outperformed 99mTc-methylene
diphosphonate bone scans and contrast-enhanced CT in detecting
prostate cancer metastases but exhibited slow blood pool clear-
ance. This resulted in high background and diminished resolution
(32,33). Compared with MRI, 18F-DCFBC PET was less sensitive
for detecting primary prostate cancer but more specific for clini-
cally significant lesions (34).

18F-DCFPyL has higher PSMA binding affinity and lower
blood-pool activity than 18F-DCFBC and became the agent of
choice for additional PCF-funded clinical development at Johns
Hopkins. The first clinical experience with 18F-DCFPyL, reported
in 2015, demonstrated safety, significant tumor-specific uptake,
and expected tissue biodistribution (35). 18F-DCFPyL was supe-
rior to bone scanning and CT in a lesion-by-lesion comparative
study (36). In subsequent phase 2 trials, some supported by
PCF, 18F-DCFPyL showed impressive performance for initial
staging and for detecting biochemical recurrence (31). In 2015,
18F-DCFPyL was licensed from Johns Hopkins by Progenics Phar-
maceuticals (now Lantheus), which sponsored the FDA new-drug-
application (NDA)–enabling OSPREY and CONDOR trials.
In the phase 2/3 OSPREY trial (NCT02981638), led by Pienta

(Johns Hopkins University) and Morris (Memorial Sloan Kettering
Cancer Center) (37), 18F-DCFPyL PET/CT demonstrated medians
of 97.9% specificity and 40.3% sensitivity for detecting pelvic
lesions in patients with high-risk prostate cancer undergoing radical
prostatectomy with pelvic lymphadenectomy and medians of
95.8% sensitivity and 81.9% positive predictive value for detecting
metastases in patients with suspected recurrent or metastatic lesions
seen on conventional imaging. In the phase 3 CONDOR trial
(NCT03739684), reported by Morris et al. (38), 18F-DCFPyL PET/
CT correctly localized prostate cancer metastases in approximately
85% of patients with biochemical recurrence, on the basis of a
comparison with a composite standard of truth, and changed
planned management in 64% of patients. Results from OSPREY
and CONDOR led to FDA approval for 18F-DCFPyL PET (Pylar-
ify; Lantheus) in May 2021 for imaging patients with suspected
prostate cancer metastasis who are potentially curable by surgery
or radiation therapy and patients with suspected recurrence based
on an elevated serum PSA level (39).

68GA-PSMA-11 PET. 68Ga-PSMA-11 is the most widely used
PSMA PET imaging agent internationally, since it can be pro-
duced by any facility able to perform 68Ga labeling.
The first clinical PET/CT imaging experience with 68Ga-PSMA-

11 was reported in 2012 by Zechmann’s group (University Hospital
Heidelberg) (40). Metaanalyses of 68Ga-PSMA-11 PET from 4,790
patients across 37 publications estimated a detection rate of 95%,
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! PSMA is the most credentialed target for prostate cancer
imaging and therapy.

! PSMA PET is a highly sensitive and specific prostate cancer
imaging technology, with 2 FDA-approved agents to date.

! The phase 3 VISION trial demonstrated life-prolonging efficacy
of PSMA-targeted MRT and is anticipated to lead to FDA
approval.

! Since 1994, PCF has funded many foundational advancements
in PSMA biology and clinical applications.
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75%, 59%, 45%, and 33% for PSA levels of 2 ng/mL or more and
1–1.99, 0.5–0.99, 0.2–0.49, and 0–0.19 ng/mL, respectively (41).
In 2016, Hofman and Murphy’s group (Peter MacCallum Can-

cer Centre, Australia) (42) initiated the first randomized study of
68Ga-PSMA-11 PET (ProPSMA study). This 10-center, 300-
patient, phase 3 study demonstrated a 27% absolute improved
accuracy of PSMA PET compared with CT/bone scans.
A PCF-funded UCLA–UCSF team led by Hope, Czernin, Calais,

and Fendler (43,44) conducted 2 prospective NDA-enabling trials
for 68Ga-PSMA-11 PET. In patients with biochemical recurrence
(NCT02940262 and NCT03353740), lesion detection rates with
68Ga-PSMA-11 PET were 97%, 86%, 84%, 57%, and 38% for
PSA levels of at least 5.0 ng/mL and 2.0–5.0, 1.0–2.0, 0.5–1.0, and
less than 0.5 ng/mL, respectively. The positive predictive value
was 92% by composite validation assessment (43). A phase 3 study
(NCT03368547) investigating 68Ga-PSMA-11 in presurgical
patients with intermediate- to high-risk prostate cancer reported
40% sensitivity and 95% specificity for detection of pelvic nodal
metastases (44). This team also found 68Ga-PSMA-11 to be supe-
rior to 18F-fluciclovine PET/CT in patients with biochemical recur-
rence at low PSA levels (,2.0 ng/mL) in a prospective comparison
(NCT03515577) (45). In December 2020, 68Ga-PSMA-11 became
the first FDA-approved PSMA PET agent, for use at UCLA and
UCSF, for initial staging in prostate cancer patients with suspected
metastasis who are candidates for initial definitive therapy and
patients with suspected recurrence based on elevated PSA levels
(46,47). This label allows other organizations able to produce 68Ga-
PSMA-11 to file an abbreviated NDA (46). The entirely academic
development of 68Ga-PSMA-11 is a noteworthy achievement, and
PCF was proud to have funded the UCLA–UCSF team.

Ongoing Investigations on PSMA PET
Ongoing trials are evaluating the role for PSMA PET in other

prostate cancer settings, including radiotherapy planning for local-
ized or oligometastatic disease, and in the initial diagnosis of pros-
tate cancer. For example, the PCF-funded ORIOLE trial led by
Tran (Johns Hopkins University) tested the use of stereotactic
body radiation therapy in oligometastatic prostate cancer based on
conventional imaging scans. A post hoc analysis of ORIOLE
found that progression-free survival and distant metastasis–free
survival were significantly longer in patients who received consol-
idation of all PSMA PET–detectable disease, suggesting a role for
PSMA PET in guiding stereotactic body radiation therapy plan-
ning in patients with oligometastatic prostate cancer (48). Addi-
tionally, PSMA PET is being investigated as a biomarker
for selecting patients for PSMA-directed therapy, including
177Lu-PSMA-617.
Several other PSMA PET agents are under development. These

include 18F-PSMA-1007 and 18F-rhPSMA, which have entered
phase 3 trials.

Standardizing PSMA PET Imaging Reporting and Use
Structured reporting systems have been developed to standard-

ize the clinical use and reporting of 18F- and 68Ga-based PSMA
PET imaging. These include PSMA-RADS, developed with PCF
support by the team of Rowe (Johns Hopkins University) and
Pomper (49); PSMA-RADS is now included in the umbrella
Molecular Imaging Reporting and Data Systems.
Limitations of PSMA PET have previously been detailed (31)

and include loss of PSMA expression in some patients with
advanced castration-resistant prostate cancer or neuroendocrine

prostate cancer, heterogeneity in PSMA expression, and resolution
limits.

PSMA PET as an Imaging Agent in Other Cancers
Because of expression of PSMA on tumor vasculature, PSMA

PET may have potential for imaging other cancer types. In a
PCF-funded study on 5 patients with metastatic renal cell carci-
noma, 18F-DCFPyL PET/CT exhibited a sensitivity of 94.7% and
identified more putative metastatic lesions than did conventional
imaging (50). An ongoing trial is further testing 18F-DCFPyL
PET/CT in renal cell carcinoma (NCT02687139).

Clinical Development of PSMA-Targeted MRT
The first PSMA-targeted radionuclide tested as a therapeutic

agent in prostate cancer patients was 7E11-C5.3 (90Y-capromab
pendetide) (51). However, significant bone marrow toxicity and no
objective clinical responses were observed in phase 1 and 2 trials
(51,52).
Beginning in 2000, Bander and Nanus’ team (53,54) and Tagawa

et al. (55) (Weill Cornell Medical College) initiated a series of
phase 1 and 2 trials testing huJ591-based MRT in advanced pros-
tate cancer, several of which were PCF-supported. These studies
represented the first clinical use of 177Lu as a systemically adminis-
tered agent and demonstrated safety, accurate targeting of meta-
static prostate cancer sites, and preliminary antitumor activity for
90Y-huJ591 and 177Lu-huJ591, providing the first direct clinical
evidence supporting the potential of PSMA-targeted MRT (53–55).

Bander’s team (56) also demonstrated safety, feasibility, and
promising activity with dose-fractionated 177Lu-huJ591, with higher
cumulative doses associated with longer median overall survival
and increased myelosuppression. In another PCF-funded trial, frac-
tionated 177Lu-huJ591 administered concurrently with standard
docetaxel was tolerable and feasible, with no dose-limiting toxicities
observed and preliminary efficacy indicated (57). To date, this is the
only trial testing PSMA MRT in combination with chemotherapy.
The first PSMA-targeted small molecule–based MRTs tested

in patients included 177Lu-PSMA-DOTAGA-FFK(Sub-KuE) and
131I-MIP-1095; antitumor activity for both was reported in 2014 (27,58).

Clinical Development of 177Lu-PSMA-617
After their 2015 report on an individual patient treated with

177Lu-PSMA-617 (30), in 2016 Kratochwil et al. reported on 30
patients with PSMA PET–positive mCRPC treated with 1–3
cycles of 177Lu-PSMA-617. Forty-three percent experienced a
PSA reduction of at least 50% (59). In a multicenter retrospective
report evaluating 145 patients treated at German centers, PSA
declines of at least 50% were observed in 45% of 99 patients with
follow-up data (60).
The first prospective trial testing 177Lu-PSMA-617 was led by

Hofman (61,62) at the Peter MacCallum Cancer Centre in Australia
(LuPSMA trial; ACTRN12615000912583). This single-arm phase 2
trial enrolled 50 PSMA PET–positive mCRPC patients for whom
conventional therapies had failed. Patients with PSMA-negative/
18F-FDG PET–positive lesions were excluded. Patients received up
to 4 doses of 177Lu-PSMA-617 (mean radioactivity, 7.5 GBq) app-
roximately every 6 wk. Sixty-four percent of patients experienced
PSA reductions of at least 50% (61,62). Quality-of-life measures,
including pain severity, were improved. Unfortunately, all 50 patients
eventually experienced disease progression. The trial results led to
the acquisition of PSMA-617 by Endocyte (now Novartis) from
ABX GmbH, an acquisition that accelerated commercial develop-
ment, including the phase 3 VISION trial (63).
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A PCF-supported randomized phase 2 trial led by Czernin and
Calais (64) at UCLA tested up to 4 cycles of 6.0 versus 7.4 GBq
of 177Lu-PSMA-617 every 8 wk in PSMA PET–positive mCRPC
(RESIST-PC; NCT03042312). No significant differences were
observed between the treatment arms. Of 43 patients in the UCLA
cohort, 37% experienced PSA reductions of at least 50%, and the
median overall survival was 14.0 mo.
A PCF-supported phase 1/2 trial led by Bander and Tagawa

(65) tested dose-fractionated 177Lu-PSMA-617 in unselected
mCRPC patients (NCT03042468). No maximum tolerable dose or
dose-limiting toxicities were observed with 1 cycle of fractionated
cumulative doses of 7.4–22 GBq. Of 44 patients treated, 59.1%
had a PSA decline of more than 50%, and the median overall sur-
vival was 16 mo. Of note, this is the only conventional dose-
escalation trial done for 177Lu-PSMA-617.

ADULT: THERANOSTICS REVOLUTION

The phase 2 TheraP trial (NCT03392428; ANZUP 1603), reported
by Hofman et al. (66), was the first randomized trial comparing
177Lu-PSMA-617 with a standard treatment in mCRPC, cabazitaxel.
This trial enrolled 200 patients with PSMA PET–positive mCRPC
and no PSMA-negative/18F-FDG PET–positive lesions (of 291
screened by PET [69%]) who had previously experienced disease
progression on docetaxel (91% had prior abiraterone or enzaluta-
mide). The primary endpoint, a PSA decline of at least 50%, was
experienced by significantly more patients treated with 177Lu-PSMA-
617 (66%) than patients treated with cabazitaxel (44%). Analysis of
secondary endpoints is ongoing. Grade 3–4 treatment-emergent
adverse events were lower among patients treated with 177Lu-PSMA-
617 (33%) than among patients treated with cabazitaxel (53%).
The Novartis/Endocyte-sponsored international randomized

open-label phase 3 VISION trial (NCT03511664), testing 177Lu-
PSMA-617 plus protocol-permitted standard of care (SOC;
excluding chemotherapy, immunotherapy, 223Ra, and investiga-
tional drugs) versus SOC alone (randomized 2:1), was initiated in
2018, led by Morris and Sartor (Tulane University) (67). The trial
enrolled 831 patients with PSMA PET–positive mCRPC whose
disease had previously progressed on docetaxel and an antiandro-
gen therapy. 177Lu-PSMA-617 dosing consisted of 7.4 GBq every
6 wk for 4–6 cycles. The trial initially suffered from significant
control-arm attrition, which was reduced on implementation of
enhanced trial-site education. The radiographic progression-free
survival analysis included only patients enrolled after education
measures had been implemented (n 5 581), whereas the overall
survival analysis included all 831 patients. The addition of 177Lu-
PSMA-617 to SOC significantly prolonged both alternate primary
endpoints: median overall survival (15.3 vs. 11.3 mo; hazard ratio,
0.62) and median radiographic progression-free survival (8.7 vs.
3.4 mo; hazard ratio, 0.40). All key secondary endpoints signifi-
cantly favored 177Lu-PSMA-617, including time to first symptom-
atic skeletal event (median, 11.5 vs. 6.8 mo), objective response
rate (29.8% vs. 1.7%), and disease control rate (89.0% vs. 66.7%).
Complete responses occurred in 9.2% of patients with measurable
disease in the 177Lu-PSMA-617 arm versus none in the control
arm, and partial responses occurred in 41.8% of patients in the
177Lu-PSMA-617 arm versus 3% in the control arm. Although a
higher rate of adverse events of grade 3 or higher were observed
with 177Lu-PSMA-617 (52.7% vs. 38.0%), health-related quality-
of-life scores were improved. The most common treatment-
emergent adverse events in the 177Lu-PSMA-617 group were

fatigue, dry mouth, and nausea, with the vast majority being a
grade 1 or 2 event (39% experienced grade 1–2 dry mouth, with
no events of grade or higher). Five grade 5 drug-related deaths
occurred in the 177Lu-PSMA-617 arm. On the basis of these data,
177Lu-PSMA-617 was granted breakthrough-therapy designation
and priority review by the FDA in 2021.
Two additional phase 3 trials have been initiated to test

177Lu-PSMA-617 in earlier disease settings. PSMAfore
(NCT04689828) is testing 177Lu-PSMA-617 versus a change in
androgen receptor (AR)–targeted therapy in taxane-naïve mCRPC
patients whose disease previously progressed on an alternate
AR-targeted therapy. PSMAddition (NCT04720157) is testing
177Lu-PSMA-617 plus SOC (AR-targeted therapy plus androgen
deprivation therapy) versus SOC alone in patients with metastatic
hormone-sensitive prostate cancer. The primary endpoint for both
studies is radiographic progression-free survival.
Other trials testing 177Lu-PSMA-617 in earlier settings are

ongoing. For instance, UpFrontPSMA (NCT04343885), led by
Azad and Hofman, is a randomized phase 2 trial comparing 177Lu-
PSMA-617 plus androgen deprivation therapy followed by doce-
taxel versus androgen deprivation therapy plus docetaxel in
patients with de novo metastatic prostate cancer. LuTectomy
(NCT04430192) is a phase 1/2 trial testing neoadjuvant 177Lu-
PSMA-617 in patients with high-risk localized or locoregional
advanced prostate cancer undergoing radical prostatectomy and
pelvic lymph node dissection.

Other b-Emitting PSMA MRTs Under Development
In addition to 177Lu-PSMA-617 and 177Lu-huJ591, several other

b-emitting PSMA-targeted MRTs are under development. These
include 177Lu-PSMA-I&T (PNT2002; POINT Biopharma), which
is being tested in the phase 3 SPLASH trial in patients with PSMA
PET–positive mCRPC whose disease has progressed on AR-
targeted therapy (NCT04647526). This 2-part study consists of a
safety and dosimetry lead-in, followed by a randomization phase
comparing 177Lu-PSMA-I&T versus abiraterone or enzalutamide.

177Lu-DOTA-rosopatamab (TLX591; Telix Pharmaceuticals) is
a PSMA-targeted antibody-based MRT that is being tested in
the phase 3 ProstACT trial (NCT04876651) in combination with
SOC versus SOC alone, in patients with PSMA PET–positive
mCRPC who have experienced disease progression on AR-
targeted therapy.

Clinical Development of a-Emitting PSMA MRTs
a-emitting radioisotopes emit a much higher energy over a

shorter distance, and are more effective inducers of double-
stranded DNA breaks, than b-emitting radioisotopes. a-emitting
PSMA-targeted MRT agents are being studied for prostate cancer.

225AC-PSMA-617. In 2016, Kratochwil, Morgenstern (Institute
for Transuranium Elements) and team (68) reported on 2 mCRPC
patients treated with 225Ac-PSMA-617 who experienced complete
PSA and imaging responses. Moderate to severe xerostomia was
the only treatment-emergent adverse event reported. In 2018 (69),
the group published on 40 consecutive mCRPC patients treated
with up to 3 cycles of 225Ac-PSMA-617. Of 38 patients who sur-
vived over 8 wk, 63% experienced PSA declines of at least 50%.
Five patients had enduring responses lasting over 2 y.
Promising anecdotal clinical experiences with 225Ac-PSMA-617

have also been reported by groups in Germany, India, and South
Africa. The first planned clinical trials with 225Ac-PSMA-617
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include a pilot trial in China (NCT04225910) and a phase 1 study
in Australia and South Africa (NCT04597411).
Strategies are needed to prevent xerostomia and other adverse

late effects of 225Ac-PSMA-617.
225AC-HUJ591. Because of the larger molecular mass of J591

and lack of detectable uptake in the salivary and lacrimal glands
(70), Bander, Tagawa, and team hypothesize that 225Ac-huJ591
could deliver promising antitumor activity without xerostomia. The
team received PCF funding to support clinical testing of 225Ac-
huJ591. In a single ascending dose phase 1 trial in (71) 32 mCRPC
patients unselected by PSMA PET (NCT03276572), 225Ac-huJ591
was well tolerated, with no maximum tolerable dose reached.
68.8% of patients experienced any PSA decline, and 43.8% experi-
enced at least a 50% PSA decline. A follow-up phase 1/2 dose
escalation trial is testing fractionated and multiple dosing regimens
of 225Ac-huJ591 (NCT04506567). As J591 binds a PSMA site dif-
ferent from that bound by the urea-based ligands, and the normal
tissue biodistributions have little overlap, Bander has proposed that
combining these agents may increase dose to tumor without
increasing toxicity. A trial testing 225Ac-
huJ591 in combination with 177Lu-PSMA-
I&T began in 2021 (NCT04886986).

Other a-Emitting MRT Agents in
Development
Other a-emitting MRTs in development

include the 227Th-labeled anti-PSMA antibody
227Th-PSMA-TTC (BAY 2315497; Bayer),
which is in a phase I study in mCRPC (NCT
03724747). 213Bi-PSMA-617 is also being
studied in mCRPC.
Agents in preclinical development include

225Ac-RPS-074, an albumin-binding PSMA-
targeted ligand with an extended serum half-
life developed by Babich’s team (Weill
Cornell Medicine) (72), and CA012, a novel
PSMA-targeted ligand developed in Heidel-
berg, which can be radiolabeled with lead-
based radioisotopes, such as the a-emitter
212Pb (73).

Rational Therapeutic Combinations with
PSMA MRT
Rational combinations to improve on

PSMAMRT monotherapy are being explored
in clinical trials. These include 177Lu-PSMA-
617 combined with AR-targeted agents, pol-
y(adenosine diphosphate-ribose) polymerase
(PARP) inhibitors and other DNA-damaging
agents, and immunotherapy. We have
recently reviewed ongoing combination trials
and their underlying rationale (31).
The efficacy of 177Lu-PSMA-617 with AR-

targeted agents is being investigated in
PSMAddition and in the randomized phase 2
ENZA-P trial (NCT04419402) led by Emmett
in Australia. ENZA-P is testing 177Lu-PSMA-
617 plus enzalutamide versus enzalutamide
alone, as a first-line treatment in PSMA PET-
positive mCRPC.
The PCF-supported LuPARP trial (NCT

03874884), led by Sandhu and Hofman, is

investigating 177Lu-PSMA-617 plus olaparib in mCRPC. In this
trial, olaparib is used as a novel radiosensitizer to accentuate tumor
DNA damage from 177Lu.
Sandhu’s team is also leading the phase Ib/II PRINCE trial

(NCT03658447), evaluating pembrolizumab plus 177Lu-PSMA-617
in PSMA PET–positive mCRPC. In interim analyses (74), this com-
bination was found to have manageable toxicity and promising
activity, with 27 of 37 (73%) patients experiencing PSA responses
of at least 50%, and 7 of 9 (78%) patients with measurable disease
experiencing a partial response. Aggarwal (UCSF) is leading a PCF-
supported phase 1b study (NCT03805594) evaluating pembrolizu-
mab plus a single dose of 177Lu-PSMA-617 in mCRPC. In prelimi-
nary results (75), in 18 patients treated on 1 of 3 dose schedules, the
overall response rate was 44%, median duration of response has not
been reached, and 28% of patients experienced PSA declines of at
least 50%. Tagawa and Bander’s team at Weill Cornell have also
recently initiated a phase 2 trial of 225Ac-huJ591 plus pembrolizu-
mab (NCT04946370).

FIGURE 1. Timeline of major milestones in development of PSMA theranostics. Research achieve-
ments that were supported by PCF funding are indicated by blue font and PCF logo. Dates typically
denote year of publication.
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A triple-combination trial, testing 177Lu-PSMA-617 plus ola-
parib and pembrolizumab in mCRPC, is being planned by Sandhu
and team.

Future Directions of Theranostics
The success of PSMA-targeted PET and MRT has spurred a

theranostics revolution in prostate cancer. Numerous other PSMA-
targeted drug classes are under development, many with PCF sup-
port. These include PSMA-targeted CAR-T cells, bispecific antibod-
ies (for example, PSMA 3 CD3, PSMA 3 CD28), antibody–drug
conjugates, nanoparticles, and anticancer vaccines, some of which
are based on J591 derivatives. PCF-funded studies are also under
way to identify predictive biomarkers for PSMA-targeted treatment
responses, mechanisms of resistance to PSMA MRT, and novel
treatment combinations.
Other possible theranostic targets for which PCF is funding

investigations include fibroblast activation protein, CD46, human
kallikrein peptidase 2, and DLL3.

THE CORNERSTONE ROLE OF PCF IN PSMA THERANOSTICS

Since 1993, PCF has invested over $28.5 million USD on
PSMA research. Key foundational PCF-funded studies included
early studies by Heston and Fair’s team on PSMA cloning and
characterization (3,5,6), development of J591 theranostics by
Bander and Tagawa’s team (13–15,17,18,53,55–57,71), develop-
ment of 18F-DCFPyL by Pomper and Cho’s team (35,36), NDA-
enabling studies on 68Ga-PSMA-11 by Czernin, Hope, Calais, and
Fendler’s team (43,45,76), and clinical investigations on 177Lu-
PSMA-617 by Hofman and Sandhu’s team (66) (Fig. 1).
In 2019, PCF provided $5 million to establish the Prostate

Theranostics and Imaging Centre of Excellence (ProsTIC) at the
Peter MacCallum Cancer Centre. Led by Hofman, ProsTIC aims
to accelerate prostate cancer theranostics through pioneering an
expanded portfolio of practice-changing clinical studies, providing
global education and leadership on theranostics adoption into clini-
cal practice, developing a world-class clinical theranostics infra-
structure, and doing discovery work to improve and identify new
theranostics strategies. ProsTIC and PCF have co-hosted several
global webinars on PSMA theranostics attended by several hun-
dred individuals (https://www.pcf.org/webinars/).
PCF also held 2 PSMA Theranostics Working Group meetings

(2017 and 2019) at Weill Cornell Medicine, which convened global
experts on PSMA biology and theranostics to discuss the state of
the science and critical next steps for PSMA theranostics (31,77).

CONCLUSION

PSMA has been established as a target for prostate cancer treat-
ment and imaging, which has culminated thus far in 2 FDA-approved
PSMA PET imaging agents. On the basis of the positive results from
the VISION trial, 177Lu-PSMA-617 will likely become the first
FDA-approved PSMA-targeting treatment for prostate cancer but will
likely not be the last. PCF takes pride in the results for patients that
have been supported by over 25 years of continuous funding.
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Historically, metastatic disease was thought to represent an
all-or-nothing incurable state, distinct from curable localized dis-
ease and necessitating treatment with systemic therapy alone. The
role for life-prolonging local therapy was known to be futile. This
dogma was challenged in the 1990s with the reframing of metasta-
sis as a spectrum rather than binary, resulting in the postulation of
a low-volume metastatic state, given the term oligometastasis,
which may actually be curable with definitive local therapy.

WHAT IS THE CURRENT STATE OF OLIGOMETASTATIC
PROSTATE CANCER?

Recently, randomized clinical trials across multiple disease sites
(Table 1) (1–5) have demonstrated improvements in progression-free
survival with the addition of metastasis-directed therapy (MDT) for
oligometastatic disease, possibly due to ablation of subpopulations
that would otherwise have led to subsequent dissemination or the nur-
turing of systemic microscopic disease toward macroscopic coloniza-
tion. In line with this hypothesis, some of these randomized trials
have demonstrated that local consolidation of macroscopic metastases
delayed the time to development of new metastases and improved
overall survival. Despite these early successes, key questions remain
unanswered regarding the use of MDT in oligometastatic prostate
cancer. How can we best identify patients likely to benefit from
MDT? In the case of castration-sensitive prostate cancer, can we omit
androgen deprivation therapy? What are the best MDT systemic ther-
apy combinations?
The randomized clinical trials supporting the use of MDT adopted

numeric definitions of oligometastasis (6). Within prostate cancer, a
cutoff of no more than 3 metastases has been used frequently; how-
ever, additional definitions quantifying the volume of disease and
incorporating metastasis location have also been explored. Although
these definitions have proven useful, a radiographic numeric definition

using conventional imaging alone is unlikely to capture the true
extent of disease. For the foreseeable future, this principle will likely
remain relevant to the study of oligometastatic disease, as any defini-
tion based on quantifying detectable lesions will always be contingent
on the sensitivity and specificity of the detection method used. Analo-
gous to an iceberg, what is detectable on imaging for MDT consoli-
dation must best capture the extent of disease “above the surface”
and minimize the potential for significant disease burden “beneath
the surface” (7). The inaccuracies with older staging studies in identi-
fying what was actually beneath the surface likely contributed greatly
to the failures of previous attempts to show benefits of MDT in
patients with metastasis. Thus, revisiting the impact of imag-
ing on oligometastatic prostate cancer is timely, given the
rapid adoption of exquisitely sensitive prostate-specific mem-
brane antigen (PSMA) PET/CT imaging worldwide.

STEREOTACTIC ABLATIVE RADIOTHERAPY (SABR) AND
MOLECULAR IMAGING ARE POTENTIALLY A POWERFUL
COMBINATION FOR CURE OF OLIGOMETASTATIC
PROSTATE CANCER

MDT entails direct local consolidative treatment of metastatic
lesions and is commonly achieved through surgical metastasec-
tomy or nodal dissection; thermal or chemical ablation; or the
high-dose-per-fraction, precisely targeted radiotherapy known as
SABR. Although for many metastatic lesions any of these local
approaches would be reasonable as MDT, the noninvasive nature
of SABR, the ease with which adjacent at-risk normal tissues can
be spared, and the excellent tolerance in even the most medically
comorbid has tipped the scales in favor of SABR as the MDT
modality of choice. SABR may be even more effective for prostate
cancer than for other histologies because of the radiobiologic char-
acteristics of prostate cancer (a/b ratio of 0.5–2) (8), leading to a
widened therapeutic window and offering greater efficacy at a
higher dose per fraction and shorter total treatment times.
Although SABR represents an attractive MDT option for meta-

static prostate cancer, MDT efficacy will always be dependent on
identifying men with oligometastatic disease or with very little
beneath the surface. The excellent sensitivity and specificity of
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molecular imaging in prostate cancer provides an exciting opportu-
nity to address the limitations of conventional imaging in assessing
patients with presumed oligometastatic disease (9). This theoretic
improvement should allow for both better patient selection and
improved total MDT consolidation. The impact of identifying cor-
rect candidates for SABR MDT using more accurate molecular
imaging was illustrated by our phase II Baltimore ORIOLE trial.
We randomized 54 men with no more than 3 metastases on conven-
tional imaging to observation or SABR. Men underwent masked
PSMA PET/CT at baseline and 6 mo after treatment, resulting in
44.4% of these men having radiotracer-avid metastatic disease that
was not identified on conventional imaging (i.e., disease beneath the
surface). Incomplete MDT consolidation (untreated PSMA PET–
avid disease) was associated with significantly worse distant pro-
gression at 6 mo (62.5% vs. 15.8%) (3). These findings reinforce
how clinical staging with conventional imaging remains a major
limitation to the success of MDT in oligometastatic disease and
have translated into several series evaluating promising outcomes
of molecular imaging–guided MDT in prostate cancer. PSMA
PET–directed SABR has recently been explored in both castration-
sensitive and castration-resistant oligometastatic disease (10–12).
Two reports have also compared MDT using either PSMA PET or
choline PET to identify metastatic lesions. Improvement in androgen

deprivation therapy–free survival with PSMA-guided treatment
(13,14) was observed as expected on the basis of the superiority of
PSMA over choline for detecting disease beneath the surface.

THE FUTURE FOR MOLECULAR IMAGING IN THE
MANAGEMENT OF OLIGOMETASTATIC PROSTATE
CANCER IS BRIGHT

The identification of metastasis-free survival as a useful surrogate
for overall survival in prostate cancer has had major implications for
expediting discovery in a disease for which improvements in life
expectancy and a plethora of salvage options have made overall sur-
vival endpoints increasingly difficult and time-consuming to meet.
In a similar vein, molecular imaging as a biomarker, such as with
PSMA PET, could function in a variety of ways beyond the identifi-
cation of patients with oligometastatic disease: first, as a predictive
biomarker capable of noninvasively distinguishing between patients
likely to benefit from MDT and those best served by systemic ther-
apy; second, as a prognostic, or treatment agnostic, readout that
could be valuable for shared decision making and future design of
future prospective trials; or third, as a biomarker for response to
therapy. Our international collaborative effort is evaluating PSMA
PET avidity changes after SABR MDT in oligometastatic prostate
cancer and suggests that early PSMA PET response can be used to

TABLE 1
Randomized Clinical Trials Demonstrating Improvements in Progression-Free Survival with the Addition of

Metastasis-Directed Therapy

Author Disease site
Timing of

oligometastasis
Oligometastatic

definition Sample size Therapy Primary endpoint

Iyengar et al. (1) NSCLC Synchronous #6 metastases
(including
primary)

29 SABR to all sites of
disease followed
by maintenance
chemotherapy
vs. maintenance
chemotherapy

Median PFS, 9.7
vs. 3.5 mo
favoring SABR

Gomez et al. (2) NSCLC Synchronous #3 metastases
(not including
primary)

49 LCT (surgery or RT)
to all sites of
disease followed
by maintenance
chemotherapy
vs. maintenance
chemotherapy

Median PFS,
14.2 vs. 4.4
mo favoring
LCT

Phillips et al. (3) CSPC Metachronous #3 metastases 54 SABR to all sites of
disease vs.
observation

6-mo disease
progression,
19% vs. 61%
favoring SABR

Ost et al. (4) CSPC Metachronous #3 metastases 62 MDT (surgery or
RT) to all sites of
disease vs.
observation

Median ADT-free
survival, 21
vs. 13 mo
favoring MDT

Palma et al. (5) Varied histology Metachronous #5 metastases 99 Standard of care 1
SABR vs.
standard of care
alone

5-y OS, 42.3%
vs. 17.35
favoring SABR

EORTC 40004
(15)

Colorectal Metachronous ,10 metastases 119 Standard of care 1
LCT vs. standard
of care alone

Median OS, 45.6
mo vs. 40.5
mo favoring
LCT

NSCLC 5 non–small cell lung cancer; PFS 5 progression-free survival; LCT 5 local consolidative therapy; RT 5 radiation therapy;
CSPC 5 castration-sensitive prostate cancer; ADT 5 androgen deprivation therapy; OS 5 overall survival.

340 THE JOURNAL OF NUCLEAR MEDICINE ' Vol. 63 ' No. 3 ' March 2022



predict lesion local failure and even metastasis-free survival (Philip
Sutera et al., oral communication, December 2021). Efforts such as
these will be critically important for defining the future roles and limi-
tations of molecular imaging in guiding treatment of oligometastatic
prostate cancer with SABR MDT. By no means will molecular imag-
ing approaches be the only technique directing management of MDT
in oligometastatic prostate cancer. Combinations of imaging bio-
markers, liquid biopsy approaches (e.g., circulating tumor cells, cell-
free DNA, or exosomes), and traditional patient-level clinical data
will likely be the best solution. Finally, whereas both surgery and
radiotherapy can provide excellent local control of metastatic deposits,
management for oligometastatic disease resulting in cure will require
achieving functional, if not literal, total consolidation of disease.
Working toward this end will necessitate MDT strategies that prevent
or delay subsequent progression of residual micrometastatic disease,
either with MDT alone or more likely in combination with systemic
agents (e.g., cytotoxic chemotherapy, targeted inhibitors, immunother-
apy, or radiopharmaceuticals). Thus, we are optimistic that we will
soon have precision medicine–guided approaches to enhancing the
care for men with oligometastatic prostate cancer.
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PET enables noninvasive imaging of regional in vivo cancer biology. By
engineering a radiotracer to target specific biologic processes of rele-
vance to cancer (e.g., cancer metabolism, blood flow, proliferation, and
tumor receptor expression or ligand binding), PET can detect cancer
spread, characterize the cancer phenotype, and assess its response to
treatment. For example, imaging of glucose metabolism using the
radiolabeled glucose analog 18F-FDG has widespread applications to
all 3 of these tasks and plays an important role in cancer care. However,
the current clinical practice of imaging at a single time point remote
from tracer injection (i.e., static imaging) does not use all the information
that PET cancer imaging can provide, especially to address questions
beyond cancer detection. Reliance on tracer measures obtained only
from static imaging may also lead to misleading results. In this 2-part
continuing education paper, we describe the principles of tracer kinetic
analysis for oncologic PET (part 1), followed by examples of specific
implementations of kinetic analysis for cancer PET imaging that high-
light the added benefits over static imaging (part 2). This review is
designed to introduce nuclear medicine clinicians to basic concepts of
kinetic analysis in oncologic imaging, with a goal of illustrating how
kinetic analysis can augment our understanding of in vivo cancer biol-
ogy, improve our approach to clinical decision making, and guide the
interpretation of quantitative measures derived from static images.

KeyWords: kinetic analysis; dynamic imaging; PET/CT
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Molecular imaging with PET quantifies emissions from radio-
pharmaceuticals designed to measure specific biologic processes
in vivo. As a method that measures absolute radionuclide concentra-
tion, PET is an inherently quantitative imaging modality. Indeed, the

SUV of 18F-FDG, obtained as a measure of tracer uptake at a single
time point (static) in standard clinical practice, has found widespread
clinical acceptance in oncology (1,2). The quantitative capabilities of
PET, however, extend well beyond simple static uptake measures.
PET can quantify important features of radiopharmaceutical kinetics
such as tissue delivery, retention, and release back to the blood that
provide a more comprehensive picture of in vivo cancer biology and
can improve clinical decision making (3).
This 2-part series is intended for nuclear medicine trainees and

practitioners not familiar with pharmacokinetic principles and tracer
kinetic analysis. Part 1 provides the rationale for kinetics analysis in
PET cancer imaging, along with a framework for modeling, quanti-
fying, and interpreting PET tracer kinetics. Part 2 illustrates specific
implementations of kinetic analysis for cancer PET, the added bene-
fits over standard clinical static imaging, and cases in which kinetic
principles can guide the interpretation of static PET images to
avoid pitfalls related to single-time-point imaging of a dynamic
process (4). We focus on methods and examples relevant to com-
mon oncologic applications, with an emphasis on 18F-FDG as the
currently most commonly used radiopharmaceutical for PET cancer
imaging. We also discuss additional examples of other illustrative
or emerging cancer imaging probes.
This review is intended to serve as a primer for kinetic analysis in

oncology. For those wanting a more detailed review of these topics,
including the underlying mathematic principles, we refer readers to
more comprehensive references (5–10). Additionally, this review
focuses on dynamic imaging and kinetic analysis. We do not, there-
fore, discuss static measures of 18F-FDG uptake beyond SUV, such
as metabolic tumor volume and total lesion glycolysis; these topics
are more thoroughly discussed in other sources (11).

WHY DO KINETIC MODELING?

After injection into the bloodstream, radiopharmaceuticals undergo
a series of complex molecular interactions with tissues. The resulting
image represents the combination of several key steps from injection
to uptake in cancer cells, including the following (Fig. 1) (12,13):
delivery to the tumor by regional blood flow; transit across the tumor

Received Apr. 1, 2021; revision accepted Jan. 12, 2022.
For correspondence or reprints, contact Austin Pantel (austin.pantel@

pennmedicine.upenn.edu).
COPYRIGHT© 2022 by the Society of Nuclear Medicine andMolecular Imaging.

342 THE JOURNAL OF NUCLEAR MEDICINE ' Vol. 63 ' No. 3 ' March 2022



capillary membranes and through the interstitial fluid; transport into
the cell, often by specific membrane transporters; binding to target
molecules (e.g., tumor receptors) or trapping after enzymatic alter-
ation (e.g., 18F-FDG conversion to 18F-FDG-6-phosphate [18F-FDG-
6-P] by hexokinase); and release from the cell by disassociation from
the binding target or by reverse enzymatic alteration that no longer
traps the molecule (e.g., conversion of 18F-FDG-6-P back to 18F-
FDG by glucose-6-phosphatase).
This complex series of steps cannot be fully characterized by

imaging at a single time point remote from tracer injection. Time-
resolved PET imaging can, however, be performed continuously
from the start of tracer injection to provide a dynamic series of
images that fully capture all steps in radiopharmaceutical delivery,
retention, and release (Fig. 1). By capturing the time course of tis-
sue uptake and applying pharmacokinetic models that represent
radiopharmaceutical pharmacology and biochemistry, PET can
quantify specific biologic phenomena—for example, transport and
metabolic rate—that cannot be measured by simple static imaging
and SUV (3). So why go through the additional time and complex-
ity of dynamic imaging and tracer kinetic analysis, given the ease
and efficiency of taking a single snapshot sometime later after
injection? There are several reasons.
The first is that tracer kinetic parameters provide biologic insights

related to the radiopharmaceutical target and the disease process (8).
For example, dynamic 18F-FDG can measure both the rate of delivery
of glucose to cancers and the rate of its metabolism. Demonstrating a
balance or imbalance between substrate delivery and use may predict
important outcomes such as therapeutic response and survival (14).
Second, tracer kinetic analysis provides more precise interpreta-

tions of PET images. For example, for 18F-FDG PET, tracer remains
in the blood at notable concentrations for several hours after injection.
As such, static tumor images at the typical 1-h-postinjection time
point reflect a mixture of unmetabolized 18F-FDG exchanged with
the blood and 18F-FDG-6-P trapped by tumor glucose metabolism
(the biologic target of 18F-FDG). Static PET imaging cannot

distinguish between 18F-FDG and 18F-FDG-6-P since both have the
same positron-emitting isotope detected by the scanner. Dynamic
imaging and kinetic analysis, however, can use the time course of
radioactive 18F-FDG in the blood (plasma) and the total 18F-FDG
plus 18F-FDG-6-P in the tissue to infer the rate of intracellular 18F-
FDG-6-P accumulation and provide a much more specific estimate of
tumor glucose metabolism (12,13). This ability can have important
implications in the clinic and clinical trials—for example, for measur-
ing therapeutic response (14–16).
Third, kinetic principles can help avoid pitfalls in interpreting stan-

dard clinical static uptake images. For example, the persistence of
18F-FDG in the blood after injection leads to ongoing trapping of
tracer as 18F-FDG-6-P over time. For tumors with high glucose meta-
bolic rates, SUV can increase over 30% in as little as 15min at 1h
after injection (17). Variability of uptake time in serial scans can there-
fore considerably confound the assessment of therapeutic response
both in the clinic and in clinical trials (14,18). Kinetic analysis avoids
this pitfall and can inform static imaging correction schemes.
These points illustrate that static uptake measures (e.g., SUV)

provide a clinically practical, albeit limited, approximation of infor-
mation carried by radiopharmaceutical uptake kinetics. Furthermore,
the optimum timing of imaging and the optimum approach to
uptake quantification are not necessarily the same for all tracers and
all tumors. Particularly, in the development and early testing of a
new radiotracer, or the application of an existing tracer to a new
tumor or treatment, initial testing should focus on dynamic imaging
and rigorous kinetic characterization to guide image interpretation
and clinical translation (3,13). Through detailed kinetic analysis,
tracer uptake can be characterized to guide the development of
rational simplified protocols more amenable to the clinic. An under-
standing of tracer kinetics is necessary before protocol simplifica-
tion to avoid or mitigate pitfalls of the simplified approaches
discussed above (8). A recent example can be seen in the develop-
ment of a novel radiotracer for imaging poly[adenosine diphos-
phate-ribose] polymerase expression in ovarian cancer, in which a
study of tracer kinetics helped determine the nature of tracer reten-
tion in patients and guided the approach to static imaging (19).
Even when reasonable static imaging approximations are possible,
dynamic acquisition and full kinetic analysis can still yield impor-
tant clinical data and biologic insights not possible with static imag-
ing. Such examples are highlighted in part 2 of this review.

PET KINETIC ANALYSIS: PRINCIPLES AND REQUIREMENTS

Overview
Figure 2 illustrates the conceptual framework for dynamic PET

imaging (top) and kinetic modeling or analysis (middle). An impor-
tant difference from standard clinical imaging is the need to collect
dynamic volumetric 4-dimensional (3 spatial dimensions and time)
imaging data over time. Key patient data obtained during scanning
include the measurement of the time-varying target tissue uptake
curves (time–activity curves), as well as data on tracer clearance from
the plasma. Target tissue uptake curves are obtained from direct
dynamic imaging, whereas plasma clearance curve can be measured
by blood sampling, image analysis, or a hybrid of both methods (8).
The middle of Figure 2 provides an overview of the approach to

kinetic analysis. The plasma clearance curve serves as an input—or
driving function—to a model describing tracer pharmacokinetic
behavior in the tissue of interest (5,9). A set of parameters describes
quantitative tracer kinetic features that include tracer delivery to the
tissue, retention or trapping in tissue, and efflux back to the blood.

`` `

Capillary Interstitial
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Cell

Reversible compartment
Bound

compartment
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k2

k3

k4

Plasma
input

FIGURE 1. (Top) Depiction of movement of tracer (green diamond) from
vasculature to its intracellular tumor target (maroon V). Tracer is delivered
to tumor via regional blood flow; travels from capillary, through interstitial
space, and into cell, where it interacts with its target in this example; and
may also follow reverse path. Static PET image represents summation of
tracer in each of these steps in tissue. For kinetic analysis, compartments
are constructed that represent key states of tracer (e.g., reversible compart-
ment representing tracer in interstitial space and in cell, and bound com-
partment representing tracer engaging with target. Rate constants (K1, k2,
k3, and k4) represent transfers between compartments (defined in Table 1),
which may depict multiple tracers moving through multiple barriers.
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Using the plasma clearance curve as input into the kinetic model, the
kinetic parameter set—typically in the form of a set of differential
equations—can be mathematically integrated to generate a simulated
(model-generated) tissue curve. This curve is then compared with
the measured tissue curve from patient imaging to estimate the good-
ness of fit, typically assessed with the x2 function. The process of
parameter estimation involves iterative guesses of the parameter val-
ues toward the goal of minimizing the difference (x2 value) between
the model-generated and measured blood curve from a predefined
goal. This process is known as optimization of the model fit to the
measured data (Fig. 2, bottom), and the parameter values that yield
the closest fit of the model to the measured PET data are reported as
kinetic parameter estimates—the goal of kinetic analysis.

Data Acquisition
Dynamic data are typically acquired at a single bed position

over time to measure the time course of tracer uptake and generate
4-dimensional datasets of time-varying regional tracer concentra-
tion (Fig. 2, top).
To capture the time course of radiotracer uptake for the tissues

of interest, the PET axial field of view is typically centered over a

single anatomic area of interest for the dura-
tion of the scan. Given the limited axial
field of view of PET scanners—typically
16–25 cm—the investigator must choose
the most ideal axial position to image. If all
sites of interest are not contained in a single
axial field of view, the investigator must
select the optimal area to scan, with the
inclusion of some lesions at the expense of
others. Additionally, if an image-derived
input function is to be used, the imaging
axial field of view should also include a
large arterial blood pool—for example, the
aorta—to measure the blood time–activity
curve in a location ideally just upstream of
the organ or lesion of interest (20).
After the patient is positioned in the scan-

ner, the radiotracer is injected and imaged
continuously for a period that is dictated by
radiotracer kinetics. Although a sharp bolus
injection is often ideal for modeling, other
protocols may be better suited for certain
applications: for example, a bolus-plus-infu-
sion protocol (21). Additionally, for extended
studies (e.g., hour-long studies), motion cor-
rection may be needed if the patient shifts
during the scan (22,23).
Dynamic imaging data either are collected

in list mode, to be parsed into time bins
(hereafter referred to as frames) after acqui-
sition, or are directly binned into sinograms
with predetermined frame durations. Most
current dynamic imaging protocols parse
the data into short (5–10 s for typical 18F
tracers) frames early after injection to capture
the fast dynamics of the tracer in both larger
blood vessels and the smaller vasculature
within organs. After the initial bolus, frame
durations are typically lengthened (1–5 min)
to decrease image noise when count rates are

lower and the kinetics are no longer as rapidly changing (Fig. 2, top).
Each frame is then individually reconstructed (8).
To be compared and used for kinetic analysis, all time–activity

curves must be calibrated to be in common units for either SUV (typi-
cally mg/mL) or activity concentration (e.g., Bq/mL) (8,9). This cali-
bration happens naturally for image-derived blood clearance and
tissue curves but requires cross calibration between a well counter
and the PET scanner for plasma curves obtained by blood sampling.
Arterial blood sampling, commonly used for brain PET imaging and
kinetic analysis, is less common for oncologic PET since, first, large
blood-pool structures such as the heart and aorta are frequently in the
dynamic imaging field and, second, oncologic patients often undergo
serial scans and toxic systemic therapy that make arterial sampling a
challenge. What often works well is a hybrid approach using image
analysis of a large blood-pool structure (e.g., aorta or ventricle) and
venous blood samples to determine fractional radioactivity in red cells
versus plasma and parent radiotracer versus labeled metabolites (8).

Kinetic Model Formulation
The next step in kinetic analysis requires a model, typically a

compartmental model. Model formulation needs to encompass the

Tracer kinetic
Model

Parameter set

Plasma clearance
curve

(blood and/or imaging)

Model-generated
tissue curve

Compare
(χ2) Tissue uptake

curve from PET

Close enough?

No Yes

Kinetic parameter
estimates

Adjust parameters

Starting guess
Model

optimization

Plasma

FIGURE 2. (Top) Data are acquired at single bed position (left) and reconstructed into multiframe
dynamic images (middle), on which regions of interest are drawn to create time–activity curves
(right). Blood time–activity curve peaks early in scan (red arrow, corresponding to early dynamic
frames), whereas tumor activity peaks later (blue arrow, corresponding to later dynamic frames).
(Middle) In this schematic overview of the approach to kinetic analysis, raw whole-blood
time–activity curve must be partitioned into plasma vs. red blood cell activity and corrected for
metabolites to obtain plasma time–activity curve, which is then used as input to kinetic modeling
process. Dynamic tissue time–activity curves act as standard of truth against which model estimates
are compared in iterative process of kinetic parameter estimation. (Bottom) Kinetic parameter esti-
mation (model-generated tissue curve) improves through model optimization as iterations increase.
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complexity of biology and biochemistry in living systems but, at
the same time, meet the challenge of estimating each facet of
in vivo biology given the spatial, temporal, and statistical limita-
tions of the 4-dimensional datasets measured by PET (5,9,10,24).
As such, compartmental models used for PET typically represent
only the key, rate-limiting, steps that determine the time course of
tracer uptake: tracer delivery, metabolism, or target binding.
Radiotracer biochemistry and pharmacology investigated during
preclinical development and early human trials should inform
model design to yield model parameters of clinical and biologic
interest that can be estimated with reasonable accuracy and pre-
cision (10,24). In interpreting the parameter estimates yielded
by kinetic analysis, it is important to consider the biologic com-
plexity of the processes underlying the parameter estimates and
the influence of common factors such as tissue perfusion, cellu-
lar density, and possible drug effects on the kinetics of the PET
tracer (Fig. 1).
In compartmental models for PET, the plasma clearance curve

(plasma time–activity curve) serves as the input (driving function)
to one or more tissue compartments. Compartments are virtual
constructs representing tracer label present between the key steps
that mediate tracer delivery, retention, and release (10,24). A tis-
sue compartment can represent whole tissue, tumor cells, a subcel-
lular location, or, frequently, a biochemical state associated with a
particular cell type. For example, 18F-FDG tissue kinetics are typi-
cally modeled as having 2 compartments (13,25,26). The first is a
free or reversible compartment representing 18F-FDG delivered to
all components of tissue outside the blood vessels (cells and inter-
stitial space) but not trapped by phosphorylation. The second is a
trapped compartment for 18F label retained in the cell as 18F-FDG-
6-P. This compartment consists of 18F-FDG that has been phos-
phorylated by hexokinase and is retained inside cells, unless it is
released to the reversible 18F-FDG compartment via dephosphory-
lation by glucose-6-phosphatase. In typical model illustrations,
compartments are indicated by boxes, and transfers to and from
the blood and between compartments are illustrated by arrows.
The blood, considered a driving function for PET kinetic analysis,
represents systemic delivery and clearance from the total-body
blood pool. The driving function is not a compartment and is
assumed to be unaffected by incremental tracer delivery to or

clearance from the tissue. In this formalism, each arrow indicates
a physical or biochemical transition and represents a difference
equation (as an approximation of a differential equation) describ-
ing mass transit. Parameters of interest for typical oncologic mod-
els are described below and summarized in Table 1.

Figure 3 illustrates the 1-tissue-compartment and 2-tissue-compart-
ment models most commonly used for PET oncologic radiotracers
(top and middle, respectively) and an 18F-FDG kinetic model as a
specific implementation of a 2-compartment model (bottom). In PET
nomenclature, the plasma input curve serves as the driving function
for the model and does not count as a compartment by convention,
although in other fields such as drug pharmacology, the blood or
plasma clearance curve is an important focus of kinetic analysis and
is included as a compartment (27).
To illustrate the formulation of a kinetic model, we start with the

simple 1-tissue-compartment model (Fig. 3, top), which describes
tracers that are only reversibly transported into and out of tissues.
Such models have been used to estimate tissue perfusion (K1) using
82Rb or 15O-water (28–31), as described in part 2. This simple
model includes only transfer from the blood into the tissue com-
partment (K1 [mL/min/cm3]) and efflux from the tissue compart-
ment back into the blood (k2, [1/min]) (28). To illustrate how the
model’s graphic depiction relates to the model’s mathematic for-
mula, we consider the arrows leading into the tissue compartment
(blood-to-tissue transport described by K1 applied to the plasma
time–activity curve, Cp) and out of the tissue compartment (efflux
described by k2) applied to the compartment activity concentration
(CR) of the single tissue compartment over a small time increment
(Dt). The 1-tissue-compartment model reversible compartment dif-
ference equation is as follows:

DCR

Dt
5K1CP2k2CR:

The blood concentration is typically measured in Bq/mL, and the
compartment concentrations are considered as Bq/cm3 of tissue,
or, if density is known or estimated, Bq/g of tissue.
A common convention is to use an uppercase K to represent a

parameter that can be related directly to a physical quantity (5,9).
For example, K1 for

15O-water is equal to tissue blood flow (perfu-
sion, typically described in units of mL/min/cm3 of tissue) (28),

TABLE 1
Parameters of Interest for Typical Oncologic Models

Model type Parameter of interest

Microparameters

1-tissue-compartment model K1 (blood-tissue transfer constant), k2 (tissue-blood transfer content),

2-tissue-compartment model K1, k2, k3 (representing substrate-target binding or metabolism rate constant),
k4 (off-binding or metabolic degradation rate constant)

Macroparameters

VT (1-tissue compartment) VT 5 K1/k2
VT (2-tissue compartments) VT 5 (K1/k2) 3 (1 1 [k3/k4])

Ki Ki 5 K1k2/(k2 1 k3)

Typical units

K rate constant mL/min/cm3

k rate constant 1/min

VT mL/cm3
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which can be measured by a variety of other methods that include
both imaging and nonimaging approaches. Those parameters that
originate in a compartment are typically assigned a lowercase k and
have time constant units, typically 1/min. The lowercase k parame-
ters are critical to model optimization but are often hard to relate to
measurable quantities. However, when referenced to uppercase K
parameters, the k parameters can describe steady-state kinetic fea-
tures that can be related to measurable quantities. For example, the
volume of distribution for a 1-tissue-compartment model, often
termed VT, represents the ratio of tracer in the compartment com-
pared with the blood at equilibrium, and is given by K1/k2 (mL/cm3).
For 15O-water, VT is interpreted as tissue water, a quantity that can
be readily measured by drying tissue samples and that can provide
an indirect estimate of tumor cellularity in some cases such as breast
cancer (28,32). In practice, most oncologic radiopharmaceuticals
have biochemical or molecular targets that retain the tracer in or on
cancer cells. This requires a second tissue compartment to describe
radiopharmaceutical interaction with the specific metabolic or binding
target (Fig. 3, middle). The 2-tissue-compartment model includes,
similar to the 1-tissue-compartment model, delivery to (K1 [mL/
min/cm3]) and efflux from (k2 [1/min]) a reversible compartment.
However, in addition, the model includes the rate of substrate-to-
target binding or metabolic conversion (k3 [1/min]) leading from
the reversible compartment to a second bound or trapped tissue
compartment. The second compartment can also have an efflux
pathway (k4 [1/min]) from the bound or trapped second compart-
ment back to the reversible first compartment.
For illustration purposes, we consider the difference equation

for the 2-tissue-compartment model in comparison to the 1-tissue-

compartment model equation. The reversible compartment now
has 2 source of input (plasma transport, described by K1, and
bound or trapped compartment efflux, described by k4) and 2 paths
for efflux (to the plasma, described by k2, and to the trapped or
bound compartment, described by k3), resulting in the following
2-tissue-compartment model reversible compartment difference
equation:

DCR

Dt
5K1CP1k4CB2ðk21k3ÞCR:

For many metabolized tracers used in oncology, including 18F-
FDG in most tumors (2,33,34), the second compartment is largely
irreversible (k4 equal to or close to 0). In this case, overall tracer
uptake and retention are best described by a metabolic flux cons-
tant (Ki) representing the rate at which the tracer moves from the
blood to its trapped stated in tissue, for example, 18F-FDG-6-P for
18F-FDG PET. By considering equilibrium concentrations, Ki can
be expressed as a combination of K1, k2, and k3:

Ki5
ðK1 " k3Þ
ðk21 k3Þ :

Ki is often called a macroparameter, comprising individual rate
parameters (microparameters). It is denoted with a capital K similar
to K1 to indicate that it has the same units as K1 (mL/min/g), and it
can be related to real-life measurements, such as cellular glucose
consumption for 18F-FDG. The rate of metabolism of the native
(traced) substance can be estimated by multiplying Ki by the
plasma concentration of the substance (mmol/mL) to provide a
metabolic rate (mmol/min/cm3) (9), as is described in more detail
for 18F-FDG below.
For completeness, we note that if both compartments of the

2-tissue-compartment model are fully reversible (k4 Þ 0), as is the
case for some tumors signaling receptors that serve as drug targets,
then VT is a more biologically or clinically relevant parameter to
described specifically retained tracer. The 2-compartment model,
VT, differs from the 1-compartment model in that it includes both
the reversible compartment and the bound compartment, the latter
of which carries relevant information regarding tracer binding to its
intended target. The 2-tissue-compartment model VT is given by…

VT 5 ðK1=k2Þ3 ð11 ½k3=k4%Þ:
In this case, VT (mL/cm3) indicates an equilibrium partition
coefficient ratio of tissue concentration (mmol/cm3) to blood
concentration (mmol/mL) that can be related to real-world meas-
ures. This approach is a mainstay of neuroreceptor imaging but
is somewhat less common for cancer applications. One limita-
tion for cancer target binding studies, unlike most noncancer
brain studies (27), is the lack of an appropriate reference tissue
for nonspecific radioligand binding. Nevertheless, VT can be a
useful measure to, for example, guide the dosing of receptor-
targeted cancer drugs (35).
To further illustrate the nature of compartmental models, we high-

light the model most widely used for 18F-FDG (Fig. 3, bottom) (25).
18F-FDG can be modeled with an irreversible 2-tissue-compartment
model in tumors with absence of glucose-6-phophorylase and there-
fore a k4 of 0. As a glucose analog,

18F-FDG is relatively permeable
to normal capillaries throughout the body, and after transiting the
interstitial fluid, 18F-FDG enters the cell through membrane glucose
transporters. This series of steps is described by the 1-tissue delivery
parameter, K1, which reflects a complex combination of blood flow,
capillary permeability, interstitial transport, and membrane transport

Generic 1-tissue-compartment Kinetic Model
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Blood
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(Cp)
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Capillary membrane
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Cellular membrane transport
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Generic 2-tissue-compartment Kinetic Model
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comp.
(CR)
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FDG 2-tissue-compartment Kinetic Model
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FIGURE 3. Kinetic model for generic 1-tissue-compartment model (top),
generic 2-tissue-compartment model (middle), and 2-tissue-compartment
model for 18F-FDG (bottom). Barriers encountered by radiotracer as it
moves between compartments are also noted.
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that has a modest correlation with blood flow in many tumors (32).
Once inside the cell, 18F-FDG can either leave the cell through the
same bidirectional transporters (k2) or become phosphorylated to
18F-FDG-6-P by hexokinase (k3), the same enzyme that converts
glucose to glucose-6-phosphate. 18F-FDG-6-P cannot be metabolized
to the next step in glycolysis and is not transported out of the cell
unless the phosphate group is cleaved by glucose-6-phosphatase
(36). Administered 18F-FDG that enters the glucose metabolic path-
way is therefore effectively trapped in the cell for the duration of
imaging for most types of cancer, although several normal tissues
that actively make glucose or consume glycogen (liver, brain, mus-
cle) and some tumors (well-differentiated hepatocellular cancer)
have finite glucose-6-phosphatase activity to convert 18F-FDG-6-P
back to 18F-FDG (k4) (25,33). The first tissue compartment repre-
sents any unmetabolized 18F-FDG in tissue that is outside the vascu-
lar space, whereas the second compartment represents 18F-FDG-6-P
trapped in the intracellular space. 18F-FDG mimics glucose up to the
common rate-limiting step of phosphorylation conversion glucose-6-
P/18F-FDG-6-P. The Ki for

18F-FDG therefore describes the rate of
glucose metabolism through hexokinase, including glucose transport
from the plasma to cancer cells. Multiplying the 18F-FDG Ki by the
plasma glucose measured at the time of imaging (mmol/mL) pro-
vides an estimate of the tumor metabolic rate of glucose in mmol/
min/cm3 of tissue. This estimate comes with a note of caution that
the transport and hexokinase kinetics of glucose and 18F-FDG are
not identical (26,34), particularly in cancer (37), leading some to
describe estimates of tumor glucose metabolism from dynamic
18F-FDG PET as the “metabolic rate of glucose assessed by 18F-
FDG,” or MR18F-FDG (13).

Parameter Estimation
As seen in Figure 2, the process of kinetic parameter estimation

involves iterative adjustment of the kinetic model parameters from
biologically reasonable starting guesses to values that optimize the
model’s fit to the measured tissue curves. This optimization is done
by comparing the model-generated tissue time–activity curve with
the PET-measured patient tissue time–activity curve at each itera-
tion and then making adjustments to the parameters until an accept-
able fit is achieved. To match the measured tissue curves, the
model-generated curves need to include the contribution of circu-
lating blood in the small vessels and capillaries that are present in
all living tissue but are below PET spatial resolution. As such, total
activity concentration (CTOT, Bq/mL) in each image voxel or the
tissue volume of interest (VOI) is a mixture of the tissue compart-
ment time–activity curves (CR and CB for 2-tissue-compartment
models) and the whole-blood time–activity curve (CWholeBlood)
(5,9), noting the contribution of whole blood to the image, whereas
the driving function uses the plasma time–activity curve. The con-
tribution of the blood to the total tissue time–activity curve can be
included in the kinetic model using a fractional blood fraction vol-
ume parameter (VB), assumed to be a constant fraction across the
time scale of the imaging study using the following formula (for a
2-tissue-compartment model), with the convention that C9

TOT indi-
cates the model-generated time–activity curve versus the measures
time–activity curve, CTOT:

C9
TOT5 VB3CWholeBlood1 12VBð Þ3ðCR1CBÞ:

Using the units described in Table 1, the model generates tissue
compartment curves having units of Bq/cm3, the same as measured
by PET systems. If a density correction were used with resultant
tissue compartment curves having units of Bq/g, the model output

must be multiplied by tissue density (g/mL) to have comparable
data for the model and measured data. Most use the approximation
of unit water density (1 g/mL), but tissues such as lung and bone
may require more accurate density corrections. Other formulations
consider models on a purely volumetric basis (7,27), avoiding this
issue and performing separate density corrections when needed to
compare parameter estimates with in vitro assays, which are typi-
cally done on a tissue weight basis.
During parameter estimation, the compartment activity concen-

trations, CR and CB, are generated by the model and CWholeBlood is
provided either by an image-based input function from a blood-
pool structure or from the whole-blood activity measured by blood
sampling. The blood volume parameter VB can be measured using
imaging methods such as 11CO PET that label red blood cells
(38); however, this adds complexity and radiation dose to onco-
logic imaging protocols and is infrequently used in clinical prac-
tice and clinical research. Alternatively, VB can be estimated as a
parameter as part of the kinetic modeling. This estimation may
pose a challenge for highly permeable tracers for which the early
tissue uptake curve has a strong contribution from both blood pool
and tissue delivery (VB and K1 parameters), and estimates of the 2
parameters may vary with one another (32). In addition to adding a
blood volume component to match PET-measured tissue curves,
model-generated C9

TOT curves are integrated over the same time
intervals as the patient imaging protocol to have the model mimic
the imaging process as closely as possible. Most kinetic analysis
approaches assume that the measured blood and tissue time–activity
curves are corrected for physical isotope decay. It is also possible to
directly include physical decay in the compartmental model for those
cases in which the physical decay constants are close to pharmaco-
logic transfer constants (e.g., 15O-water studies (32)) to avoid pitfalls
during the model integration step in the kinetic analysis.
Parameter estimation requires adjustment, or optimization, of

the parameter set to minimize the difference between the model-
generated curve (C9

TOT) and the measured curve (CTOT), typically
known as the x2 function (39):

x2 5 ðC9
TOT1 –CTOT1Þ2=w1 1 ðC9

TOT2 –CTOT1Þ2=w21

::: ðC9
TOTL –CTOTLÞ2=wL1,

where the numbers 1, 2 … L indicate the time bins starting from
the first time bin at the start of tracer injection to the last time bin
(bin L) collected during scanning. The w’s are weights applied to the
square of the model-versus-measured time–activity curve difference
for each time bin. These weights are typically calculated to be pro-
portional to the statistical uncertainty of the PET measurement for
the time point. This approach reduces the influence of noisy time
bins with large statistical variability that typically occurs in short
early time bins used to measure the rapidly changing time–activity
curve early after injection and late time bins that are impacted by
physical decay of the tracer isotope. These weights can have a signif-
icant impact on model performance and can be tuned to optimize
estimates of the parameters identified as being most important for
specific applications (39).
Model optimization methods seek to efficiently adjust model

parameters to reach the smallest possible x2 value. Since the dif-
ferential equations that define most models do not have a closed-
form solution, nonlinear optimization approaches are used (e.g.,
Marquardt–Levenberg algorithm) (39). Most nonlinear estimation
algorithms require initial parameter estimates (starting guess) and
parameter range limits to constrain the search to parameter values
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that are within biologically possible ranges. These values are typi-
cally taken from preclinical and other early tracer studies and
guided by the expected biology (40,41). Even with appropriate
weighting, good starting guesses, and appropriate parameter limits,
nonlinear optimization algorithms applied to standard PET data
are susceptible to local minima, overfitting, sensitivity to noise,
and parameter covariance (39). As a result, some kinetic parame-
ters may not be able to be estimated independently of each other
or with reasonable precision (8). As such, it is possible, and per-
haps likely, that not all model parameters can be reliably esti-
mated, and the model should therefore be mathematically tested
before implementation and use.

Mathematic Testing and Validation
Model forms are typically chosen on the basis of the known

biology and pharmacology of the radiopharmaceutical and the
biology of the tissue and target. However, since all models require
some simplification of complex in vivo conditions, it can be diffi-
cult in some cases to select the correct model. In such cases, a
series of mathematic calculations and simulations based on mea-
sured time–activity curves can be used to test the ability of the
model to estimate relevant parameters. The ultimate goal of a
kinetic model is to estimate relevant macroparameters (e.g., flux
or VT) and microparameters (e.g., k2 or k3) accurately (i.e., recover
the true value of the parameter without bias) and precisely (i.e.,
recover the same value with repeat testing). More complex models
with a greater number of parameters will undoubtedly improve the
overall fit of a model to the tissue time–activity curve. However,
more complex models may result in overfitting such that kinetic
parameters are poorly determined, precluding reliable quantifica-
tion of the underlying biologic process. To account for a trade-off
between goodness of fit and model complexity, several statistical
tests have been developed, including the Akaike information crite-
rion (42), model selection criterion (MSE), and Schwartz criterion,
in which a penalty is given for the number of parameters included
in the model (43). These criteria quantify the fit of a model with
consideration of model complexity to offer an easy means of com-
parison among candidate models (44).
Additional mathematic tests and simulation approaches have

been developed to study the ability of a model to estimate parame-
ters under realistic imaging conditions (39). Through such rigorous
mathematic testing, the ability of a model to quantify relevant biol-
ogy can be optimized (9,41). These approaches include sensitivity
analysis, identifiability analysis, and simulations that can provide
expectations for the bias, precision, and covariance of the esti-
mated parameters (9). Sensitivity and identifiability analyses use
closed-form calculations based on typical model parameter values
and resulting tissue time–activity curves. Sensitivity analysis esti-
mates the model’s ability to estimate each parameter on the basis
of its impact on the model-generated tissue curve. If a small
change in a parameter induces a large change in model output, that
parameter is likely to be estimated accurately; conversely,
parameters that have a low impact on the generated tissue
curve cannot be estimated accurately. Identifiability analysis,
including both analytic calculations and mathematic simula-
tions, can estimate the ability to measure parameters indepen-
dently. This analysis may reveal that some microparameters,
although needed for overall parameter estimation, cannot be reli-
ably estimated independently of other parameters. An example
of this is discussed in part 2 (4) in the context of 18F-FDG and
39-deoxy-39-18F-fluorothymidine (18F-FLT), where studies show

that only K1 and Ki (and not k2 and k3) can be accurately estimated
for typical cancer imaging conditions.
Simulations are particularly helpful to mimic the typical statisti-

cal noise encountered in the PET-measured tissue time–activity
curves. By adding noise to idealized time–activity curves, the pre-
cision and bias of the parameter estimates can be estimated. Such
estimates are key for interpreting kinetic analysis results and relat-
ing them to cancer biologic properties and clinical outcomes (9).
Several existing kinetic analysis software packages include esti-
mates of parameter precision as part of their analysis.
Since PET kinetic modeling seeks to quantify relevant biology,

the kinetic model should ideally be validated against independent
measures of the biologic characteristic of interest. For instance, for
a tracer that measures receptor expression, correlation of uptake
measures with in vitro tissue expression of that receptor on excised
tissue can be used for validation. For 18F-fluoroestradiol, PET uptake
has been shown to correlate well with tissue estrogen receptor expres-
sion as measured by a quantitative radioligand binding assay (45) and
by immunohistochemistry, with both qualitative and semiquantitative
measures on immunohistochemistry (46,47). As the latter measure is
used in the clinic to direct therapy, validation against this marker
facilitates clinical translation (46), noting that 18F-fluoroestradiol has
recently been granted Food and Drug Administration approval. The
radiolabeled thymidine analog 18F-FLT has also been validated as
a measure of tumor proliferation through correlation with Ki-67, a
protein that is expressed only during cellular proliferation. Studies
have shown a good correlation between FLT Ki values versus tis-
sue assays of percentage of cells with Ki-67, supporting clinical
relevance (48). Ultimately, though, for translation into the clinic,
PET uptake measures must be tested in the context of clinical care.
Carefully designed clinical trials are required to test the added
value of PET to the prediction and improvement of clinical out-
comes, as described in part 2.

Alternative Approaches to Lesion Identification
Traditional approaches to PET kinetic analysis often use tissue

time–activity curves derived from the average activity in VOIs to
help reduce the statistical noise in the curve compared with single-
voxel curves. This approach generates a single set of parameter
values for each region drawn and represents an average of biologic
properties across the VOI. Whereas maximum uptake in a voxel is
often used for semiquantitative static measures (e.g., SUVmax),
kinetic analysis typically uses mean uptake in a VOI, which is
more robust to differences in image noise. In addition to simple
geometric shapes (e.g., a sphere), VOIs can be drawn using thresh-
old or edge-based methods (49), using a peak VOI for more het-
erogeneous lesions (50), or mapping to an atlas of regions of
interest for neurologic applications (51,52). As an alternative to
VOI-based methods, voxel-based methods generate 3-dimensional
images of tracer kinetic parameters, called parametric images, that
better reflect the spatial distribution of tissue properties and tumor
heterogeneity than do VOI-based approaches (53,54). Voxel-based
analysis, however, is associated with more statistical uncertainty
in the tissue time–activity curves, which can lead to consider-
able noise in the parametric image. Methods that consider the
4-dimensional PET image as a combination of a common set of
fundamental tissue time–activity curves—for example, mixture
analysis, wavelet decomposition, and others—can mitigate this
challenge and add computational efficiency (55,56). When suc-
cessful, this approach can improve the precision with which
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parameters are estimated and dramatically improve parametric
image quality (Fig. 4 (57)).

Interpreting Kinetic Parameter Estimates
Part 2 of this review provides several examples of how kinetic

parameter estimates can offer unique insights into the clinical biol-
ogy of cancer that can help guide treatment selection and evaluate
therapeutic efficacy. Some common themes apply to these inter-
pretations. For the most part, parameters that quantify tracer deliv-
ery and retention yield the most reliable and clinically important
measures that provide information on delivery of drugs and
metabolic substrates (K1), metabolic flux through rate-limiting
steps (Ki), and drug target availability and binding (2-compart-
ment VT). Although (lowercase) k-type microparameters are
important for tracer kinetic insights and model optimization,
these parameters are theoretic constructs of compartmental
models influenced by in vivo native metabolite concentrations
that are often not easily measured directly (see, for example,
early studies of 11C-labeled glucose and thymidine (41)).
Additionally, in some cases, microparameters are not reliably
estimated independently of other variables, especially in the
context of the heterogeneity (58) common in cancer imaging.
Therefore, new cancer radiopharmaceuticals—or new applica-
tions of existing tracers—require rigorous studies of kinetics
in preclinical and early clinical studies to determine the utility
and validity of tracer kinetic parameters as measures of cancer
biology and tools for guiding clinical practice.
Once established and validated, kinetic models may be used to

gain insight into the composition of a static PET image obtained at
any single time point. That is, kinetic analysis can predict the con-
tribution of the different pools of tracer pharmacologic state to the
total image signal. This is exemplified for 18F-FDG in Figure 5,
showing how an understanding of 18F-FDG kinetics can provide
insight into how to interpret SUVs. Using a 2-compartment kinetic
model to generate curves based on the range of kinetic constants
seen in breast cancer (14), Figure 5 depicts the contribution of the
free (18F-FDG) and trapped (18F-FDG-6-P) components of the 18F
label detected in tumor tissue. For tumors with low SUVs, uptake
reflects a nearly equal mix of free and trapped 18F-FDG, even late
after injection. As such, SUVs for tumors with modest uptake
(SUV , 3–4) reflects a nearly equal—and confusing—mix of
transport and tissue distribution (reversible tissue 18F-FDG) and
glucose metabolism (18F-FDG-6-P). However, for tumors with a

high SUV, most of the label is in the form of 18F-FDG-6-P by 60
min after injection, and the 60-min SUV provides a reasonable
indication of tumor glucose metabolism. This insight has several
important implications: first, changes in uptake with treatment
should be interpreted carefully for tumors with low baseline
uptake, as they may reflect changes in tracer delivery or tissue dis-
tribution as a side effect of therapy rather than changes in tumor
health and viability as indicated by glucose metabolism. Similarly,
low 18F-FDG uptake may also impact the precision and interpreta-
tion of posttherapy uptake measures in treated tumors, which often
carries prognostic information that can be measured more accu-
rately by kinetic measures such as Ki than by static measures such
as SUV (14).
Another insight from kinetic analysis is the variable behavior of

static SUV measures over time after injection. Low-uptake tumors
will have flat or even declining uptake since the free 18F-FDG
component will follow the decline in plasma activity due primarily
to renal clearance of 18F-FDG, an observation that may be misin-
terpreted as glucose-6-phosphatase activity (not included in the
Fig. 5 simulated data, which had a k4 of 0). Highly glycolytic
tumors with high 18F-FDG uptake, as indicated by high SUVs,
will have increasing SUVs over time because of increased trapping
of 18F-FDG, confounding comparison of serial scans when uptake
time is variable (18). These illustrations provide a clinically rele-
vant example of the benefit of kinetic analysis, including providing
insights into how to interpret the static imaging uptake measures
most often used in the clinic.

ALTERNATIVE APPROACHES TO ESTIMATING TRACER
KINETICS: GRAPHICAL ANALYSIS AND OTHER
MODEL-FREE APPROACHES

Although compartmental analysis provides a rigorous approach
to studying tracer kinetics, these methods have some undesirable
properties. Most notably, compartmental models require nonlinear
optimization to estimate kinetics parameters, a computationally
demanding task often associated with bias, covariance, and a lack
of precision in parameter estimates (9). This limitation spurred the
development of alternative approaches to estimating selected
kinetic parameters—such as metabolic flux and VT—by linear esti-
mation methods. Linear estimation—for example a simple line fit
to 2-dimensional data—has closed-form solutions that typically do
not require iterative optimization. Unlike nonlinear approaches,

FIGURE 4. (A) MRI demonstrates contrast enhancement in recurrent right
frontal glioma, with viable tissue predominately seen posteriorly. (B) Summed
20- to 60-min 2-[11C-11]thymidine PET image demonstrates relatively high
background uptake of tracer throughout brain, with mildly increased tracer
uptake in enhancing portion of recurrent glioma. (C) 2-[11C-11]thymidine Ki

parametric image from mixture analysis demonstrates increased contrast of
tumor compared with normal brain, underscoring benefits of kinetic analysis.
(Modified with permission of (57).)

FIGURE 5. Representative low-flux and high-flux lesions in plots of indi-
vidual components of model curve. Radiotracer is freely exchanged in
first compartment but is trapped in second compartment. Major con-
tributor of uptake in low-flux lesion is reversible (first) compartment,
whereas trapped (second) compartment is major contributor of uptake
in high-flux lesion.
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these approaches are computationally efficient, not dependent on
starting guesses, and generally tolerant to statistical noise in the
data (39).
The most popular approaches to radiotracer imaging, often

called graphical analysis, exploit the fact that most clinically rele-
vant PET tracers distribute fairly quickly into target tissues and
settle into a period of exponential blood or plasma clearance, typi-
cally 20–40 min after injection. This quick distribution results in a
pseudo steady-state when, even though blood and tissue curves
change over time, tissue tracer uptake kinetics are driven largely
by rate-limiting steps of metabolism or target binding in the second
bound or trapped tissue compartment and not by transport and early
tissue distribution. This process can be understood using the 2-tis-
sue-compartment model illustrated in Figure 3. Early after injec-
tion, when there is a rapid rise and early fall in the plasma
time–activity curve, target tissues will largely exchange tracer back
and forth with the blood in the first, reversible, tissue compartment
reflecting early tracer delivery. Once this transient period has
passed, and the plasma clearance curve settles into more stable—
typically exponential—clearance, the reversible compartment
comes into a pseudo equilibrium with the blood. Tracer uptake
then reflects steady-state tracer movement into the second compart-
ment, which represents trapped metabolic products or reversible
target binding. Seminal works by Patlak and Logan (59,60) rec-
ognized that these conditions lead to a late linear relationship
between time-varying tissue-to-blood uptake ratios and meas-
ures of plasma tracer availability, which can be customized to
yield flux (Ki, Patlak analysis) or VT (Logan analysis) estimates
from a simple line fit (Fig. 6), at some time after tracer injection.
Although an underlying model is not required for graphical
methods, knowledge of tracer pharmacology and kinetics in the
target tissue is key to ensuring that the assumptions of the cho-
sen graphical method are satisfied.
Because of the popularity of 18F-FDG PET (a trapped tracer) for

oncology, Patlak analysis is often used to describe flux into tissue
for cancer imaging applications. The irreversible uptake of 18F-FDG
in most malignancies lends itself to evaluation with Patlak analysis
(Fig. 6A), which can be understood in the context of the compart-
mental model illustrations in Figures 3 and 5, where the steady rise
in the trapped compartment (18F-FDG-6-P) time–activity curve
over time, together with a fall in both the plasma and the
reversible-compartment time–activity curves, lead to an increase in
the tissue-to-blood ratio over time in those tissues with active glu-
cose metabolism by hexokinase (i.e., k3 . 0). When plotted in Pat-
lak space, later time points, after the tracer has mostly reached
pseudo steady state (with the first compartment reaching steady
state), can be fit to a line in which the slope estimates the flux
(Ki,

18F-FDG) and the intercept reflects the VT of the first tissue
compartment plus the vascular space (i.e., the Patlak does not
completely correct for blood volume) (59). For trapped tracers with
labeled metabolites, modifications to this graphical method have
been proposed (61). For tracers that bind targets reversibly (i.e., no
appreciable trapping), Logan graphical analysis may be used. If
blood input data are available, the original Logan graphical analysis
method (Fig. 6B) may be used to calculate the macroparameter VT

(60). These graphical methods provide computational advantages
(8) that lend themselves well to parametric imaging and other clini-
cally relevant approaches. Specifically, these graphical methods do
not suffer from noise amplification (62) and can even be applied to
raw scan data before reconstruction (63). A limitation of these
approaches is that although they provide robust estimates of

macroparameters specific to the tracer and its target cancer biology,
they do not provide estimates of other key measures, such as drug
or substrate delivery (K1). Additionally, the reparametrized x- and
y-axes constructed for linear estimation are not independent of
each other, and as such, measures of variability of the estimated
macroparameter are difficult to obtain (62).
Other model-free approaches to estimating kinetics have been

proposed that include the consideration of tracer uptake curves
as a combination of exponential clearance curves (64), recog-
nizing clearance as a key pharmacologic property highly rele-
vant to drug therapy. An alternative approach leverages the
residue method of Zierler and Meier (65) as an alternative to
compartmental analysis for PET oncology tracers (66). The
approach uses linear regression to estimate regional tracer
delivery (tracer flow) and retention (tracer tissue residue). This
approach has the advantage of being a linear estimation method
that is computationally efficient and robust, well suited to para-
metric imaging. Advances in imaging data science, including
radiomics and artificial intelligence, offer the promise of new
approaches to 4-dimensional PET image analysis that may yield
new insights, as demonstrated by a recent study applied to
locally advanced breast cancer (67).

CONCLUSION

Through kinetic analysis of dynamic PET imaging, specific inter-
actions between the radiotracer and tissue can be quantified. Kinetic
measures may better capture relevant biology to inform patient man-
agement. In the initial development of a kinetic model, both biologic
and mathematic factors must be considered. A kinetic model should
be able to accurately estimate kinetic parameters that have biologic
relevance. Once a model is thoroughly tested, imaging protocols
may be optimized to eliminate the burden of imaging on the patient
and staff and possibly decrease scan time. Static imaging protocols
may also be developed and optimized to enable translation into a
busy clinic. Of course, the ultimate utility of a radiotracer lies in its
application, whether in research or clinical care. In part 2, we will
discuss such applications and emphasize cases that provide examples
for 18F-FDG and other oncologic tracers, as well as the benefits of
kinetic analysis over static approaches.
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Aortic stenosis is a common condition associated with major morbid-
ity, mortality, and health-care costs. Nevertheless, we currently lack
any effective medical therapies that can treat or prevent disease
development or progression. Modern advances in echocardiography
and CT have helped improve the assessment of aortic stenosis sever-
ity and monitoring of disease progression, whereas cardiac MRI
informs on myocardial health and the development of fibrosis. In a
series of recent studies, 18F-NaF PET/CT has been shown to assess
valvular disease activity and progression, providing mechanistic
insights that can inform potential novel therapeutic approaches. This
review will examine the latest advances in the imaging of aortic steno-
sis and bioprosthetic valve degeneration and explore how these tech-
niques can assist patient management and potentially accelerate
novel therapeutic developments.
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Aortic stenosis is the commonest form of valve disease in the
Western world and is associated with major morbidity, mortality,
and health-care costs. The number of aortic valve replacements
performed in the United States and Europe has risen exponentially
(1), and with an increasingly elderly population, the prevalence of
aortic stenosis is likely to double over the next 20 years (2). To
improve patient care and outcomes, we need a better understand-
ing of the underlying pathophysiology. Aortic stenosis is a disease
of the valve and the myocardium characterized by progressive
valve narrowing and left ventricular remodeling (3). Technologic
advances in cardiovascular imaging now allow us to image both
the valve and the myocardium in unprecedented detail. Echocardi-
ography and cardiac MRI offer a detailed investigation of the
health of the myocardium, as well as aortic valve structure and
function. Both approaches can identify abnormalities in cardiac
function, whereas cardiac MRI allows imaging of the myocardial
fibrosis associated with aortic stenosis. The presence of such scar-
ring can inform whether the ventricle is starting to decompensate
in the face of the increased pressure afterload and potentially opti-
mize the timing of aortic valve replacement.

Calcification remains one of the central pathologic processes
driving aortic stenosis progression and therefore a key imaging tar-
get (4). CT calcium scoring can accurately quantify the calcium
burden of the valve, providing a novel assessment of aortic steno-
sis severity to complement the latest advances in echocardiogra-
phy. 18F-NaF PET/CT allows assessment of calcification activity
in the valve, providing novel insight into the underlying pathology,
identifying new treatment targets, and providing a novel biomarker
by which to test their efficacy. 18F-NaF PET also has an exciting
potential clinical role in the assessment and prediction of biopros-
thetic valve degeneration. Indeed, with the development of multi-
ple novel PET radiotracers targeting inflammation, fibrosis, and
thrombosis, molecular PET imaging holds major promise in trans-
forming our understanding of aortic valve disease both before and
after intervention. This review will focus mainly on addressing the
key concepts around the assessment of the valve in patients with
aortic stenosis.

CT ANGIOGRAPHY FOR VALVULAR CALCIFICATION
AND FIBROSIS

The initiation phase of aortic stenosis development involves
mechanical injury leading to an inflammatory response within the
valve leaflets, followed by the propagation phase, in which pro-
gressive valve fibrosis and calcification promote worsening valvu-
lar stenosis (5). Echocardiography remains the first-line imaging
assessment for aortic stenosis, providing gold standard hemody-
namic assessment of aortic stenosis severity as well as aortic valve
morphology (tricuspid vs. bicuspid) and left ventricular function
(6). However, a key limitation of echocardiography is that assess-
ment of disease severity is discordant in a quarter to a third of
cases, leading to uncertainty about true disease severity (7).
Recently, multidetector-CT aortic valve calcium scoring has
emerged as an alternative flow-independent marker of aortic steno-
sis severity to help resolve this clinical conundrum (4).
Electrocardiography-gated unenhanced CT provides a detailed,

reproducible, and accurate assessment of the calcific burden in the
aortic valve, using the same imaging and analysis protocols as are
used for coronary calcium scoring (Fig. 1) (8). However, until
recently, we lacked appropriate thresholds that might differentiate
patients with and without severe aortic stenosis, thereby limiting
its utility (9). The appreciation that men and women require differ-
ent amounts of calcium to develop severe stenosis led to the iden-
tification of sex-specific thresholds ($2,000 arbitrary units [AU]
or $480 AU/cm2 for men and $1,200 AU or $290 AU/cm2 for
women). These thresholds provide excellent and robust diagnostic
accuracy for the presence of severe disease (4), which has been
validated across large multicenter international datasets (9,10). On
this basis, the recent European Society of Cardiology, American
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College of Cardiology, and American Heart Association guide-
lines have suggested the use of CT for the assessment of patients
with discordant echocardiographic measurements (11,12).
The aortic valve calcium burden quantified by CT is a pow-

erful predictor of aortic stenosis progression and of the develop-
ment of clinical events, such as aortic valve replacement and
death (13). Clavel et al. showed that severe aortic valve calcifi-
cation was an independent predictor of overall mortality (13)
and outperformed standard echocardiographic measures of dis-
ease severity, signifying that CT can provide information com-
plementary to that obtained during routine clinical care. Pawade
et al. demonstrated similar results for aortic valve replacement
or death, an effect that persisted in the patients with discordant
echocardiographic findings in whom this technique is most
likely to be used (4).
Although CT aortic valve calcium scoring can reliably quantify

calcification, it lacks the ability to quantify fibrosis, which is an
important component of aortic stenosis, particularly in young
women (14). Development of dedicated stand-alone software has
allowed accurate quantification of the calcific leaflet volume and
combined fibrocalcific leaflet volume from contrast-enhanced CT
images (15,16). In a recent study, Cartlidge et al. showed that the
calcified leaflet volume and combined fibrocalcific leaflet volume
correlated well with hemodynamic assessments of aortic stenosis
severity on echocardiography, as well as with the unenhanced-CT
aortic valve calcium score (15). The investigators showed that the
addition of the fibrocalcific leaflet volume to the calcific leaflet
volume particularly strengthened the correlation with echocardiog-
raphy in female patients (15). In another recent study, Grodecki
et al. recruited 447 patients with aortic stenosis awaiting transcath-
eter aortic valve implantation and 224 matched control subjects to
quantify calcific and noncalcific volumes (16). They showed that
the burden of calcification was higher among patients with typical
high-gradient aortic stenosis, whereas the noncalcified burden was
higher in the low-gradient, low-flow aortic stenosis group. More-
over, total tissue volume was the best predictor of severe aortic
stenosis, followed by noncalcified tissue volume, and more impor-
tantly, adding noncalcified tissue volume to aortic valve calcium
score added incremental value for the prediction of severe
aortic stenosis. Finally, the noncalcified tissue volume was an

independent predictor of a major adverse
cardiovascular event 30 d after transcath-
eter aortic valve implantation (Fig. 1).

PET/CT

Modern hybrid PET/CT scanners pro-
vide detailed molecular information about
the activity of any biologic process subject
to the availability of a targeted PET radio-
tracer. They combine disease activity infor-
mation from PET with precise anatomic
information from CT. The impact of car-
diac, respiratory, and gross patient move-
ment on PET image quality has been a
major obstacle to both coronary and aortic
valve PET/CT imaging. These challenges
have been the focus of several image opti-
mization studies, leading to the design and
use of novel designated software platforms
and techniques that now allow the robust

assessment of disease activity in the heart and more specifically
within the aortic valve.
Originally, cardiac PET/CT scans did not account for cardiac

motion. Initial attempts to reduce cardiac motion exploited PET
counts acquired during the end-diastolic phase, when the heart is
relatively still (between 50% and 75% of the R–R interval). These
attempts led to reduced blurring from cardiac motion but increased
noise because 75% of the counts were effectively disregarded
(17). In a reproducibility study, Pawade et al. (17) recruited 15
patients with aortic stenosis who then underwent repeat 18F-NaF
PET/CT scanning. They compared data acquired using the original
nongated PET and unenhanced-CT approach with a modified
approach that combined contrast-enhanced CT angiography and
electrocardiogram-gated PET. They demonstrated that the modi-
fied technique allowed more accurate image coregistration, which
allowed more precise localization of the tracer activity in the
areas of peak mechanical stress, such as the leaflet tips and the
commissures. Finally, they demonstrated improved scan–rescan
reproducibility in the quantification of valvular 18F-NaF uptake,
particularly when a most-diseased-segment approach was used.
Indeed, these enhanced analysis techniques markedly improved
reproducibility, resulting in a reduction in percentage error from
663% to 610%. Doris et al. (18) have further optimized 18F-NaF
PET/CT imaging of the aortic valve. Using a diffeomorphic, mass-
preserving, anatomy-guided registration algorithm, they managed
to achieve motion correction without excluding any PET data.
This novel approach improved the signal-to-noise ratio, with the
median noise decreasing by more than half.

These studies have advanced image analysis, allowing for
precise image coregistration and highly reproducible tracer locali-
zation at the aortic valve leaflet level, with excellent scan–rescan
reproducibility of uptake values. These achievements have paved
the way for PET imaging in aortic stenosis both as a research tool
to improve our pathophysiologic understanding of disease and as
an efficacy endpoint in randomized clinical trials of novel potential
therapies (19).

AORTIC VALVE DISEASE ACTIVITY

To better understand the pathophysiology of aortic stenosis, we
need markers of disease activity that ideally target the principle

CT-AVC Contrast CT 18F-NaF PET/CT

Calcification burden Fibrocalcific burden Disease activity
1. Sex specific thresholds

for severe AS.
2. Predictive of

progression of aortic
stenosis.

3. Highly reproducible.

1. Anatomy of aortic valve.
2. Ascending aorta evaluation.
3. TAVI preplanning.
4. Fibrosis burden calculation in young patients and

patients with bicuspid aortic valve.

1. Predictive of future disease
progression.

2. Mechanistic insights.
3. Study's endpoint.

FIGURE 1. role of CT calcium scoring, contrast-enhanced CT, and 18F-NaF PET/CT in evaluation
of aortic stenosis. CT aortic valve calcium score can reliably quantify aortic valve calcification, with
sex-specific thresholds ($2,000 AU or $480 AU/cm2 for men and $1,200 AU or $290 AU/cm2 for
women) being sensitive, specific, and accurate for presence of severe disease. Contrast-enhanced
CT allows accurate visualization of aortic valve anatomy and quantification of fibrocalcific volume in
young patients and patients with bicuspid aortic valve. 18F-NaF PET allows quantification of disease
activity, which is predictive of future disease progression and can be utilized as endpoint in mecha-
nistic and medical therapy studies. AS5 aortic stenosis; CT-AVC5 CT aortic valve calcium; TAVI5
transcatheter aortic valve implantation.
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pathologic processes occurring within the valve. To date, research
has concentrated largely on 18F-NaF, a marker of microcalcifica-
tion and developing calcification activity that is associated with
vascular injury and disease progression across multiple different
cardiovascular disease states (20–22).
In the first observational prospective cardiovascular 18F-NaF

PET study of aortic stenosis, Dweck et al. sought to better describe
the relative contribution of inflammation and calcification activity
in aortic stenosis using PET (20). One hundred twenty-one patients
with calcific aortic valve disease (20 control subjects; 20 patients
with aortic sclerosis; and 25 patients with mild, 33 with moderate,
and 23 with severe aortic stenosis) underwent both 18F-NaF and
18F-FDG PET/CT at baseline with repeat echocardiography and CT
calcium scoring to track disease progression. Compared with con-
trol subjects, both patients with aortic sclerosis and patients with
aortic stenosis showed increased 18F-FDG uptake. Up to 20% of
patients with aortic sclerosis and 35% of patients with aortic steno-
sis showed 18F-FDG uptake, which progressively increased with
disease severity, emphasizing the underlying metabolically active
nature of the disease and confirming previous observations (23).
Increased 18F-NaF uptake was clearly observed in patients with
aortic valve disease compared with control subjects, with activity
increasing more rapidly and progressively with advancing disease
severity. In total, 45% of patients with aortic sclerosis and 91% of
those with aortic stenosis had increased uptake. The proportion of
patients with increased activity rose sharply with increasing disease
severity, so that by the later stages of the disease 18F-NaF uptake
greatly outweighed 18F-FDG uptake, despite the reverse being true
in coexistent regions of aortic atheroma (24). This finding under-
lined the central importance of calcification activity in aortic steno-
sis, particularly in those with moderate and severe disease, as well
as providing a potential explanation for the discrepant effects of
statin therapy in the 2 conditions.
Progression of aortic stenosis disease after baseline PET/CT

imaging was assessed at 1 and 2 y using CT aortic valve calcium
scoring and transthoracic echocardiography. On repeat CT imag-
ing, new valvular calcium was visible in a distribution similar to
that of 18F-NaF uptake observed on the baseline PET images
(Fig. 1). Indeed, baseline 18F-NaF uptake correlated strongly with
the subsequent rate of progression in the CT aortic valve calcium
score and with echocardiographic measures of hemodynamic pro-
gression. Increased 18F-NaF uptake was also an independent pre-
dictor of cardiovascular death and aortic valve replacement
(hazard ratio, 1.55, and 95% CI, 1.33–1.81 [P , 0.001], after
adjusting for age and sex). Although there is a clear need for imag-
ing techniques that can predict aortic stenosis progression and
events, the CT aortic valve calcium score provides a broadly simi-
lar prediction and, as the cheaper and more widely available tech-
nique, has therefore assumed the dominant clinical role. However,
18F-NaF PET has a role in providing novel insights into the patho-
genesis of aortic stenosis, in identifying novel treatment targets,
and in serving as an endpoint in phase 2 clinical trials seeking to
demonstrate their efficacy.

MECHANISTIC INSIGHTS AND CLINICAL TRIALS

The initial 18F-NaF PET studies highlighted the key pathologic
role that calcification plays in aortic stenosis, emphasizing that any
potential novel therapy would have to try to break the self-
perpetuating cycle of valve calcification that drives the propaga-
tion phase of this disease. Other PET studies have also highlighted

other potential targets, most notably lipoprotein(a) (Lp[a])
(25–27). In a recent multicenter multicohort multimodality imag-
ing study, Zheng et al. (28) investigated the importance of Lp(a)
in determining disease activity, disease progression, and clinical
events in patients with aortic stenosis. The study included 145
patients with available blood samples for Lp(a) and oxidized phos-
pholipids on apolipoprotein B-100 measurements. On baseline
PET/CT, patients having the highest Lp(a) tertile had increased
valve 18F-NaF PET/CT uptake and, therefore, calcification activity
compared with those in lower tertiles. After follow-up, these PET
data translated into accelerated disease progression (assessed by
both echocardiography and CT aortic valve calcium score) and
more clinical events in patients with the highest Lp(a) tertile. This
effect appeared to be mediated by the procalcific, proosteoblastic
effects of Lp(a) on valve interstitial cells via the actions of oxi-
dized phospholipid. These findings therefore indicate that Lp(a)
lowering or oxidized phospholipid inactivation may slow aortic
stenosis progression and, alongside other observational data (29),
provide a clear rationale for randomized controlled trials of this
strategy.
The capacity of 18F-NaF PET/CT to measure calcification activ-

ity in aortic stenosis, combined with its excellent scan–rescan
reproducibility, makes it an attractive endpoint for clinical studies
looking to establish the efficacy of novel therapies for this condi-
tion. Changes in valvular 18F-NaF uptake may potentially be
detectable earlier than with standard assessments of disease pro-
gression made with echocardiography and CT aortic valve calcium
scoring, which require several years to demonstrate a treatment
effect. Several recent studies utilized 18F-NaF PET/CT to gain
insights into the pathophysiology underlying aortic stenosis and as
an endpoint of clinical interventional trials. Indeed, this hypothesis
is being evaluated in numerous ongoing clinical trials of novel ther-
apies and mechanistic insights in aortic stenosis—trials in which
18F-NaF PET is being used as an exploratory endpoint (Table 1).
In a recently published double-blind randomized controlled trial

(Scottish Aortic Stenosis and Lipid Lowering Trial, Impact on
Regression—SALTIRE II; NCT02132026) (19), 18F-NaF PET/CT
was utilized as an exploratory secondary endpoint to establish
whether alendronate or denosumab could reduce disease activity
and slow disease progression in patients with aortic stenosis.
Participants underwent serial assessments with Doppler echocardi-
ography, CT aortic valve calcium scoring (baseline and 24 mo),
18F-NaF PET (baseline and after 1 y of therapy), and coronary CT
angiography. The study clearly demonstrated that denosumab and
alendronic acid have no effect on calcification activity as assessed
with 18F-NaF PET, nor do they affect disease progression as
assessed with either echocardiography or CT aortic valve calcium
scoring. Nevertheless, baseline aortic valve 18F-NaF maximum
target-to-background ratio was once again associated with subse-
quent progression in the CT aortic valve calcium score and peak
aortic jet velocity, confirming previous observations (30). The
ongoing BASIK-2 trial (NCT02917525) seeks to influence calcifi-
cation activity in aortic stenosis via an alternative pathway, inves-
tigating the effects of vitamin K2 on 18F-NaF PET activity and CT
aortic valve calcium scoring progression in patients with bicuspid
aortic valve disease (31).

BIOPROSTHETIC VALVE DEGENERATION

An aging population and the lack of suitable medical therapies
have led to a marked rise in the implantation of bioprosthetic heart
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valves (32). In the United States, there were more than 65,000 sur-
gical bioprosthetic valves implanted and more than 72,000 trans-
catheter aortic valve implantation procedures in 2019 alone (32).
Bioprosthetic valve degeneration remains a major issue, but nonin-
vasive methods for detecting this degenerative process have been
lacking. Current modalities (echocardiography and CT) struggle to
visualize leaflet degeneration because of the blooming artifact and
acoustic shadowing caused by the valve stent struts. Detection of
prosthetic valve degeneration relies on Doppler echocardiography
and identification of apparent hemodynamic valve dysfunction: a
very late finding in the natural history of the disease. Conse-
quently, even with meticulous clinical follow-up and serial echo-
cardiography, many patients present with unheralded valve failure,
requiring an emergent repeat operation accompanied by a high
mortality (22.6%, compared with 1.4% for elective repeat surgery)
(33). The development of imaging modalities that can detect bio-
prosthetic valve degeneration earlier is therefore a critical unmet
clinical need. Calcification is the common final pathway of bio-
prosthetic valve degeneration, leading Cartlidge et al. (34) to
hypothesize that 18F-NaF PET imaging, using protocols similar to
those applied to aortic stenosis, might identify the early stages of
bioprosthetic valve degeneration and predict subsequent deteriora-
tion in bioprosthetic valve function. In the “18F-Fluoride Assess-
ment of Aortic Bioprosthesis Durability and Outcome Study”
(18F-FAABULOUS) (34), 71 patients with surgical bioprosthetic

aortic valve replacements of different ages and no clinical or echo-
cardiographic evidence of bioprosthetic valve degeneration or dys-
function underwent baseline 18F-NaF PET/CT imaging using
motion-correction and contrast-enhanced CT angiography, as well
as echocardiographic and clinical follow-up. Patients with
increased 18F-NaF uptake exhibited overt deterioration in biopros-
thesis function during follow-up, with a strong correlation
observed between baseline valve PET activity and a subsequent
change in bioprosthetic peak aortic velocity. On multivariable
analysis, 18F-NaF uptake was the only independent predictor of
future bioprosthetic dysfunction, outperforming all other variables,
including valve type and age, and echocardiographic and CT find-
ings (Fig. 2).
We have recently confirmed these data using a cohort of 47

patients who had undergone transcatheter aortic valve implantation
(35). In these patients, baseline 18F-NaF uptake once again demon-
strated a close association, with the subsequent change in biopros-
thetic valve performance emerging as the most powerful predictor
of future bioprosthetic valve dysfunction. Interestingly, similar
rates of valve degeneration were observed using 18F-NaF PET, CT,
and echocardiography, indicating similar midterm durability of trans-
catheter aortic valve implantation and surgical bioprosthetic aortic
valve replacements. Given the apparent advantages of 18F-NaF PET
in the detection of bioprosthetic valve degeneration over CT and
echocardiography, and the clinical need to identify such

TABLE 1
Studies Using PET Radiotracers in Patients with Aortic Stenosis

Study NCT no. Intervention Population Follow-up
Primary efficacy

endpoints

Lp(a) and OxPL-apoB
role in aortic stenosis
(26–29)

NCT01358513 18F-NaF PET/CT Aortic stenosis (Vmax
. 2.5 m/s)
(n 5 145)

2 y Change in CT-AVC
score and aortic
valve 18F-fluoride
uptake

PCSK9 inhibitors in
progression of aortic
stenosis

NCT03051360 Biweekly injection of
PCSK9 inhibitor vs.
placebo

Mild to moderate
aortic stenosis
(n 5 140)

2 y Change in CT-AVC
score and 18F-NaF
uptake

SALTIRE II: study
investigating effect of
drugs used to treat
osteoporosis on
progression of calcific
aortic stenosis (20)

NCT02132026 Alendronic acid (n 5
50) vs denosumab
(n 5 50) vs placebo
injections (n 5 50)

Aortic stenosis (Vmax
. 2.5 m/s)

2 y Change in CT-AVC
score and aortic
valve 18F-NaF
uptake

BASIK2: bicuspid aortic
valve stenosis and
effect of vitamin K2 on
calcium metabolism on
18F-fluoride PET/MR
(31)

NCT02917525 Daily vitamin K2, 360
mg (n 5 22), vs.
placebo (n 5 22)

Bicuspid aortic valve
and calcified mild to
moderate aortic
stenosis

18 mo Change in aortic valve
18F-fluoride uptake
at 6 mo; change in
CT-AVC score at 6
and 18 mo

18F-fluoride assessment
of aortic bioprosthesis
durability and outcome
(18F-FAABULOUS)
(34,35)

NCT02304276 18F-NaF PET/CT Previous Bioprosthesis
or TAVI

10 y Aortic valve 18F-NaF
uptake at baseline

In-vivo thrombus imaging
with 18F-GP1, novel
platelet PET radiotracer
(BioThrombus)

NCT03943966 18F-GP1 PET CT Previous bioprosthesis
or TAVI

5 y Aortic valve 18F-GP1
uptake at baseline

NCT 5 National Clinical Trial; Vmax 5 maximum velocity; OxPL-apoB 5 oxidized phospholipids on apolipoprotein B-100; CT-AVC 5

CT aortic valve calcium score; TAVI 5 transcutaneous aortic valve implantation.
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degeneration, further studies are now required to confirm how
18F-NaF might best be used to aid clinical assessment in this area
(Fig. 2).

FUTURE TRACERS

Recently, new radiotracers targeting thrombus formation,
inflammation, and fibrosis activity with major potential for both
aortic stenosis and bioprosthetic valve degeneration have become
available. 18F-GP1 is a novel radiotracer that binds with high affin-
ity to the glycoprotein IIb/IIIa receptor on activated platelets (36).
It can detect in vivo venous and arterial thrombosis and shows
higher sensitivity than other current imaging modalities (36–39).
In the “18F-GP1 PET/CT to Detect Bioprosthetic Aortic Valve
Thrombosis Study” (NCT04073875), we have used this tracer in a
cross-sectional analysis involving 72 participants: 50 with biopros-
thetic aortic valves and 22 with normal native valves. We showed
that all bioprosthetic valves but no native aortic valves demon-
strated focal 18F-GP1 uptake in the valve leaflets. Higher 18F-GP1
uptake was independently associated with hypoattenuated leaflet
thickening and duration of valve implantation but not with valve
type (Fig. 2). This finding suggests widespread platelet activation
on the surface of all bioprosthetic valves, with further work now
required to understand whether and how this activation relates to
subsequent bioprosthetic valve degeneration (40).

68Ga-labeled fibroblast-activation protein inhibitor is a novel
tracer that is highly specific for activated fibroblasts and demon-
strates intense signal in regions of developing fibrosis activity
across multiple organ systems. We are currently exploring the util-
ity of this tracer in patients after myocardial infarction and in
patients with aortic stenosis.

68Ga-DOTATATE targets the somatostatin receptor expressed by
activated macrophages and might therefore also prove of value in
better understanding the role of inflammation in aortic stenosis and

improving on the data provided by 18F-FDG,
which has been limited by nonspecific physi-
ologic tracer activity in the myocardium
(41).
Finally, ammonia 13N PET myocardial

perfusion imaging has recently been used
to assess myocardial ischemia in patients
with aortic stenosis. Zhou et al. (42), in a
prospective observational study involving
34 patients with aortic stenosis, showed
that rest and stress myocardial flow reserve
were associated with adverse myocardial
characteristics and markers of myocardial
stress and injury, suggesting that ischemia
has an important role in left ventricular
decompensation in patients with aortic ste-
nosis and that perfusion assessments may
prove useful diagnostic information.

LIMITATIONS

PET/CT has evolved significantly over
the last decade. Nevertheless, significant
challenges remain in place. Among others,
these include radiation exposure, high costs
of imaging, and relatively limited access to

PET scanners. Moreover, cardiac PET imaging is made more com-
plicated by motion (cardiac, respiratory, and patient) and by long
acquisition times (#30 min). Variations in the time between tracer
injection and imaging can affect quantitative assessments of dis-
ease activity. Image-quality degradation, caused by patient motion
during imaging protocols with long acquisition times, leads to
impaired quantitative accuracy. Optimization studies have helped
to overcome these hurdles and led to improved disease activity
quantification (17,18).

CONCLUSION

Echocardiography will remain the cornerstone of clinical evalu-
ation for most patients with aortic stenosis. However, CT aortic
valve calcium scoring has already assumed an important clinical
role as an alternative assessment of disease severity for those with
intermediate or discordant findings. PET imaging with 18F-NaF
provides complementary information on disease activity in both
native and bioprosthetic valves and has become an established and
exciting research tool that has altered our understanding of the
pathology of aortic stenosis and is advancing development of the
effective medical therapies urgently required for this increasingly
prevalent condition. There are several emerging tracers that prom-
ise to expand our ability to track several pathophysiologic mecha-
nisms and to help us understand, treat, and perhaps prevent aortic
stenosis and bioprosthetic valve degeneration.
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hybrid 18F-NaF PET/CT with intense tracer activity originating from area of hypoattenuated leaflet
thickening. (B) CT en face of transcatheter aortic valve implantation with no evidence of structural
leaflet abnormalities and normal baseline echocardiography results, and 18F-NaF PET CT with
intense tracer activity originating from transcatheter aortic valve implantation leaflets. Patient
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ography results as seen on CT, and 18F-GP1 PET uptake confirming ongoing platelet activation
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TAVI5 transcatheter aortic valve implantation.
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Treatment with immune checkpoint inhibitors (ICIs), such as
antiprogrammed death-1 (PD-1), antiprogrammed-death ligand-1
(PD-L1), and anticytotoxic T-lymphocyte antigen-4 monoclonal
antibodies, have dramatically changed the treatment landscape for
a wide range of malignancies (1,2). ICIs aim to restore antitumor
immunity by blocking immunosuppressive checkpoints, which are
hijacked by cancer cells to avoid destruction by the immune system
(3). Although ICIs are the breakthrough in cancer therapy of the
last decade, a key effort is to further improve their clinical efficacy.
Biomarkers play a central role in allowing us to better understand

the underlying mechanisms of response, nonresponse, and acquired
resistance (4) and thus tackle the next challenge in immunooncology.
Biomarkers can be subdivided into blood-based, tissue-based (immu-
nohistochemistry or sequencing), exhaled breath analysis (5), and
imaging-based biomarkers. As each biomarker has its strengths and
limitations, these profiles define their respective roles in the optimi-
zation of overall ICI efficacy. For example, if the strategy is to prese-
lect patients who may respond to ICIs, a predictive biomarker is
required that is preferably noninvasive, inexpensive, and standardiz-
able. If the focus is a deeper understanding of the mechanisms of
action of ICIs, on which to base the design of appropriate (combina-
tion) therapy, biomarkers are required that answer questions in a
cross-validated method. Here, expenses and global applicability are
less important, but this type of research can accelerate future preci-
sion medicine advances and, most importantly, may improve on cur-
rent drug development pipelines.
One of the challenges we encounter in ICI optimization is to define

the optimal assessment of the dynamics of tumor PD-L1 expression
and PD-1 expression on immune cell subsets. Our knowledge of the
regulatory mechanisms controlling PD-L1 expression, and its inter-
play with other checkpoint molecules (6), is incomplete and compli-
cates the interpretation of static ex vivo assessments (7). Assessment

of the expression of targeted immune checkpoint molecules on pro-
tein level on tumor tissue, such as PD-L1 expression, has become
clinical practice even though its predictive value is moderate at best.
Methods to classify and quantify tumor PD-L1 expression vary gre-
atly (8). Histopathology and immunohistochemistry seemingly fail in
providing a complete picture, since not every metastasis can be biop-
sied in each patient and there is a reasonable risk of sampling errors
and misinterpretation. This is where ICI radiolabeled PET imaging
may play an important role. Data on whole-body PD-1 or PD-L1
expression obtained from PET radiolabeled antibodies may facilitate
a more dynamic assessment of immunooncology treatment. Since
several studies have now demonstrated the feasibility of 89Zr-labeled
ICI PET imaging in the clinical setting (9–11), we urge reflection on
the questions that can be addressed by imaging of the PD-1/PD-L1
axis with radiolabeled full antibodies. In other words, should clinical
PD-1/PD-L1 imaging be used as a predictive biomarker for preselec-
tion of patients, or might another role better match the biomarker
profile?
In this issue of The Journal of Nuclear Medicine, Niemeijer

et al. report on the safety and biodistribution of 89Zr-pembroli-
zumab, a radiolabeled anti-PD-1 monoclonal antibody (9). They
showed that 89Zr-pembrolizumab PET imaging in patients with
advanced non–small cell lung cancer was safe, apart from 1 grade
3 myalgia after tracer injection, and feasible. Radiotracer uptake
correlated with the efficacy of pembrolizumab, but this correlation
was not statistically significant, as might have been due to the small
number of events (n 5 3) and corresponding low power.
To increase our current understanding of response and (primary)

resistance to ICI treatment, 89Zr-labeled ICI PET imaging can
make an important contribution to the field. It enables the in vivo
visualization of the biodistribution of ICI, allowing us to address
questions on the relation between antibody dose and tumor uptake,
the relevance of heterogeneous antibody accumulation across dif-
ferent regions within the tumor, and the role of Fc-tail modifica-
tion or antibody isotypes (12). Furthermore, antibody-based PET
imaging may visualize different inhibitory and stimulatory imm-
une checkpoints on tumors, immune cells, and healthy tissue.
These tools allow us to study changes in intratumoral accumula-
tion in combination treatments with other therapeutic antibodies or
local or systemic treatments that may influence accumulation in
the tumor, such as radiotherapy or antiangiogenesis treatment (13).
Comparison of data at the immune cell subset and lesion levels

remains difficult and is hard to interpret. As discussed by
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Niemeijer et al. (9), PD-1 is expressed by several immune cells,
including exhausted effector cells, and by antigen-presenting cells
such as dendritic cell subsets. Nonmalignant lymph nodes also
showed 89Zr-pembrolizumab uptake, which was demonstrated in
1 patient with the impression of a nonmalignant axillary lymph
node on an 18F-FDG PET scan and biopsy-proven PD-1–positive
lymphocytes. The authors do not specify whether the PD-1 expres-
sion was seen on antigen-presenting cells or T-cell subsets. The
difficulty in radiolabeled PD-1 PET imaging is also that lesions
are more difficult to delineate in patients treated with a predose of
the ICI therapy. This effect can be explained by low numbers of
PD-1–positive cells in the tumor, migration of PD-1–positive T
cells, and PD-1 receptor occupation and saturation on treatment,
causing a loss of signal in 89Zr-labeled anti–PD-1 imaging. PET
with radiolabeled ICIs may therefore contribute to an improved
understanding of the on-treatment antibody behavior in blood,
tumor, and normal tissue such as secondary lymphoid tissues. If
baseline or early identification of responding patients is conceiv-
able, this contribution is of great importance to prevent unneces-
sary immune-related adverse events and costs (14).
Data interpretation is different when a PD-L1 checkpoint inhibitor

is used. PD-L1 is, for example, highly expressed by splenic cells.
Because of the sink organ capacity of the spleen, there is a dose-
dependent targeting of other PD-L1–positive cells, in particular cancer
cells (15). Also, translating the quantification of 89Zr-atezolizumab
uptake to PD-L1 expression is difficult, since the presence of the
tracer may be the result of favorable vascularization or perme-
ability rather than target expression. This tracer presence can still be
beneficial for the response to ICI treatment, but tracer uptake should
be interpreted cautiously. The intra- and interlesional heterogeneity
in tumor tracer uptake was described in all 3 89Zr-labeled ICI PET
imaging studies (9–11). Niemeijer et al. (9) reported that not even
half the lesions with a diameter of at least 2 cm showed uptake
on 89Zr-pembrolizumab PET scans. In the 89Zr-atezolizumab

imaging trial, uptake of 89Zr-atezolizumab strongly correlated
with clinical response, whereas 89Zr-nivolumab uptake correlated
only with lesional response (10,11). These phenomena may have sig-
nificant implications in the interpretation of data from radiolabeled
ICI PET imaging studies and should be kept in mind, depending on
the respective research question.
It should further be noted that there are differences in the design

of the studies (Table 1). 89Zr-pembrolizumab and 89Zr-nivolumab
PET imaging were performed only on non–small cell lung cancer
patients, whereas 89Zr-atezolizumab PET imaging was performed on
a heterogeneous patient population (e.g., bladder cancer, non–small
cell lung cancer, and triple-negative breast cancer). The variable
PD-L1 expression and ICI treatment response across patients with
different tumor types may impact the potential correlation between
89Zr-labeled ICIs and clinical response. Also, the PET analyses
differed. Lesion tracer uptake was quantified using SUVpeak in
non–small cell lung cancer patients, whereas in the study of Bensch
et al. (10) only SUVmax was reported. The cutoff of 2 cm to correct
for partial-volume effect was performed in all studies. The interpreta-
tion and relevance of tracer uptake in the smaller lesions is not cer-
tain but should be noted if we want to translate per-lesion data to the
patient level. Ultimately, all collected PET data, preferably including
metabolic features assessed by 18F-FDG PET, should be combined
in a data warehouse to identify the best approach for analyses and
may help in comparisons across different antibody-based PET imag-
ing studies (16).
Future 89Zr-labeled ICI trials need to evaluate whether the differ-

ences in 89Zr-labeled ICI uptake correlate with overall survival,
progression-free survival, and objective responses according to
RECIST, version 1.1, using a diagnostic CT scan. Furthermore, base-
line and on-treatment biopsies should be included in a mechanism-
based trial program. Here, multiplex immunohistochemistry can be
used to quantify and localize corresponding immune cell subsets and
their immune checkpoint expression in biopsy samples (17). This

TABLE 1
Main Results of Published ICI Radiolabeled PET Imaging Studies

Clinical trial
Imaging
technique Tumor type Patients (n) Results

Niemeijer et al. (9)
(NCT03065764)

89Zr-pembrolizumab
PET

Non–small cell
lung cancer

12 89Zr-pembrolizumab PET is feasible and safe;
89Zr-pembrolizumab uptake is higher in
patients with treatment response; 89Zr-
pembrolizumab uptake did not correlate with
PD-1/PD-L1 expression

Bensch et al. (10)
(NCT02453984)

89Zr-atezolizumab
PET

Locally advanced
or metastatic
solid tumors

22 89Zr-atezolizumab PET is feasible and safe;
89Zr-atezolizumab uptake correlates with
PD-L1 expression; 89Zr-atezolizumab SUVmax
predicts response to atezolizumab, including
overall and progression-free survival, better
than PD-L1 expression assessed by
immunohistochemistry

Niemeijer et al. (11)
(2015-004760-11)

18F-PD-L1 PET;
89Zr-nivolumab
PET

Non–small cell
lung cancer

13 18F-PD-L1 and 89Zr-nivolumab PET is feasible
and safe; 18F-PD-L1 uptake correlates with
tumor PD-L1 expression; 89Zr-nivolumab
uptake correlates to PD-1 expression on
lymphocytic aggregates; 89Zr-atezolizumab
SUVpeak correlates with treatment response
(responders vs. nonresponders based on
RECIST, version 1.1)
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information will add biologic relevance to the found heterogeneity on
radiolabeled ICI imaging and, more importantly, may shed light on
the question of why patients with a biopsy-based low PD-L1 expres-
sion by immunohistochemistry are able to respond to ICI therapy.
We are back to our main question: should clinical PD-1 or PD-L1

axis imaging be used as a predictive biomarker for preselection of
patients, or might another role better match the biomarker profile?
We believe 89Zr-labeled ICI imaging can add value through allowing
us to better understand clinical ICI responses, through revealing ways
of therapy resistance, and through promoting future immunooncology
drug selection and development. The essential steps forward in
achieving this goal are, first, to perform histologic evaluation for vali-
dation and in-depth molecular and immune cell profiling; second, to
perform a whole-body PET evaluation of radiolabeled antibodies to
dynamically approach immunologic responses (here, different uptake
parameters may correlate with clinical response); third, to gather—
into a data warehouse—knowledge of antibody distribution, binding
characteristics, and metabolic pathways to increase our understanding
of molecular imaging and support holistic multidimensional research
(16); and fourth, to ensure prospective standardization based on inter-
national guidelines.
Taken together, we believe radiolabeled ICI imaging is valuable

in current and future mechanism-driven ICI studies to improve ICI
treatment.
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The tumor programmed death ligand 1 (PD-L1) proportion score is the
current method for selecting non–small cell lung cancer (NSCLC)
patients for single-agent treatment with pembrolizumab, a pro-
grammed cell death 1 (PD-1) monoclonal antibody. However, not all
patients respond to therapy. Better understanding of in vivo drug
behavior may help in the selection of patients who will benefit the
most. Methods: NSCLC patients eligible for pembrolizumab mono-
therapy as first- or later-line therapy were enrolled. Patients received 2
injections of 89Zr-pembrolizumab, 1 without a preceding dose of pem-
brolizumab and 1 with a preceding dose of 200 mg of pembrolizumab,
directly before tracer injection. Up to 4 PET/CT scans were obtained
after tracer injection. After imaging acquisition, patients were treated
with 200 mg of pembrolizumab every 3 wk. Tumor uptake and tracer
biodistribution were visually assessed and quantified as the SUV.
Tumor tracer uptake was correlated with PD-1 and PD-L1 expression
and response to pembrolizumab treatment. Results: Twelve NSCLC
patients were included. One patient experienced grade 3 myalgia after
tracer injection. 89Zr-pembrolizumab was observed in the blood pool,
liver, and spleen. Tracer uptake was visualized in 47.2% of 72 tumor
lesions measuring BXP20 mm in the long-axis diameter, and substan-
tial uptake heterogeneity was observed within and between patients.
Uptake was higher in patients with a response to pembrolizumab
treatment (n5 3) than in patients without a response (n5 9), although
this finding was not statistically significant (median SUVpeak, 11.4 vs.
5.7; P 5 0.066). No significant correlations were found with PD-L1 or
PD-1 immunohistochemistry. Conclusion: 89Zr-pembrolizumab injec-
tion was safe, with only 1 grade 3 adverse event—possibly immune-
related—in 12 patients. 89Zr-pembrolizumab tumor uptake was higher
in patients with a response to pembrolizumab treatment but did not
correlate with PD-L1 or PD-1 immunohistochemistry.

KeyWords:NSCLC; immunotherapy; PET imaging
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Immune checkpoint inhibitors have changed the treatment para-
digm of advanced non–small cell lung cancer (NSCLC). However,
identifying individual patients who will benefit from immune
checkpoint inhibitors remains challenging. Better selection of
patients will likely lead to higher response rates, fewer unneces-
sary toxicities, and reduced costs. The current method of selecting
patients for single-agent treatment with pembrolizumab, a pro-
grammed cell death 1 (PD-1) monoclonal antibody, consists of
scoring tumor programmed death ligand 1 (PD-L1) expression
using immunohistochemistry. Although pembrolizumab monother-
apy has been approved for the first- and second-line treatment of
NSCLC patients with a PD-L1 tumor proportion score (TPS) of
1% or higher, only 28% of patients show a response to treatment,
according to RECIST 1.1; the highest response rates were
40%–45% for patients with a TPS of greater than or equal to 50%
(1–4). At the same time, approximately 10% of patients without
tumor PD-L1 expression respond to treatment (1,5).
PET with radiolabeled antibodies visualizes and quantifies phar-

macokinetics in vivo, which may help in the understanding of anti-
body behavior in blood and tissues (6). Previous research on
NSCLC patients with radiolabeled immune checkpoint inhibitors
revealed intra- and interpatient heterogeneity of tumor uptake for
89Zr-nivolumab (PD-1) and 89Zr-atezolizumab (PD-L1) (7,8).
89Zr-atezolizumab uptake strongly correlated with a response,
whereas 89Zr-nivolumab uptake correlated with a lesional response
but not an overall response. To our knowledge, studies of people with
89Zr-labeled pembrolizumab have not been performed yet. Preclinical
studies with 64Cu- and 89Zr-labeled pembrolizumab in mice and rats
showed uptake in the spleen and liver and specific targeting of PD-1
(9,10). Although nivolumab and pembrolizumab are PD-1–blocking
antibodies with structural similarities, they bind to different areas on
the PD-1 receptor (11–13). In this feasibility study, we aimed to inves-
tigate whether the administration of 89Zr-pembrolizumab is safe, to
assess the biodistribution of 89Zr-pembrolizumab, and to correlate the
tracer uptake with PD-1 and PD-L1 immunohistochemistry and the
response to pembrolizumab treatment.

MATERIALS AND METHODS

Patients
This study was conducted according to the Declaration of Helsinki. The

institutional review board (Medical Ethics Committee of the Amsterdam
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University Medical Centers [VU University Medical Center], Amsterdam,
The Netherlands) approved this study, and all subjects signed a written
informed consent form. The trial was registered at www.clinicaltrials.gov
(Clinical Trials Identifier: NCT03065764). Twelve patients with advanced
NSCLC eligible for pembrolizumab treatment were included in this multi-
center trial.

Tumor Biopsies
Histologic tumor biopsies were obtained before the first 89Zr-pem-

brolizumab injection and after the last line of systemic therapy, in case
patients received prior therapy. Tumor tissue sections were stained
with hematoxylin and eosin (H&E), PD-L1 (Dako PD-L1 IHC 22C3
pharmDx), and PD-1 (Cell Marque Corp. Clone NAT105 antibody).
An experienced thoracic pathologist who was unaware of clinical
information evaluated the slides. PD-L1 and PD-1 expression was
measured as total (both tumor and immune cells) PD-L1 and PD-1
expression. In addition, tumor PD-L1 expression was scored as the
percentage of tumor cells showing positive staining in the sample.
PD-L1 was scored according to 22C3 scoring guidelines (14). PD-L1
and PD-1 were also scored according to the SP142 scoring system
(IC0, IC1, IC2, IC3) (15), but still with the 22C3 antibody.

89Zr-Pembrolizumab
89Zr-pembrolizumab was produced in compliance with current

good manufacturing practices at Amsterdam University Medical Cen-
ters [VU University Medical Center], Amsterdam, The Netherlands)
according to validated procedures (16–18). Pembrolizumab was
labeled with 89Zr in an inert way to ensure that 89Zr-pembrolizumab
kinetics fully resembled the kinetics of unlabeled pembrolizumab
(19,20). 89Zr-pembrolizumab was produced as previously described
with slight modifications (19). The production process is described in
detail in the supplemental materials (supplemental materials are avail-
able at http://jnm.snmjournals.org).

Study Design
The study protocol consisted of 2 imaging series per patient, 1 with-

out and 1 with a predose of unlabeled pembrolizumab (Supplemental
Fig. 1). 89Zr-pembrolizumab (37 MBq 6 10%; 2 mg of pembrolizu-
mab) was intravenously injected on day 0. Static PET/CT scans from
the skull vertex to the midthighs were performed 1 h and 3, 5, and 7 d
after injection for the first 3 patients, whereas all other patients were
scanned on days 3 and 6 after injection. On day 12, patients received
an infusion of 200 mg of unlabeled pembrolizumab, followed within 2
h by a 89Zr-pembrolizumab injection, to maximize the chance of rep-
resenting therapeutic tumor targeting. A diagnostic CT scan of the tho-
rax and upper abdomen and brain MRI were performed before the
start of treatment. Pembrolizumab (200-mg flat dose) was adminis-
tered every 3 wk until disease progression, unacceptable toxicity, or
withdrawal of consent. Response assessment was performed with a
diagnostic contrast-enhanced CT scan of the thorax and upper abdo-
men, with or without brain MRI (the latter only in case of pretreatment
brain metastases), every 9 wk during treatment or more frequently if
clinically indicated. RECIST 1.1 was used for assessment (21). Dura-
ble clinical benefit (DCB) was defined as a partial response or stable
disease for greater than or equal to 6 mo.

PET Acquisitions
PET acquisitions were performed using a European Association of

Nuclear Medicine Research Ltd.–calibrated Philips Ingenuity TF, Philips Big
Bore, or Philips TF TOF PET/CT scanner (Philips Healthcare) at 10 min/
bed position over the area containing the primary tumor and 5 min over the
remaining bed positions. After this PET scan, a low-dose CT scan (50 mAs,
120 kV) was acquired for anatomic correlation and attenuation correction.
Whole-body data were corrected for dead time, decay, scatter, and randoms
and reconstructed with a matrix size of 144 3 144, 4-mm3 voxels, and a

time-of-flight iterative reconstruction method. The transaxial spatial resolu-
tion was approximately 5 mm full width at half maximum in the center of
the field of view.

PET/CT Analyses
Reconstructed images were transferred to offline workstations for

further analysis. Tumor accumulation was assessed by an experienced
nuclear physician and described as focal or diffuse uptake exceeding
the local background and incompatible with physiologic uptake. Vol-
umes of interest (VOIs) were manually delineated on each scan using
the Accurate tool (22). Liver, spleen, brain, lungs, and kidneys were
manually delineated on each scan using the low-dose CT scan as an
anatomic reference (23). Fixed VOIs were placed in the descending
aorta to measure blood-pool activity and in the lumbar vertebrae to esti-
mate the bone marrow activity concentration. Tracer uptake in all delin-
eated VOIs was quantified semiquantitatively as the SUV. From each
VOI, we derived the mean and peak activity concentrations (Bq/cm3),
normalized for body weight. SUVmean is used to report organ tracer
uptake, and SUVpeak is used for tumor lesions (24). To compare tracer
uptake between imaging series 1 and 2, the percentage injected dose
per gram (%ID/g) of tissue was calculated. To avoid partial-volume
effects, only results for tumor lesions exceeding 20 mm in the long-axis
diameter are reported.

Blood Samples
Blood samples for assessing 89Zr-pembrolizumab concentrations were

obtained at 5, 30, 60, and 120 min after injection for the first 3 patients.
For the other patients, blood samples were drawn at 5 and 30 min after
injection. Plasma and whole-blood concentrations were assessed by radio-
activity measurements in a cross-calibrated g-counter (Wallac Wizard
1480; PerkinElmer Inc.). The plasma activity concentration was calculated
as the %ID/g.

Adverse Events
Adverse events were recorded from the initial signing of the

informed consent form to the second full dose of pembrolizumab. The
National Cancer Institute Common Terminology Criteria for Adverse
Events version 4.0 were used (25).

Statistical Analysis
Statistical analysis was performed using SPSS statistics for Win-

dows version 26.0 (IBM SPSS). The median SUVpeak of all delineated
lesions (long-axis diameter of $20 mm) per patient were calculated
and used to compare the median values of patients with a DCB and
patients without a DCB. Because of the small patient numbers, PD-1
immunohistochemistry was dichotomized as “PD-1 low” (IC0 and
IC1) and “PD-1 high” (IC2 and IC3). A Mann–Whitney–Wilcoxon
rank sum test was performed to evaluate differences in SUV for a
response and immunohistochemistry. Progression-free survival (PFS)
was summarized using Kaplan–Meier plots. PFS was defined from the
date the patient received the first pembrolizumab cycle to the date of
radiologic progression or death (whichever occurred first). The median
SUVpeak of the full cohort was used to stratify high uptake versus low
uptake, and the log-rank test was used to compare the groups. Correlations
between SUVpeak of tumor lesions on different scan days were calculated
using the Spearman rank correlation coefficient. The Wilcoxon signed
rank test and the Friedman test were performed for paired data (multiple
groups).P values of less than 0.05were considered statistically significant.

RESULTS

Patients
Twelve patients, 5 chemotherapy naive and 7 with progression

after first- or second-line treatment, were enrolled (Supplemental
Table 1). All patients had histopathologically confirmed lung
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adenocarcinoma. Patients who were chemotherapy naive had
higher PD-1 and PD-L1 expression rates than patients who
received prior chemotherapy. Eight patients completed the full
imaging series. For patients 2 and 3, scans were not performed at
days 12 and 14, respectively, because of logistical problems.
Patient 6 did not receive the second injection or treatment because
of a large brain metastasis that required immediate treatment, and
patient 7 refused to undergo the last PET/CT scan because of dys-
pnea. For patient 12, only a scan of the thorax could be obtained
at days 6, 15, and 18 because of severe myalgia (grade III).

Safety
The most frequently reported adverse events were fatigue,

anorexia, and dyspnea (Supplemental Table 2), most of which
were disease related. In 1 patient, grade III anemia was observed,
but the onset was before tracer injection. One patient experienced
grade III myalgia after the first 89Zr-pembrolizumab injection.
This patient discontinued treatment after the first pembrolizumab
cycle because of the myalgia and had progressive disease within
6 mo after the start of treatment.

Pharmacokinetics
To explore whether microdosing of the tracer (2 mg) could be

used to image tumor uptake, we compared the %ID/g in plasma,

in organs, and in tumor lesions between the
first imaging acquisition (part 1) and the
second imaging acquisition (part 2). Plasma
clearance was slower for part 2 than for
part 1 (Supplemental Fig. 2). Because of
limited data, no statistical tests were per-
formed. The concentration of pembrolizu-
mab in the spleen was lower in part 2,
suggesting that the spleen served as a
“sink” (Supplemental Fig. 3).

For the other organs, no differences were
observed in %ID/g between part 1 and part
2 for the first 3 patients (Supplemental Fig.
2). Remarkably, not all tumor lesions that
were identified in part 1 could be assessed
in part 2 (Supplemental Table 3). Nineteen
tumor lesions could be identified in 10
patients at multiple time points in part 1,
and 10 lesions were visible at multiple time
points in part 2 (Supplemental Fig. 3). In 2
patients, %ID/g in the primary tumor was
higher in part 2 than in part 1 (Supplemen-
tal Fig. 3). In the following paragraphs,
only data for part 1 are shown.

Biodistribution of 89Zr-Pembrolizumab
On the first PET/CT scan (performed 1 h

after injection), 89Zr-pembrolizumab uptake
was observed in the blood pool, liver, spleen,
and kidneys (Fig. 1A). In 2 of 3 patients
(66.6%), the gallbladder was also visualized
(Fig. 1A). Circulating 89Zr-pembrolizumab
in the blood pool was highest (SUVmean,
11.561.4) at 1 h after injection and decreased
over time (SUVmean, 4.661.2, 3.060.5, and
2.360.6 on days 3, 5, and 7 after injection,
respectively) (Figs. 1A and 1B). Uptake was

high in the liver and spleen (SUVmean, 3.961.4 and 5.561.4, respec-
tively, on day 3 after injection) (Figs. 1A and 1B) and remained stable
over time (liver: SUVmean, 4.161.6 on day 5 after injection and
4.061.6 on day 7 after injection; spleen: SUVmean, 5.461.4 on day 5
after injection and 5.661.2 on day 7 after injection). Intestinal uptake
was variable (Fig. 1A), and low uptake was seen in the kidneys, bone
marrow, non–tumor-bearing lung tissue, and brain (SUVmean, 3.060.6,
2.460.5, 1.360.7, and 0.460.1, respectively, on day 3). In 8 of 12
patients, nonmalignant lymph nodes or adrenal glands showed low tracer
uptake (examples are shown in Supplemental Fig. 4). In patient 1, an
axillary lymph node (not suggestive of malignancy on an 18F-FDG
PET/CT scan) that showed low tracer uptake was biopsied. Histopatho-
logic examination showed a high density of PD-1–positive lymphocytes
in the secondary lymphoid follicles and no malignant cells. The adrenal
glands of patient 3 were slightly enlarged at baseline but were not sug-
gestive of metastases on the 18F-FDG PET/CT scan, and the adrenal
glands remained unchanged during follow-up CT scans.

Tumor Uptake
Overall, a total of 216 lesions from 12 patients were delineated on

the pretreatment diagnostic CT scan (Table 1). Of these lesions, 140
(64.8%) had a diameter of less than 20 mm, 4 were difficult to mea-
sure because of atelectasis, and 72 (33%) had a diameter of greater
than or equal to 20 mm. Sixty-two lesions (28.7%) were visible on
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FIGURE 1. Biodistribution of 89Zr-pembrolizumab. (A) Maximum-intensity-projection image of
patient 1. White arrow indicates gallbladder. Red circle indicates primary tumor. (B) Tracer uptake
per time point, measured as mean SUVmean for first 3 patients at 1.1 6 0.3, 65.8 6 0.3, 113.2 6 0.7,
and 161.46 0.81 h after injection. BM5 bone marrow.
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PET/CT. Of the 140 lesions with a diameter of less than 20 mm, 26
(18.6%) were visible on PET/CT on day 6 or 7. Of the 72 lesions with
a long-axis diameter of greater than or equal to 20 mm, 34 (47.2%)
were visible. Two lesions were difficult to measure. In all patients, at
least 1 malignant lesion showed tracer uptake (median, 4.5; range,
2–17 [per patient]). For the first 3 patients, the median SUVpeak of
tumor lesions increased over time from 4.9 (interquartile range,
3.5–6.6) on day 3 to 5.2 (interquartile range, 4.0–6.8) on day 5 to 5.9
(interquartile range, 4.0–7.0) on day 7 after injection (Fig. 2). There
was no significant increase between day 5 and day 7 after injection
(P 5 0.28). Intralesional tracer distribution was heterogeneous
(Fig. 3), and uptake patterns were variable (Figs. 4A–4D).
Of 4 patients who had brain metastases (38 lesions in total), 3

had been treated with (stereotactic) radiotherapy before the start of
the present study (18/38 lesions) (Supplemental Table 4). Increased
tracer uptake was observed in 2 patients (3
metastases): 1 patient had received whole-
brain radiotherapy 9 mo before PET imaging
(1 visible brain metastasis; long-axis diame-
ter, 33.1 mm) (Fig. 4D), and 1 patient had
not been irradiated before (2 visible brain
metastases; long-axis diameters, 31.9 and
19.3 mm).

Response
For response evaluation, we reported the

SUVpeak on day 6 or 7 because tumor uptake
was the highest and blood-pool activity was
the lowest, thus offering the best tumor-to-
background ratio.

Three patients had a DCB
from pembrolizumab: 1 had a
partial response according to
RECIST 1.1, and 2 had stable
disease. Patients with a DCB
had a higher median tracer
uptake, but this finding was not
significant (median SUVpeak,
11.4 vs. 5.7; P 5 0.066) (Fig.
5A). 89Zr-pembrolizumab up-
take increased with the best
response category according
to RECIST 1.1 (P 5 0.047)
(Fig. 5B). No partial response
was observed in lesions with
negative PET results. Patients
with an SUVpeak higher than
the median (SUVpeak, 6.7) had
a longer PFS (median PFS,

25.0 wk) than those with an SUVpeak lower than the median
(median PFS, 7.0 wk), although this finding was not significant
(P 5 0.21) (Fig. 5C).

Immunohistochemistry
Not all biopsied lesions (n 5 7/12) showed 89Zr-pembrolizumab

uptake (Supplemental Table 5). PD-1 expression and tracer uptake
were not correlated (the median SUVpeak were 7.9 for patients
with high PD-1 expression and 7.4 for patients with low PD-1
expression; P 5 1.0); neither were PD-L1 expression and tracer
uptake (the median SUVpeak were 7.6 for patients with a TPS of
,49% and 7.4 for patients with a TPS of $50%; P 5 0.72) (Figs.
6A and 6B). Pretreatment PD-1 expression did not correlate with a
response (P 5 0.41), whereas pretreatment PD-L1 expression of
greater than or equal to 50% did predict a response (P 5 0.049).

DISCUSSION

This first-in-humans study of 89Zr-pembrolizumab shows that
injection of 89Zr-pembrolizumab was well tolerated, with 1 possi-
bly related adverse event. Tumor lesions could be visualized and
quantified. For all patients, at least 1 tumor lesion showed tracer
uptake after a single 89Zr-pembrolizumab injection. Tumor uptake
was heterogeneous within and between patients, and only
47.2% of the lesions with a long-axis diameter of greater than

or equal to 20 mm showed uptake on the 89Zr-pembrolizumab

PET/CT scan.

TABLE 1
Lesions on Diagnostic CT and 89Zr-Pembrolizumab PET

Parameter Value*

Total no. of lesions determined on diagnostic CT 216

Lesions , 20 mm 140 (64.8)

Lesions $ 20 mm 72 (33.3)

Measurement unreliable† 4 (1.8)

Lesions visible on PET/CT scan 62 (28.7)

Lesions , 20 mm 26 (18.6)

Lesions $ 20 mm 34 (47.2)

Measurement unreliable† 2

Lesions without uptake and . 20 mm 38

Brain 2

Lymph node 7

Lung 2

Bone 12

Liver 12

Adrenal gland 2

Soft tissue 1

*Values are numbers of lesions, with percentages in
parentheses.

†Measurement of these lesions was unreliable because of
atelectasis.
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All patients (except patient 6) underwent 2 imaging acquisitions, 1
without a predose of unlabeled pembrolizumab and 1 with a predose.
Plasma clearance was slower when the predose was used. We
observed lower tracer uptake in the spleen in part 2 than in part 1,
suggesting that the predose saturated the PD-1 receptors in the spleen.
In part 2 (with coinjection of a predose), only 10 lesions could be
delineated in the first 3 patients, whereas 19 lesions could be delineated
in these patients in part 1. We assume that a predose of 200 mg (flat
dose of pembrolizumab) occupied most available PD-1 receptors, caus-
ing a loss of signal. Recently, a flow cytometry study in patients
treated with pembrolizumab showed receptor occupancy on peripheral
mononuclear blood cells at the end of the first infusion of 88%–100%,
depending on cell type (26). Unfortunately, because of our limited data,
we cannot determine an “optimal predose” of unlabeled pembrolizumab.
The biodistribution of 89Zr-pembrolizumab was comparable to

that observed in previous NSCLC studies with 89Zr-labeled
immune checkpoint inhibitors. High uptake was seen in the liver
(likely because of tracer catabolism), the spleen (likely because of
binding to PD-1 receptors on lymphocytes and dendritic cells,
abundantly present in the spleen), and nonmalignant lymph nodes
(7,8). PD-1 is expressed on a variety of immune cells, including
activated and exhausted CD81 T cells, B cells, myeloid dendritic
cells, and monocytes; in fact, most patients showed 89Zr-pembroli-
zumab uptake in nonmalignant lymph nodes (27). Recent

preclinical imaging studies with 89Zr-pembrolizumab in mice and
monkeys also reported high uptake in lymphoid tissues (28,29).
Variable uptake was observed in the intestines, probably because of
excretion. In none of the patients included in the present study was
colitis observed during pembrolizumab treatment. Low uptake was
observed in the kidneys, adrenal glands, bone marrow, lungs, and
central nervous system, suggesting that this tracer has a beneficial
profile for imaging lung cancer patients. In the present study, we
observed tracer uptake in some brain metastases. Since most brain
metastases were pretreated with radiotherapy and small in size
(,20 mm), these factors could have contributed to the absence of
tracer accumulation in several of these lesions.
Tracer uptake in nonmalignant lymph nodes is regarded as specific

uptake. Lymph nodes are known for their role in the immune defense
to pathogens, and tumor-draining lymph nodes are needed to engage
an optimal antitumor immune response (30,31). Nonmalignant lymph
nodes are known to contain PD-1–expressing immune cells (27).
One lymph node not suggestive of malignant involvement was
biopsied because it showed substantial 89Zr-pembrolizumab uptake,
and immunohistochemistry did indeed show high PD-1 expression
in the follicles. Whether PD-1 expression in lymph nodes is nec-
essary to obtain a response remains uncertain. In 1 patient, 89Zr-pem-
brolizumab uptake exceeded the local background in benign
adrenal glands. Lymphocytic infiltration of the adrenal gland
has been described (32).

89Zr-pembrolizumab uptake was higher in responding
patients than in nonresponding patients, although this finding was
not significant. Tumor uptake of 89Zr-pembrolizumab increased with
the best tumor response category according to RECIST 1.1. Similar

findings were observed for anti–PD-L1 89Zr-
atezolizumab PET/CT (8). We did observe
that negative lesions on 89Zr-pembrolizumab
PET did not have a response to treatment,
supporting our hypothesis that there is a link
between uptake and response.
We were not able to find a correlation

between PD-1 expression and 89Zr-pembroli-
zumab uptake. Heterogeneity between surgical
specimens and biopsies is well known and
could account for the difference in tracer
uptake and PD-1 expression in a small tumor
biopsy (33,34). This possibility is further sup-
ported by the observation that 89Zr-pembrolizu-
mab tracer uptake was heterogeneous both
within and between tumor lesions.

FIGURE 4. 89Zr-pembrolizumab uptake patterns. (A) Heterogeneous
uptake in paracardiac mass and homogeneous uptake in soft-tissue mass
in left breast. (B) Rim uptake. (C) Heterogeneous uptake. (D) Uptake in
brain metastasis.

no yes
0

5

10

15
A B C

Durable clinical benefitM
ed

ia
n

SU
V p

ea
k

89
Zr

-P
em

br
ol

iz
um

ab
da

y
6

or
7

p.
i.

P = 0.066

PD SD PR
0

5

10

15

Best responseM
ed

ia
n

SU
V p

ea
k

89
Zr

-P
em

br
ol

iz
um

ab
da

y
6

or
7

p.
i.

P = 0.047

0 10 20 30 40 50 60 70 80 90 100
0

50

100

Time (wk)

Pe
rc

en
ts

ur
vi

va
l

logrank P = 0.21

FIGURE 5. Relationship between tracer uptake and response. (A) Median tracer uptake of all
lesions . 20 mm for responders and nonresponders. (B) Median tracer uptake per best RECIST
response category. (C) Progression-free survival curve according to median SUVpeak (blue, above
median SUVpeak of 6.7; orange, below median SUVpeak). p.i.5 postinjection.

PD-1 low PD-1 high
0

5

10

15

20

S
U

V
pe

ak
89

Zr
-p

em
br

ol
iz

um
ab

da
y

6
or

7
p.

i.

P = 1.0

PD-L1 <50% PD-L1 ≥50%
0

5

10

15

20

S
U

V
pe

ak
89

Zr
-p

em
br

ol
iz

um
ab

da
y

6
or

7
p.

i.

P = 0.72

A B

FIGURE 6. Relationship between tracer uptake and immunohistochem-
istry. (A) Correlation between SUVpeak and PD-1 expression of biopsied
lesion. (B) Correlation between SUVpeak and PD-L1 expression of biopsied
lesion. p.i.5 postinjection.

366 THE JOURNAL OF NUCLEAR MEDICINE ' Vol. 63 ' No. 3 ' March 2022



CONCLUSION

The present study shows that 89Zr-pembrolizumab PET/CT
imaging in patients with NSCLC is safe and feasible. In this lim-
ited dataset, we found that 89Zr-pembrolizumab tracer uptake
showed a nonsignificant correlation with a response to pembroli-
zumab treatment. Further research is needed to investigate the
value of 89Zr-pembrolizumab as a stand-alone biomarker or as
adjunct information for tumor PD-L1 expression determined by
immunohistochemistry.
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KEY POINTS

QUESTION: The aims of this study were to investigate whether
the administration of 89Zr-pembrolizumab was safe, to assess the
biodistribution of 89Zr-pembrolizumab, and to correlate the tracer
uptake with PD-1 and PD-L1 immunohistochemistry and response
to pembrolizumab treatment.

PERTINENT FINDINGS: In this feasibility study, we observed that
89Zr-pembrolizumab uptake was safe and that it was higher in
patients with a response (SUVpeak, 11.4) than in patients without a
response (SUVpeak, 5.7), although this finding was not statistically
significant.

IMPLICATIONS FOR PATIENT CARE: Further research is
needed to investigate whether 89Zr-pembrolizumab can be used
as a biomarker.
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We aimed to investigate the diagnostic and prognostic value of
68Ga-pentixafor PET/CT imaging in noncancer patients with sus-
pected adrenal masses.Methods: Sixty-four patients who had benign
adrenal masses on CT were retrospectively included in our study. All
patients underwent 68Ga-pentixafor PET/CT, and 56 of these patients
subsequently underwent adrenalectomy. The subtypes of 81 adrenal
tumors, including 14 nonfunctioning adrenal nodules, 4 cortisol-
producing adenomas, 41 aldosterone-producing adenomas, 5 cases
of suspected unilateral adrenal hyperplasia, 15 cases of idiopathic
aldosterone hyperplasia, and 2 pheochromocytomas, were deter-
mined by histology or follow-up evaluations. The diagnostic efficiency
of functional lateralization was calculated by visual analysis. Semi-
quantitative parameters of these lesions, including SUVmax, the ratio
of lesional SUVmax to normal liver SUVmean (LLR), and the ratio of
lesional SUVmax to contralateral adrenal tissue SUVmean (LCR), were
also calculated. Dynamic analysis was also performed on 15 patients.
In addition, clinical outcomes were assessed and compared in
patients who underwent adrenalectomy. Results: The sensitivity and
specificity of 68Ga-pentixafor PET for functional lateralization in
patients with adrenocortical lesions were 97.8% (45/46) and 87.5%
(14/16), respectively. The 2 pheochromocytoma lesions had lower
pentixafor uptake than the normal adrenal glands. Functioning (active)
adrenocortical adenomas showed an elevated SUVmax of 16.367.9,
in comparison to 4.461.7 in nonfunctioning (inactive) adenomas and
5.562.7 in hyperplasia lesions (P,0.0001). To identify active adre-
nocortical adenomas, a cutoff of 7.1 for SUVmax showed a sensitivity
of 90.9% and a specificity of 85.3% (area under receiver-operating-
characteristic curve, 0.96; P,0.0001); a cutoff of 2.5 for LLR showed
a sensitivity of 95.5% and a specificity of 88.2% (area under receiver-
operating-characteristic curve, 0.97; P, 0.0001); and a cutoff of 2.4
for LCR showed a sensitivity of 88.6% and a specificity of 91.8%
(area under receiver-operating-characteristic curve, 0.95; P, 0.0001).
The graphical influx rate constant of active adrenocortical adenomas
was significantly higher than that of inactive adenomas. Uptake values
for 68Ga-pentixafor were significantly higher in patients with preferable
outcomes (cured/improved) (SUVmax, 15.56 8.0; LLR, 6.564.3; LCR,
6.265.0) than in patients with nonpreferable outcomes (no improve-
ment) (SUVmax, 4.260.5; LLR, 1.36 0.2; LCR, 1.56 0.6; all
P, 0.0001). Conclusion: 68Ga-pentixafor PET/CT imaging exhibits

great potential for noninvasive functional lateralization and characteri-
zation in patients with adrenocortical masses.

Key Words: adrenocortical masses; endocrine hypertension;
68Ga-pentixafor
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The widespread use of conventional imaging modalities has
increased the identification of adrenal masses. Adrenocortical ade-
nomas, which are generally nonfunctioning adrenal adenomas
(NFAs), account for 36%–94% of adrenal incidentalomas diag-
nosed in patients without malignant diseases (1). As compared
with NFAs, functional adrenocortical adenomas are associated
with increased morbidity and elevated mortality. Adrenalectomy is
indicated in patients with suspected malignancies or functional
adrenal tumors, whereas active surveillance is recommended for
patients with NFAs (2).
Thereby, it is essential to determine the hormonal secretion of

adrenal lesions (e.g., aldosterone-producing adenoma [APA] caus-
ing primary hyperaldosteronism [PA], cortisol-producing adenoma
[CPA] in Cushing syndrome patients, or pheochromocytomas vs.
NFAs), and lateralizing the disease to a single adrenal gland (e.g.,
unilateral APA or unilateral adrenal hyperplasia [UAH] vs. idio-
pathic aldosterone hyperplasia [IAH] in PA patients or unilateral
vs. bilateral functional adenoma) is essential for surgical manage-
ment for adrenal benign lesions; bilateral IAHs are treated with
medication (2–4).
Identifying the functional distinctions between adrenal nodules

remains challenging (3,4). The functional diagnostic workup of
adrenal masses, including screening, confirmatory tests, and sub-
type differentiation, is based on a combination of clinical symp-
toms, the presence of adrenal hormonal disorders, radiographic
features, and the results of adrenal venous sampling (AVS). AVS
is highly recommended for lateralization because of the increased
occurrence rate of NFA in older patients (.35 y old) (4,5). How-
ever, the clinical manifestations of endocrine diseases are diverse,
and a lack of uniformity in diagnostic protocols and assay methods
for determining hormonal disorders in adrenal masses results in
significant variability in measurements. Besides, conventional
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imaging provides lesional morphology but not its functional status.
If the diagnosis is based solely on adrenal CT, nonfunctional uni-
lateral adrenal macroadenomas are indistinguishable from APAs,
and small APAs may be misidentified as IAH by radiologists (3).
An effective and noninvasive workup would be helpful to obviate
AVS for the characterization of adrenal masses and their therapeu-
tic management.
The potential utility of molecular imaging in the investigation

of adrenal disorders has been recognized. The CXC chemokine
receptor type 4 (CXCR4), which is a G protein–coupled receptor
expressed on the surface of the cell membrane, contributes to the
development and progression of malignancies. CXCR4 expression
has been reported to be upregulated in APAs and CPAs; however,
its expression is almost negligible in NFAs (6). Besides, CXCR4
is also hardly expressed by the tumor cells in paragangliomas (7).
68Ga-pentixafor, a CXCR4-specific PET tracer, may therefore be
effective for the evaluation of the functional lateralization of adre-
nal lesions and identification of functional adrenocortical adeno-
mas. In this pilot study, we aimed to develop 68Ga-pentixafor
PET/CT as a noninvasive test for the recognition of functional
adrenocortical lesions and to help guide the management of non-
oncologic patients with suspected adrenal tumors.

MATERIALS AND METHODS

Patients and Clinical Diagnosis
In this retrospective study, we included 66 nononcologic patients

with adrenal nodules who underwent 68Ga-pentixafor PET/CT exami-
nations between August 1, 2018, and August 30, 2019. The patients
with a history of malignancy were excluded. Before PET/CT examina-
tion, adrenal CT was performed. A series of continuous patients with
adrenal disease who had features of benign adrenal masses (homoge-
neous lesions with smooth margins) identified on adrenal CT were
included in our study. The patients were referred to us by a certified
specialist in clinical endocrinology or in urology, because the adrenal
masses were incidentally (n5 55) or specifically (e.g., patients with
endocrine symptoms, n5 11) discovered during an abdominal imaging
procedure.

Two patients with a malignant adrenal lesion or a nonadrenal lesion
were excluded. Thus, 64 patients were analyzed in this study, with
diagnoses based on clinical variables, laboratory assessment, adrenal
CT imaging, AVS examination (4 patients), histopathologic examina-
tion, and follow-up evaluation (median, 22.56 4.1 mo). The diagnos-
tic criteria are listed in the supplemental materials, which are available
at http://jnm.snmjournals.org (8,9).

Written informed consent to undergo 68Ga-pentixafor PET imaging
was obtained from all patients, and the consent form and study were
approved by the Ethical Committee of Peking Union Medical College
Hospital (institutional review board protocol ZS-1435).

Static and Dynamic PET Imaging
The 68Ga-pentixafor was prepared as previously described (10), with

a radiochemical purity of at least 95%. All images were acquired using a
dedicated PET/CT scanner (PoleStar m660; SinoUnion Health Care
Inc.) at the Peking Union Medical College Hospital. Fifteen patients
with 16 adrenal lesions (including 11 APA lesions and 5 NFA lesions)
underwent 30-min dynamic imaging starting immediately after intrave-
nous injection of a 68Ga-pentixafor bolus (128.06 77.0 MBq). The
reconstruction methods are described in the supplemental materials. In
the other 49 patients, static imaging of the upper abdomen and adrenal
region was performed over 5 min using a single bed position, with
an uptake time of 25–30 min after injection of 87.76 64.8 MBq of
68Ga-pentixafor.

Imaging Analysis
On visual analysis of the static images, 68Ga-pentixafor–avid

adrenal nodules were defined as those showing a higher uptake of
68Ga-pentixafor on PET imaging than was present in the ipsilateral or
contralateral normal adrenal glands. The scan was considered negative
if it showed 68Ga-pentixafor uptake equal to or less than that in the
normal adrenal glands. The presence of 68Ga-pentixafor–avid adrenal
nodules indicated the adrenal lateralization.

For semiquantitative analysis of 68Ga-pentixafor PET/CT data, spheric
volumes of interest were assigned to the center of adrenal lesions using
CT images and the normal adrenal gland. Another volume of interest
was placed in the liver adjacent to the right adrenal gland (2-cm-diameter
sphere). The SUVmax of lesions, the ratio of the lesional SUVmax to the
normal liver SUVmean (LLR), and the ratio of the lesional SUVmax to the
contralateral adrenal tissue SUVmean (LCR) were calculated.

All scans were interpreted by nuclear medicine physicians experi-
enced in 68Ga-pentixafor PET; they were unaware of the clinical infor-
mation. A joint reevaluation was performed if the interpretation was
incongruent. The preliminary results that were categorized as laterali-
zation (e.g., negative or positive on the right, on the left, on bilaterally)
were used to assist the clinician in the diagnosis and management of
patients. On completion of the follow-up, all scans were retrospec-
tively reviewed. The results that represented a clinical diagnosis with
lateralization (e.g., APA, left, or CPA, right) were used for the final
retrospective analysis (Supplemental Table1).

Patient Therapy Management and Outcomes
The management of patients was codetermined by endocrinologists

and urologists on the basis of the clinical and imaging presentations.
Fifty-six patients underwent adrenalectomy with subsequent patho-
logic analysis. Of these, 47 patients (83.9%) underwent adrenalectomy
for suspected adrenal endocrine disease (43 for suspected APA, 3 for
suspected CPA, and 1 for suspected pheochromocytoma). Nine
suspected-NFA patients (16.1%) underwent adrenalectomy because of
tumor growth. Three patients with suspected primary APA did not
undergo surgery because of a poor physical condition. Five patients
received medical treatment for suspected primary IHA.

The outcome assessment criteria for postoperative patients with
adrenocortical lesions are listed in the supplemental materials (11).
The outcomes for PA and Cushing syndrome patients were classified
into 3 groups (cured, improved, or not improved), whereas the NFA
patients were classified into 2 groups (not improved or not changed).
The median follow-up time from surgery was 22.26 3.9 mo. A flow
diagram of patient enrollment, treatment, and follow-up evaluations is
presented in Figure 1.

FIGURE 1. Flow diagram for enrollment, diagnosis, treatment, and
follow-up examinations of patients.
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Histology and Immunohistochemistry of CXCR4
Hematoxylin and eosin staining and immunohistochemical analyses

were performed using paraffin-embedded specimens by 2 experienced
pathologists. Hematoxylin and eosin staining was performed according
to routine clinical protocols. Immunohistochemical analysis of
CXCR4 was performed on 36 patients using paraffin-embedded speci-
mens. The dilution of the CXCR4 antibody (ab124824; Abcam) was
1:100. For each tumor, a value designated as the H score was calcu-
lated by multiplying the intensity score and the positive percentage

score. Subsequently, the H score was classified into 3 groups (0–3,
4–8, and 9–12). Then, the differences in the SUVmax of

68Ga pentixa-
for among the 3 groups were calculated and analyzed. The analysis of
the immunohistochemistry of CXCR4 is included in the supplemental
materials.

Statistical Analysis
All data were processed using SPSS, version 22.0 (IBM), and

Prism, version 8 (GraphPad), statistical software. The sensitivity and
specificity of 68Ga-pentixafor PET/CT visual analysis for adrenal
functional lateralization were calculated. The semiquantitative varia-
bles (SUVmax, LLR, and LCR) were compared using ANOVA in cate-
gorized adrenocortical lesions (adenoma-active, adenoma-inactive/
hyperplastic). The Pearson correlation between the SUVmax and the H
score was calculated. The sensitivity and specificity of 68Ga-pentixafor
PET/CT semiquantitative analysis for discriminating the adenoma-
active group from the non–adenoma-active group were calculated.
Receiver-operating-characteristic curves were analyzed to calculate
the thresholds of semiquantitative variables for the identification of
active adrenal adenomas. Analysis items with a P value of less than
0.05 were considered statistically significant.

RESULTS

Baseline Characteristics and Clinical Management of Patients
Sixty-four patients (33 women and 31 men) aged 476 10 y

were included in our study. Their baseline clinical characteristics
are listed in Table 1, and detailed information on all patients is
listed in Supplemental Table 1. The final diagnoses of these 64
patients included 51 cases of PA (40 of APA, 3 of suspected UAH
[details are in the supplemental materials (11)], and 8 of IAH), 3
of CPA, 8 of NFA, and 2 of pheochromocytoma (Table 2). Of the
PA patients, 98% (50/51) had hypertension and 86.3% (44/51) had
hypokalemia. Three CPA patients had typical cushingoid symp-
toms, including weight gain, facial plethora, menstrual disorder,
increased waist circumference, and proximal muscle weakness.
Six of the 8 NFA patients had no discernible symptoms, and 2 had
essential hypertension. One pheochromocytoma patient presented
with paroxysmal hypertension, and another was asymptomatic,
with a silent pheochromocytoma lesion. Regarding the laboratory
findings, PA patients showed higher plasma aldosterone-renin
ratios than did the other groups (P, 0.05). Patients with CPA had
increased serum corticosteroid levels and increased 24-h urinary
free cortisol levels. Thirty-eight (74.5%) PA patients underwent

TABLE 1
Baseline Characteristics of the 64 Patients

Characteristic Data

Age (y) 47610

Sex

Male 33

Female 31

BMI (kg/m2) 25.363.3

Hypertension (n) 53

Refractory hypertension (n) 20

Duration of symptoms (y) 7.466.1

Systolic pressure (mm Hg) 175.0629.4

Diastolic pressure (mm Hg) 107.2616.7

Serum potassium (mmol/L) 2.960.9

ARR ([ng/dL]/[ng/mL/h]) 151.8666.7

Serum corticosteroid (mg/dL) 15.765.8

ACTH (pg/mL) 20.2 (15.5–28.8)

24-h NE (mg/24 h) 25.467.5

24-h UFC (mg/24 h) 79.9 (43.4–82.0)

Lesion location

Right 24

Left 27

Bilateral 13

BMI5body mass index; ARR5 aldosterone-renin ratio;
ACTH5 adrenocorticotropic hormone; NE5noradrenaline;
UFC5urinary free cortisol.

TABLE 2
Clinical Diagnosis, Treatments, and Results of 68Ga-Pentixafor PET in the 64 Patients

Primary diagnosis Treatments Final diagnosis 68Ga-pentixafor–positive

APA (46) 42 UA,1BA, 3 MT 40 (APA) 1 3 (sUAH) 1 3 (IAH) 39 (APA) 1 3 (sUAH)

IAH (5) 5 MT 5 (IAH) 1 (IAH)

CPA (3) 2 UA,1 BA; 3 (CPA) 3 (CPA)

NFA (9) 9 UA 8 (NFA) 1 1 (PCC) 1 (NFA)

PCC (1) 1 UA 1 (PCC) 0

UA 5 unilateral adrenalectomy; BA 5 bilateral adrenalectomy: MT 5 medicine therapy; sUAH 5 suspected UAH; PCC 5

pheochromocytoma.
Primary diagnosis was determined at baseline by endocrinologists and urologists from clinical and imaging presentations. Final

diagnosis was determined after treatment according to diagnostic criteria listed in supplemental materials.
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the captopril challenge test, which was positive in 35 (92.1%)
(Supplemental Table 1).

Lesional Characteristics and Clinical Imaging Manifestations
There were 81 adrenal lesions (1.86 0.8 cm; range, 0.6–4.0 cm)

in these 64 patients, including APA (n5 41), suspected UAH
(n5 5), IAH (n5 15), CPA (n5 4), NFA (n5 14), and pheochro-
mocytoma (n5 2). All lesions presented with typical benign mani-
festations on CT imaging, with homogeneous and smooth margins
(except for pheochromocytoma lesions presenting multiple cystic
changes within the tumor). The imaging features of these lesions
are shown in Table 3.

Visual Assessment by 68Ga-Pentixafor PET Imaging
and Outcome
In the visual per-patient analysis, 97.5%

(39/40) of APA patients, 100% (3/3) of
suspected-UAH patients, and 100% (3/3)
of CPA patients had positive 68Ga-pentixa-
for PET/CT results, whereas 87.5% (7/8)
of IAH patients, 87.5% (7/8) of NFA
patients, and 100% (2/2) of pheochromocy-
toma patients had negative results. These
adrenocortical lesions were classified into
either an APA/UAH/CPA group or an
IAH/NFA group. The sensitivity and spe-
cificity of 68Ga-pentixafor PET for func-
tional lateralization (identification for
APA, UAH, and CPA) were 97.8% (45/46)
and 87.5% (14/16), respectively. Represen-
tative 68Ga-pentixafor PET/CT images of
patients with unilateral adrenal cortical
nodules are shown in Figure 2.
In 51 PA patients, true positivity for

68Ga-pentixafor adrenal uptake occurred
in 42 patients (39 with APA and 3 with
suspected UAH) (97.7%, 42/43), and true
negativity for uptake occurred in 7 IAH
patients (87.5%, 7/8). A false-negative
result was found in 1 APA patient, and a
false-positive result occurred in 1 IAH
patient. Ten PA patients presented with
bilateral adrenal lesions, and 68Ga-pentixa-
for successfully identified the functional
lateralization in 9 patients. A total of 37
APA patients underwent adrenalectomy
(36 unilateral and 1 bilateral), resulting in
cure in 24 patients and improvement in 13

patients. Three suspected-UAH patients underwent unilateral adre-
nalectomy and were cured, whereas 3 IAH patients underwent
adrenalectomy because of a clinical misdiagnosis of APA; 2 of
these patients showed no improvement, whereas 1 patient showed
improvement.
All 3 Cushing syndrome patients showed 68Ga-pentixafor–avid

adrenal nodules (2 unilateral and 1 bilateral); all these patients
were cured after adrenalectomy (2 unilateral and 1 bilateral).
Seven (87.5%) of the 8 NFA patients had a true-negative

PET result; 1 NFA patient had a false-positive PET result.
Eight NFA patients underwent a unilateral adrenalectomy. Two
of these patients remained nonimproved, with 6 of these show-
ing no change. The PET results of the 2 pheochromocytoma
patients were both negative.

TABLE 3
Imaging Performance in the 64 Patients (81 Adrenal Lesions)

Lesion type No. of lesions Length on CT (cm) SUVmax LLR LCR

APA 41 1.86 0.7 15.36 7.7 6.76 4.5 5.663.3

Suspected UAH 5 1.16 0.4 9.16 2.7 2.76 0.7 2.160.6

IAH 15 1.36 0.5 4.36 1.3 1.46 0.5 1.760.6

CPA 4 2.56 0.7 21.96 9.2 7.36 2.3 14.9611.2

NFA 14 1.96 0.8 4.46 1.7 1.76 0.7 1.760.8

Pheochromocytoma 2 1.6; 4.7 1.7; 3.4 0.3; 1.0 1.7; 1.1

FIGURE 2. Performance of 68Ga-pentixafor PET/CT imaging in patients with adrenal cortical nod-
ules. (First row) Right adrenal APA (2.9 cm in long diameter on CT imaging, arrow) with positive find-
ings on PET/CT and PET scanning (SUVmax, 29.0; arrows) and strong expression of CXCR4. Patient
was 34-y-old man with 5-y history of hypertension and 0.5-y history of hypokalemia (serum potas-
sium, 2.9 mmol/L). (Second row) Pentixafor-avid CPA in left adrenal gland (SUVmax, 14.8; 1.9 cm in
diameter on CT, arrows) in 36-y-old woman with Cushing syndrome. Strong expression of CXCR4
was observed on immunochemical staining. (Third row) Non–pentixafor-avid NFA in left adrenal
gland (SUVmax, 3.8; 2.9 cm in long diameter on CT imaging, arrows) in 36-y-old man. This adenoma
had no increases in CXCR4 expression. (Fourth row) Negative IAH lesion (1.5 cm in long diameter on
CT imaging, arrow) in 46-y-old man on 68Ga-pentixafor PET/CT and PET imaging (SUVmax, 4.3;
arrow). No increased expression of CXCR4 was observed by immunochemical staining.
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Semiquantitative Analysis of PET/CT
The SUVmax, LLR, and LCR of the adrenocortical tumors are

listed in Table 3. The highest radiotracer uptake was identified in
patients with APA (SUVmax, 36.4). In addition, a significant corre-
lation between uptake on 68Ga-pentixafor and histologic CXCR4
expression was noted. The H score of CXCR4 correlated signifi-
cantly with the SUVmax of

68Ga-pentixafor (r5 0.66, P, 0.0001).
The SUVmax of the 9–12 group for H score was significantly
higher than that of the other 2 groups (Fig. 3). The uptake was sig-
nificantly higher in the adenoma-active group than in either the
adenoma-inactive group or the hyperplasia (suspected UAH and
IAH) group (Fig. 3). The thresholds of SUVmax, LLR, and LCR
and the corresponding sensitivities, specificities, and areas under
the receiver-operating-characteristic curve to distinguish the
adenoma-inactive group from the non–active-adenoma lesion
group are shown in Figure 3.

Analysis of Dynamic PET Imaging
The graphical influx rate constant was significantly higher for

adrenocortical active adenomas (0.286 0.8, n5 11) than for

inactive adenomas (0.106 0.06, n5 5, P, 0.05), normal adrenal
glands (0.086 0.04, n5 16, P, 0.05), or the liver (0.046 0.03,
n5 16, P, 0.05). Figure 4 shows the time–activity curves for nor-
mal adrenal tissue, liver, plasma, adrenocortical active adenomas,
and inactive adenomas on 68Ga-pentixafor dynamic PET/CT imag-
ing in 15 patients. In this figure, the spots represent the mean
SUVmean at each time point, with the radioactivity distribution
remaining stable after the early phase (5–10 min after injection).

68Ga-Pentixafor Uptake and Outcomes
In the 48 patients with adrenocortical adenomas or hyperplasia

who underwent adrenalectomy (except for 6 asymptomatic NFA
patients), 68Ga-pentixafor uptake in resected adrenal lesions was
significantly higher in patients with preferable outcomes
(cured and improved) than in those with nonpreferable outcomes
(nonimproved) (P, 0.001, Fig. 5). The SUVmax, LLR, and LCR
of 68Ga-pentixafor in patients with preferable and nonpreferable
outcomes were 15.56 8.0 versus 4.26 0.5, 6.56 4.3 versus
1.36 0.2, and 6.26 5.0 versus 1.56 0.6 (P, 0.001), respectively.
Additionally, uptake was higher in the cured group than in the
improved group but without statistical significance (Fig. 5).

Comparison Between AVS and 68Ga-Pentixafor PET/CT
Four patients underwent both AVS and 68Ga-pentixafor PET/

CT (Table 4). As determined by outcome evaluations, 2 patients
with APA showed true-positive findings on both examinations,
and 1 patient presented with a false-negative APA lesion on AVS
versus a true-positive lesion on PET/CT. Additionally, 1 patient

FIGURE 3. (A) 68Ga-pentixafor SUVmax of 3 groups of H score (0–3,
4–8, and 9–12) were 5.0 6 2.1 vs. 9.2 6 2.9 vs. 19.8 6 7.7, respec-
tively. (B) 68Ga-pentixafor SUVmax, ratio of lesional SUVmax to LLR,
and ratio of lesional SUVmax to LCR for adenoma-active, adenoma-
inactive, and hyperplastic lesions (SUVmax, 16.3 6 7.9 vs. 4.4 6 1.7
vs. 5.5 6 2.7, respectively; LLR, 6.8 6 4.3 vs. 1.7 6 0.7 vs. 1.7 6 0.8,
respectively; LCR, 6.5 6 5.1 vs. 1.7 6 0.8 vs. 1.8 6 0.6, respectively).
SUVmax, LLR, and LCR were significantly higher for adenoma-active
lesions than for adenoma-inactive or hyperplastic lesions. (C)
Receiver-operating-characteristic analysis for determining optimal
cutoffs for SUVmax, LLR, and LCR for differentiating active adenomas
from non–active-adenoma lesions. Optimal cutoffs were 7.1, 2.5, and
2.4, respectively, with areas under receiver-operating-characteristic
curve of 0.96, 0.97, and 0.95, respectively (all P , 0.0001). (D) Sensitiv-
ities and specificities of SUVmax, LLR, and LCR for identifying active
adenomas. Sensitivities were 95.5%, 95.5%, and 84.1%, respec-
tively, and specificities were 82.7%, 85.7%, and 91.4%, respective-
ly.**P , 0.001. ****P,0.00001.

FIGURE 4. (A) Time–activity curves for normal adrenal gland, liver,
plasma, active adenomas, and inactive adenomas on 68Ga-pentixafor
dynamic PET/CT scans (30 min). Spots represent SUVmean at each time
point. (B) Representative 68Ga-pentixafor PET/CT scans in patients with
active adenoma and inactive adenoma at early (5–10 min), intermediate
(15–20 min), and late (25–30 min) time points.
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with IAH presented with a false-positive result on AVS versus a
true-negative result on PET/CT.

DISCUSSION

Functional lateralization in patients with adrenocortical lesions,
along with discernment of functioning lesions from nonfunction-
ing lesions in nononcologic patients, is crucial for therapeutic
management. Conventional lateralization and the functional
assessment of adrenal masses are usually performed using adrenal
CT or AVS. In this pilot study, we evaluated the performance of
68Ga-pentixafor PET/CT for the functional lateralization of adrenal
lesions and its effectiveness in identifying functional adrenal ade-
nomas to help guide management decisions. The initial finding for
APA lesion detection in patients with PA was reported in a pio-
neering study (10). In the present study, we further included 28
patients (22 with PA, 1 with NFA, 3 with Cushing syndrome, and
2 with pheochromocytoma) who had relatively heterogeneous
adrenal tumor types, to extend the previous reports and provide
complementary evidence of the potential for implementing screen-
ing for benign adrenal masses by 68Ga-pentixafor PET/CT.

Diagnostic Efficacy and Clinical Significance of
68Ga-Pentixafor PET/CT
Hormonal assessments are crucial when investigating adrenal

masses; however, several important considerations must be
accounted for during these evaluations, including daily hormonal
rhythms, sex or age dependency, limitations of assays, substantial

variability in cutoffs, and drug interactions (3). In addition, it is
important to remember that anatomic imaging approaches (e.g., CT
imaging and MRI) are limited in their ability to functionally and
molecularly characterize adrenal masses because of limitations in
their resolution and specificity and the presence of substantial inter-
observer variation (12). In our study, 68Ga-pentixafor PET was
effective for the lateralization of adrenal disease. An APA patient
with a single 0.6-cm lesion had a false-negative PET result in our
study, which might indicate the limitation of this technique for
small lesions with reduced spatial resolution. Semiquantitative vari-
ables (SUV and SUV ratios) yielded excellent sensitivities and spe-
cificities for discriminating active adrenocortical adenomas. The
time–activity curves of the lesions showed a steady early tracer
retention after tracer injection in active adenomas. 68Ga-pentixa-
for PET/CT was negative for pheochromocytoma lesions, indicat-
ing the potential ability of 68Ga-pentixafor to distinguish cortical
from noncortical adrenal masses. Moreover, this study also dem-
onstrated that 68Ga-pentixafor has high sensitivity in the locali-
zation of CPAs. However, the number of cases was limited, and
further prospective investigations are warranted to determine the
values and pitfalls of 68Ga-pentixafor in diagnosis and follow-up
in patients with CPA.

In this study, patients who had a false-negative or false CT diag-
nosis could potentially be correctly diagnosed on the basis of the
68Ga-pentixafor PET findings (supplemental results). However,
further research is warranted regarding the utility of 68Ga-pentixa-
for PET compared with CT for establishing a diagnosis and

FIGURE 5. SUVmax (A), ratio of lesional SUVmax to normal LLR (B), and ratio of lesional SUVmax to LCR (C) for 68Ga-pentixafor in patients who were
cured, improved, or not improved/not changed after adrenalectomy of adrenocortical lesions (SUVmax, 16.8 6 8.1, 13.8 6 8.4, and 4.8 6 1.7, respec-
tively; LLR, 7.46 4.8, 5.26 3.4, and 1.86 0.8, respectively; LCR, 7.16 5.0, 4.86 3.1, and 1.96 0.9, respectively).

TABLE 4
Comparison of AVS and 68Ga-Pentixafor PET/CT Imaging Results

AVS 68Ga-pentixafor PET/CT

Patient no. Lateralization Selectivity index Lateralization SUVmax LLR LCR Clinical diagnosis

5 Right (index, 6.1) 30.8 (L); 13.2 (R) Right 35.3 13.1 12.8 Right APA

34 Bilateral (index, 1.2) 5.4 (L); 3.5 (R) Left 16.0 3.0 4.8 Left APA

39 Left (index, 62) 3.3 (L); 22.6 (R) Left 7.6 2.2 3.2 Left APA

41 Left (index, 6.1) 54.8 (L); 31.5 (R) Bilateral 4.3 1.6 2.4 IAH

Successful catheterization was defined as adrenal vein/peripheral vein cortisol ratio (selectivity index) of .3:1, and lateralization was
defined as aldosterone/cortisol ratio (lateralization index) of .6:1 between left and right adrenal veins.
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treatment plan in patients with adrenal disease. 68Ga-pentixafor
demonstrated a promising prognostic predictive value after ther-
apy; nononcologic patients were more likely to have preferable
outcomes after adrenalectomy for 68Ga-pentixafor–avid adrenal
lesions (Supplemental Fig. 1).
AVS is the gold standard for assessing the laterality of PA.

AVS is technically challenging, with only a 50%–80% success
rate for adrenal vein cannulation and a risk of complications
(13–16). In our study, distinct results were identified between
68Ga-pentixafor PET and AVS examinations. The consistency and
difference between the 2 examinations need to be determined in
further studies.

Potential Underlying Mechanisms for Adrenal Uptake of
68Ga-Pentixafor
Published studies demonstrated that G protein–coupled recep-

tors can increase the transcriptional and promoter activity of the
CYP11B2 (aldosterone synthase) gene, suggesting they may cause
adenomas to increase their capacity to produce aldosterone
(17,18). Previous studies have also shown that steroid production
in some CPAs is regulated by aberrant expression of G
protein–coupled receptors (19–21). However, Heinze et al. have
demonstrated that only 26% of CPAs showed prominent CXCR4
expression (6). Further investigation is warranted to correlate
68Ga-pentixafor uptake with CXCR4 expression.

Comparison to Other Radiopharmaceuticals
NP-59 has been used to investigate the secretory status of adre-

nal adenomas and to aid in lesion lateralization; however, this
technique has significant shortcomings, including increased radia-
tion exposure to the adrenal glands, longer acquisition procedures,
low sensitivities, and poor spatial resolution (22). 123I/11C-meto-
midate, an inhibitor of 11b-hydroxylase, was introduced as a
novel PET tracer for adrenocortical imaging; however, it could not
distinguish between active and inactive adenomas (23). Moreover,
the short half-life of 11C limits its clinical use. In contrast, the
acquisition time window for 68Ga-pentixafor PET/CT imaging is
long and be as early as 5–10 min after administration. All in all,
68Ga-pentixafor PET/CT imaging may be a noninvasive, feasible,
and effective method for preoperative diagnosis of adrenal inci-
dentalomas, particularly for lateralization in patients with bilateral
lesions.

Limitations
This study had several limitations. First, the fact that prospective

randomization was not feasible at this stage potentially led to biases
in selection and findings. Second, the statistical significance was
not sufficient because of the small sample size. Thereby, a prospec-
tive, randomized, controlled trial is highly warranted to compare
68Ga-pentixafor PET/CTwith other approaches for obtaining preop-
erative diagnoses in patients with PA or suspected adrenal masses.
Third, most of the positive findings in our study were APAs, as
opposed to the small number of CPA cases, and there is a need to
obtain further evidence of the capability of 68Ga-pentixafor PET/CT
in distinct types of functional adrenal masses.

CONCLUSION

68Ga-pentixafor exhibited excellent sensitivity and specificity
for the functional lateralization of adrenal disease. 68Ga-pentixafor
PET/CT shows great potential for use in the therapeutic manage-
ment of patients with adrenal masses.
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KEY POINTS

QUESTION: Does 68Ga-pentixafor have diagnostic and prognostic
value for evaluating patients with primary adrenal cortical tumors?

PERTINENT FINDINGS: 68Ga-pentixafor uptake was significantly
higher in the adenoma-active group than in either the adenoma-
inactive group or the hyperplasia group. Patients with 68Ga-pentix-
afor–avid lesions had more preferable outcomes after
adrenalectomy.

IMPLICATIONS FOR PATIENT CARE: 68Ga-pentixafor showed
excellent performance in the management of patients with typical
benign adrenal lesions on CT imaging. This technique may also be
a highly promising method for predicting patient prognosis after
adrenalectomy.
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68Ga-satoreotide trizoxetan is a novel somatostatin receptor antago-
nist associated with high sensitivity and reproducibility in neuroendo-
crine tumor (NET) detection and localization. However, the optimal
peptide mass and radioactivity ranges for 68Ga-satoreotide trizoxetan
have not yet been established. We therefore aimed to determine its
optimal dosing regimen in patients with metastatic gastroentero-
pancreatic NETs in a prospective, randomized, 2 3 3 factorial, multi-
center phase II study. Methods: Patients received 68Ga-satoreotide
trizoxetan at a peptide mass of 5–20mg on day 1 of the study and of
30–45mg on days 16–22, at 1 of 3 68Ga radioactivity ranges (40–80,
100–140, or 160–200MBq). Whole-body PET/CT imaging was per-
formed 50–70 min after each injection. The primary endpoint was the
detection rate of NET lesions imaged by 68Ga-satoreotide trizoxetan
relative to contrast-enhanced CT (for each of the 6 peptide mass and
radioactivity range combinations). Results: Twenty-four patients were
evaluated in the per-protocol analysis. The median number of lesions
detected by 68Ga-satoreotide trizoxetan PET/CT or PET alone was at
least twice as high as the number detected by contrast-enhanced CT
across the 6 studied peptide mass and radioactivity range combina-
tions. There were no differences between the 2 peptide mass ranges
or between the 3 radioactivity ranges in the number of identified
lesions. However, a trend toward a lower relative lesion count was
noted in the liver for the 40- to 80-MBq range. No relationship was
observed between the radioactivity range per patient’s body weight
(MBq/kg) and the number of lesions detected by 68Ga-satoreotide tri-
zoxetan. The median diagnostic sensitivity of 68Ga-satoreotide trizox-
etan PET/CT, based on the number of lesions per patient, ranged

from 85% to 87% across the different peptide mass and radioactivity
ranges. Almost all reported adverse events were mild and self-limiting.
Conclusion: A radioactivity of 100–200MBq with a peptide mass of
up to 50 mg was confirmed as the optimal dosing regimen for 68Ga-sa-
toreotide trizoxetan to be used in future phase III studies.

Key Words: 68Ga-satoreotide trizoxetan; neuroendocrine tumors;
somatostatin receptor antagonist; diagnostic imaging; optimal dose
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Gastroenteropancreatic neuroendocrine tumors (GEP-NETs)
constitute a heterogeneous group of tumors, most of which overex-
press somatostatin receptors (SSTRs) (1). The current standard for
the diagnosis and staging of NETs is PET/CT using radiolabeled
SSTR2 agonists such as 68Ga-DOTATATE, 68Ga-DOTATOC, or
64Cu-DOTATATE (2–4). The introduction of SSTR2 antagonists
represents an important development in the field of NET imaging, as
they bind to more receptors than SSTR2 agonists and therefore pro-
vide a higher tumor uptake, with better NET visualization (5–8).

68Ga-satoreotide trizoxetan (also known as 68Ga-IPN01070,
68Ga-NODAGA-JR11, or 68Ga-OPS202) is a new-generation
somatostatin antagonist developed as a PET imaging agent for
the detection and localization of NET lesions. It consists of the
small somatostatin analog JR11 conjugated to the strong cyclical
chelating agent 1,4,7-triazacyclononane,1-glutaric acid-4,7-ace-
tic acid (NODAGA), which is radiolabeled with the isotope
68Ga. A previous prospective, single-center, open-label phase
I/II imaging study (9), conducted on 12 patients with well-
differentiated, low- or intermediate-grade, SSTR2-positive GEP-
NETs, found that 68Ga-satoreotide trizoxetan, administered at a
peptide mass ranging from 11 to 63 mg and an activity from
125 to 192MBq, was associated with a significantly higher
lesion-based overall sensitivity than was the SSTR2 agonist
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68Ga-DOTATOC (88%–94% vs. 59%; P , 0.001). This obser-
vation was attributed mainly to the higher detection rate of
metastases in the liver (9).
We report on a prospective, multicenter phase II trial designed

to expand on the aforementioned phase I/II study (9) by confirming
the optimal peptide mass and radioactivity ranges for 68Ga-satoreo-
tide trizoxetan in patients with metastatic GEP-NETs. Furthermore,
the design of this study was based on the U.S. Food and Drug
Administration’s request for more data on the optimal diagnostic
performance of 68Ga-satoreotide trizoxetan for PET imaging in a
multicenter setting. It was hypothesized that an administered activ-
ity range of 40–80 MBq (1.08–2.16 mCi) would provide a reduced
diagnostic signal compared with the recommended range of
100–200 MBq (2.70–5.41 mCi).

MATERIALS AND METHODS

Study Design
This open-label, reader-masked, dose-confirmation, 2 3 3 factorial,

randomized (1:1:1) phase II study (ClinicalTrials.gov identifier
NCT03220217; EudraCT identifier 2016-004928-39) investigated 2 pep-
tide mass ranges (5–20 and 30–45 mg) and 3 radioactivity ranges (40–80,
100–140, and 160–200 MBq) of 68Ga-satoreotide trizoxetan. The study
was prospectively designed to enroll 8 patients in each of the 3 arms to
ensure a balanced interdose evaluation. All patients received 2 doses of
68Ga-satoreotide trizoxetan on 2 separate visits, 2–3 wk apart, according
to the randomization schedule of the 3 arms as shown in Figure 1.

Each patient underwent a total of 4 visits: a screening visit (visit 1)
conducted within 2 wk before the first 68Ga-satoreotide trizoxetan
administration; a visit on day 1 (visit 2) of the study, during which all
patients received 68Ga-satoreotide trizoxetan at a peptide mass of
5–20 mg with 1 of the 3 68Ga radioactivity ranges (40–80 MBq, arm
A; 100–140 MBq, arm B; or 160–200 MBq, arm C); a visit on days
16–22 (visit 3), during which patients received the second dose of
68Ga-satoreotide trizoxetan at 30–45 mg and a radioactivity range dif-
ferent from that administered on day 1; and an end-of-study visit (visit
4) on days 30–36 for safety evaluation.

At screening, patient information was collected, including medical
and surgical history; the primary tumor site, grade, and histopathol-
ogy; and PET images demonstrating SSTR2-expressing lesions
obtained within the previous 6 mo. A physical examination including
vital sign assessment and laboratory tests (hematology, blood chemis-
try, and urinalysis) was performed at all study visits. A 12-lead elec-
trocardiogram was recorded at screening and at the end of the study.

The study was conducted between September 2017 and October
2019 at 4 investigational sites in Austria, Denmark, and the United

States. It was approved by all relevant ethics committees and conducted
in accordance with the Declaration of Helsinki and the International
Conference on Harmonisation guideline on good clinical practice. All
patients provided written informed consent, and data were anonymized.

Patients
Adults with pathologically confirmed, well-differentiated, function-

ing or nonfunctioning, metastatic grade 1/2 GEP-NETs were enrolled
in this study. All patients had to have at least 2 but no more than 25
lesions per organ expressing SSTR2, which were identified with prior
SSTR2 agonist PET scans in either the primary tumor site or in key
organs (liver, lymph nodes, bones, and lungs). The limits were to
ensure that a total number of lesions could be counted for statistical
evaluation. Patient admissibility based on the number of SSTR2-
expressing lesions was confirmed centrally by an independent nuclear
medicine physician. Other inclusion criteria were an Eastern Coopera-
tive Oncology Group performance status of 0–2, a body weight of
50–110 kg, and adequate hepatic, renal, and hematologic functions.

Key exclusion criteria were treatment with short- or long-acting
somatostatin analogs within 24 h or 28 d, respectively, before either
68Ga-satoreotide trizoxetan injection, and any condition that might
preclude the acquisition of high-quality PET or CT images.

Imaging
At each of the 4 study centers, whole-body PET imaging was per-

formed at both visit 2 and visit 3 of the study 50–70 min after intrave-
nous injection of 68Ga-satoreotide trizoxetan, using Siemens Biograph
dedicated PET/CT scanners, with an acquisition time of 2–4 min per bed
position. All PET scans were acquired in list mode, including time-of-
flight capability. Whole-body, low-dose CT images were acquired for
localization and attenuation correction. During the same visits, patients
also underwent contrast-enhanced CT (CECT), performed independently
on a dedicated CT scanner and used as the standard of truth.

All images, including the prescreening SSTR agonist images, were
sent to an imaging core lab (Keosys) after anonymization. After qual-
ity control assessment, the images were reviewed on a dedicated work-
station. The PET images with and without the CT scans were
evaluated by 2 experienced nuclear medicine physicians and 1 adjudi-
cator for discordant cases. In parallel, CECT scans were read by 2
other radiologists, with a third adjudicating discordances. To minimize
bias, the independent readers were unaware of the patient data, any
information related to the study site, injected dose, and the temporal
sequence of images.

Radiopharmaceutical
68Ga-satoreotide trizoxetan was prepared at the study center’s local

radiopharmacy, using the clinical trial dose kit provided by Beaufour
Ipsen Industries, by a 2-step aseptic com-
pounding process. This process included,
first, reconstitution of sterile vial A contain-
ing the satoreotide trizoxetan precursor and
excipients with 1 mL of solvent consisting of
a solution of sterile sodium acetate from vial
B and, second, radiolabeling of satoreotide tri-
zoxetan by the addition of a 5-mL sterile
hydrochloric acid solution of 68Ga, eluted
from a sterile pharmaceutical-grade 68Ge/68Ga
generator (Eckert and Ziegler Radiopharm).

The total amount of radioactivity injected
by a slow-push intravenous injection into each
patient was determined by measuring the
radioactivity in the syringe before and after
injection, using a standard dose calibrator. The
peptide dose corresponded to injected volume
(mL) 3 8.33 mg/mL.FIGURE 1. Study design. D5 day; R5 randomized.
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Efficacy Assessments
All efficacy endpoints were assessed at the primary tumor site and in

key organs (liver, lymph nodes, lungs, and bones) and were also evalu-
ated in quartiles of radioactivity per baseline body weight expressed as
MBq/kg. The primary endpoint of the study was the ratio of the number
of lesions detected by 68Ga-satoreotide trizoxetan PET/CT and by PET
alone to the number of lesions identified by CECT, for each of the 6 pep-
tide mass and radioactivity range combinations. CECT was used as the
standard of truth to provide a standardized denominator to make valid
comparisons by peptide mass and radioactivity range.

Secondary efficacy endpoints included mean and median tumor-to-
background ratios calculated by radioactivity range per patient’s body
weight, preliminary diagnostic sensitivity of 68Ga-satoreotide trizoxetan
PET/CT based on the number of lesions per patient compared with the
standard of truth, and the absolute number of lesions detected by 68Ga-
satoreotide trizoxetan PET/CT and the difference from the number of
lesions detected by CECT. Preliminary diagnostic sensitivity was calcu-
lated as the number of lesions detected by 68Ga-satoreotide trizoxetan
PET/CT and CECT divided by (number of lesions detected by 68Ga-
satoreotide trizoxetan PET/CT and CECT scan plus number of lesions
detected by CECT but not by 68Ga-satoreotide trizoxetan PET/CT).

Safety Assessments
The safety and tolerability of 68Ga-satoreotide trizoxetan were

assessed throughout the study on the basis of adverse events (AEs),
which were graded according to the National Cancer Institute Com-
mon Terminology Criteria for Adverse Events (version 5.0) and coded
using the Medical Dictionary for Regulatory Activities (version 22.1),
laboratory results (hematologic, biochemical, and urologic), physical
examinations, vital signs, and electrocardiography.

Statistical Analysis
Statistical analysis was descriptive; consequently, no formal sample

size calculation was performed. Continuous variables were presented as
mean, SD, median, and range, whereas categoric variables were described
by counts and percentages. The safety population was defined as all

patients who received at least 1 dose of 68Ga-satoreotide trizoxetan. By
contrast, to ensure a balanced and adequate assessment for each dose reg-
imen, only the first 8 patients in each arm who successfully completed all
68Ga-satoreotide trizoxetan PET/CT scans were used in the efficacy anal-
ysis and were consequently included in the per-protocol population.

All statistical analyses were performed using SAS, version 9.4
(SAS Institute). Missing values were not replaced.

RESULTS

Patients
In total, 29 patients were enrolled in the study, with a median

age of 63.0 y (Table 1). Two patients withdrew from the study
before receiving 68Ga-satoreotide trizoxetan, leaving 27 patients in
the safety population (8 in arm A, 9 in arm B, and 10 in arm C),
as illustrated in Figure 2. The per-protocol population consisted of
24 patients (8 per arm) as initially planned.
Baseline demographic and disease characteristics were overall

well balanced among the 3 study arms, with the small intestine
being the most frequent primary-tumor site and liver and lymph
nodes the most frequent metastasis locations (Tables 1 and 2).
Overall, 28 of the 29 (96.6%) patients received at least 1 prior
treatment, including somatostatin analogs in 26 (89.7%) patients,
177Lu-DOTATATE in 17 (58.6%), and everolimus in 3 (10.3%).
There were no intercurrent treatments reported between radiola-
beled SSTR agonists and antagonists or between 2 consecutive
SSTR antagonists at any time during the study in any patient.
All 24 patients in the per-protocol population had a prior SSTR

scan performed within a median of 1.6 mo (range, 0.1–6.0 mo)
from screening: 14 (58.3%) had a PET/CT scan with 68Ga-DOTA-
TOC, 9 (37.5%) with 64Cu-DOTATATE, and 1 (4.2%) with 68Ga-
DOTATATE. The median total number of SSTR-positive lesions
detected by prior SSTR agonist scans was 14.5 (range, 6.0–94.0).
The median number of positive SSTR lesions was 1.0 (range,
0–1.0) in the primary tumor site, 9.5 (range, 0–37.0) in the liver,

TABLE 1
Baseline Demographic Characteristics in Randomized Population

Characteristic Arm A (n 5 8) Arm B (n 5 10) Arm C (n 5 11) Overall (n 5 29)

Age (y)

Median 71.5 69.5 59.0 63.0

Range 54–84 60–78 36–78 36–84

Sex (n)

Male 6 (75.0%) 4 (40.0%) 9 (81.8%) 19 (65.5%)

Female 2 (25.0%) 6 (60.0%) 2 (18.2%) 10 (34.5%)

Weight (kg)

Median 81.0 85.3 86.0 83.0

Range 77–98 52–109 56–106 52–109

BMI (kg/m2)

Median 26.4 28.8 26.3 26.4

Range 24–35 21–34 18–40 18–40

ECOG (n)

0 7 (87.5%) 8 (80.0%) 9 (81.8%) 24 (82.8%)

1 1 (12.5%) 2 (20.0%) 2 (18.2%) 5 (17.2%)

BMI 5 body mass index; ECOG 5 Eastern Cooperative Oncology Group performance status.
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5.0 (range, 0–36.0) in the lymph nodes, and 0.5 (range, 0–38.0) in
the bones. Three patients who were enrolled had more than 30
lesions identified in the liver or in the lymph nodes.

Efficacy
For all organs combined, the median number of lesions detected

by 68Ga-satoreotide trizoxetan PET/CT or PET alone was at least
twice as high as the number detected by CECT across the 6 peptide
mass and radioactivity range combinations. This increase was
reflected by a median relative lesion count, that is, the ratio of the
number of lesions detected by 68Ga-satoreotide trizoxetan PET/CT
or PET alone to the number of lesions detected by CECT, ranging
from 2.1 to 3.9. The results for the primary efficacy endpoint are
shown in Table 3. When comparing the 2 administered peptide mass
ranges, as well as the 3 radioactivity ranges of 68Ga-satoreotide tri-
zoxetan, we found no specific distribution pattern in the median rela-
tive lesion count for all organs combined. However, a trend toward a
lower median relative lesion count in the liver was noted for the 40-
to 80-MBq range, compared with the higher radioactivity ranges
(Table 3). When counting the number of lesions detected by
68Ga-satoreotide trizoxetan imaging in each of the 3 study arms, we
found exact agreement between the 2 readers for all patients in arm

B (100%), whereas the interreader agree-
ment rate was 87.5% in arm A and 75% in
arm C.
Similarly, no pattern was found indicat-

ing a possible association between the
radioactivity range per patient’s body
weight (MBq/kg) and the relative lesion
count or the absolute number of lesions
detected by 68Ga-satoreotide trizoxetan
(Table 4). There was also no observed
association between the radioactivity
range per patient weight and the tumor-
to-background ratio (Table 5).
The preliminary diagnostic sensitivity of

68Ga-satoreotide trizoxetan PET/CT, using
CECT as the standard of truth, ranged from
a median of 85% to 87% across different
peptide mass and radioactivity ranges
(Table 6).

Safety
All patients included in the safety population (n 5 27) received

2 injections of 68Ga-satoreotide trizoxetan during the study. In
total, 33 AEs were reported in 18 patients (66.7%), classified as
grade 1 (23 AEs in 15 patients), grade 2 (9 in 5), or grade 3 (1 in 1
[hypertriglyceridemia]). Overall, 14 drug-related AEs were
reported in 7 patients (25.9%), all grade 1 or 2, which included
injection site pain (4 events), nausea (2 events), proteinuria
(2 events), feeling cold (2 events), flushing (1 event), alopecia
(1 event), diarrhea (1 event), and fatigue (1 event). Drug-related
AEs occurred 1–2 d after the last dose of 68Ga-satoreotide and
were resolved within 15 d. All but one of the patients completely
recovered from all drug-related AEs; the patient who did not
completely recover reported alopecia, which subsequently
resolved, with sequelae. No serious AEs and no postdose AEs
leading to withdrawal or death were reported.

DISCUSSION

This multicenter, randomized, factorial phase II study evaluated
the optimal dose range of 68Ga-satoreotide trizoxetan. The results
showed that the ratio of the number of lesions detected by

TABLE 2
Baseline Disease Characteristics in Per-Protocol Population

Characteristic Arm A (n 5 8) Arm B (n 5 8) Arm C (n 5 8) Overall (n 5 24)

Site of primary tumor

Small intestine 6 (75.0) 4 (50.0) 6 (75.0) 16 (66.7)

Pancreas 1 (12.5) 1 (12.5) 1 (12.5) 3 (12.5)

Large intestine 1 (12.5) 3 (37.5) 1 (12.5) 5 (20.8)

Location of metastasis

Liver 8 (100.0) 6 (75.0) 8 (100.0) 22 (91.7)

Lymph nodes 5 (62.5) 8 (100.0) 6 (75.0) 19 (79.2)

Bones 2 (25.0) 1 (12.5) 2 (25.0) 5 (20.8)

Lungs 2 (25.0) 0 2 (25.0) 4 (16.7)

Data are number followed by percentage in parentheses.

FIGURE 2. Patient disposition.
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68Ga-satoreotide trizoxetan to the number of lesions detected by
CECT was overall consistent across different peptide mass and
radioactivity ranges, with no dependence on subject weight; how-
ever, a lower relative lesion count (median) in the liver was noted
for the 40- to 80-MBq range than for the higher radioactivity
ranges. As anticipated with radiolabeled somatostatin analogs, the
number of lesions identified by 68Ga-satoreotide trizoxetan was
consistently higher than that identified by CECT in organs where
lesions were present.
For the routine clinical setting, PET/CT images should be con-

sidered the primary method of evaluation in NET patients (10,11).

The primary efficacy analysis found that, with 68Ga-satoreotide tri-
zoxetan PET/CT scans (and also PET alone), there were no notice-
able differences between the 2 peptide mass ranges in the number
of identified lesions for any organs, with a median relative lesion
count of 2.7 for both peptide mass ranges. Hence, on the basis of
the results of primary and secondary endpoints, 68Ga-satoreotide
trizoxetan imaging was not peptide mass–dependent. This finding
is corroborated by a phase I/II imaging study by Nicolas et al. (9)
that found no significant differences between 2 administered pep-
tide mass ranges (14 6 4 and 50 6 15 mg) in the number of
malignant liver or lymph node lesions detected per patient or the

TABLE 3
Relative Lesion Count in Per-Protocol Population (n524), by Peptide Mass and Radioactivity Ranges

All organs* Liver Lymph nodes

Parameter PET/CT PET PET/CT PET PET/CT PET

Peptide mass range

5–20 mg 2.7 (0.64–16.25)
(n5 24)

2.6 (0.73–19.00)
(n524)

2.3 (0.73–9.00)
(n517)

2.6 (0.67–7.00)
(n517)

2.0 (0.00–8.00)
(n513)

2.3 (0.50–10.00)
(n5 13)

30–45 mg 2.7 (0.82–13.50)
(n5 24)

2.8 (0.68–14.50)
(n524)

3.0 (0.76–11.00)
(n517)

2.8 (0.62–9.00)
(n517)

1.3 (0.00–12.00)
(n513)

2.0 (0.50–14.00)
(n5 13)

Radioactivity range

40–80 MBq 3.1 (0.73–15.00)
(n5 16)

2.6 (0.68–19.00)
(n516)

2.2 (0.73–9.00)
(n513)

2.6 (0.62–6.00)
(n513)

2.0 (1.00–3.00)
(n57)

2.7 (0.75–4.00)
(n57)

100–140 MBq 2.6 (0.64–13.50)
(n5 16)

2.8 (1.00–14.50)
(n516)

3.0 (0.83–8.00)
(n59)

3.3 (0.67–7.00)
(n59)

1.3 (0.00–8.00)
(n59)

2.0 (0.50–10.00)
(n59)

160–200 MBq 2.6 (0.82–16.25)
(n5 16)

2.7 (0.91–13.50)
(n516)

2.7 (0.86–11.00)
(n512)

2.8 (0.86–9.00)
(n512)

1.3 (0.00–12.00)
(n510)

2.2 (0.50–14.00)
(n5 10)

*Primary tumor site plus key organs (liver, lymph nodes, lungs, and bones).
Data are median and range. Relative lesion count is number of lesions detected by 68Ga-satoreotide trizoxetan PET/CT or PET alone

divided by number of lesions detected by CECT. For liver and lymph nodes, number of analyzed patients were those who had $2 lesions
detected by CECT on given organ.

TABLE 4
Overall Relative Lesion Count in Per-Protocol Population (n5 24), by Radioactivity Range per Patient’s Baseline Body

Weight

Parameter
0.69–0.97 MBq/kg

(n514)
0.97–1.55 MBq/kg

(n5 10)
1.55–2.09 MBq/kg

(n513)
2.09–3.72 MBq/kg

(n5 11)

Relative lesion count

Mean6SD 4.364.04 2.96 1.88 3.663.31 4.06 4.15

Median 3.5 2.5 2.1 2.6

Range 0.73–15.00 0.64–7.00 0.82–13.50 1.67–16.25

Absolute number of
detected lesions

Mean6SD 26.9625.95 18.16 20.62 25.9621.45 26.86 18.59

Median 16.5 11.5 20.0 19.0

Range 7–94 6–75 8–73 10–65

Overall relative lesion count is number of lesions detected by 68Ga-satoreotide trizoxetan in all organs divided by number of lesions
detected by CECT. Absolute number of detected lesions corresponds here to absolute number of lesions detected by 68Ga-satoreotide
trizoxetan in all organs.
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tumor-to-background ratios, indicating a high reproducibility for
68Ga-satoreotide trizoxetan PET/CT, regardless of the adminis-
tered amount of peptide. Thereby, the present study, along with
the findings of the Nicolas et al. study (9), confirms that the opti-
mal peptide mass of 68Ga-satoreotide trizoxetan for diagnostic
imaging of GEP-NETs can be up to 50 mg, which is congruent
with the current European Association of Nuclear Medicine
administration guidelines for 68Ga-labeled SSTR2 agonists (10).
Regarding the optimal administered radioactivity of 68Ga-sator-

eotide trizoxetan, the present study confirms that ranges of
100–140 and 160–200 MBq provide optimal imaging results. By
contrast, the 40- to 80-MBq radioactivity range is associated with
a trend toward a lower median relative lesion count in the liver,
the predominant site of metastases in patients with GEP-NETs
(12); therefore, further development will not be pursued for this
radioactivity range, which, of note, was not tested in prior studies.
The 40- to 80-MBq radioactivity range might also be associated
with a reduced ratio of receptor-bound tracer to free tracer, result-
ing in declined image contrast and poor detection of GEP-NETs
(13,14).

The absence of notable diagnostic performance and safety dif-
ferences between the radioactivity ranges of 100–140 and
160–200 MBq, when discounting the 40- to 80-MBq range, con-
firms the optimal radioactivity range and ascertains the 100- to
200-MBq range as the appropriate activity for future use of
68Ga-satoreotide trizoxetan. This result is in keeping with the
European Association of Nuclear Medicine guidelines, which rec-
ommend an administered radioactivity range of between 100 and
200 MBq for 68Ga-labeled SSTR2 agonists, depending on the
technical characteristics of the PET scanner and the patient’s body
weight (10). Similarly, the Society of Nuclear Medicine and
Molecular Imaging recommends administration of 68Ga-labeled
SSTR2 agonists at a radioactivity of between 111 and 259 MBq,
while taking into account the patient’s body weight (11). Although
there is a possibility of narrowing the radioactivity window of
68Ga-satoreotide trizoxetan from 100–200 to 100–140 MBq,
adopting the wider, guideline-recommended radioactivity range of
100–200 MBq offers increased flexibility and feasibility in routine
clinical practice while maintaining dosing similarity to other 68Ga-
labeled products. The absence of a clear dose–response

TABLE 5
Tumor-to-Background Ratio for Liver and Lymph Nodes in Per-Protocol Population (n 5 24), by Radioactivity Range per

Patient’s Baseline Body Weight

Organ Parameter
0.69–0.97 MBq/kg

(n 5 14)
0.97–1.55 MBq/kg

(n 5 10)
1.55–2.09 MBq/kg

(n 5 13)
2.09–3.72 MBq/kg

(n 5 11)

Liver n* 11 6 9 8

Mean 6 SD 7.1 6 5.90 4.3 6 1.03 4.9 6 2.95 6.2 6 3.68

Median 4.3 4.0 4.1 5.1

Range 3.07–22.48 3.35–6.13 2.13–10.75 2.57–12.63

Lymph nodes n* 5 6 7 8

Mean 6 SD 10.1 6 7.25 8.3 6 5.18 9.2 6 5.16 5.1 6 3.17

Median 7.4 5.3 11.4 4.5

Range 3.53–18.69 4.47–16.10 2.87–15.00 1.54–11.65

*Number of patients with lesions in either liver or lymph nodes. Number of patients with lesions in primary tumor site and bones was
too small (#3 in each category) to allow meaningful interpretation.

TABLE 6
Preliminary Diagnostic Sensitivity of 68Ga-Satoreotide Trizoxetan PET/CT in Per-Protocol Population (n 5 24), by Peptide

Mass and Radioactivity Range

Peptide mass range Radioactivity range

Parameter
5–20 mg
(n 5 24)

30–45 mg
(n 5 24)

40–80 MBq
(n 5 16)

100–140 MBq
(n 5 16)

160–200 MBq
(n 5 16)

100–200 MBq
(n 5 24)

40–200 MBq
(n 5 24)

Mean 6 SD 79 6 24 78 6 28 86 6 14 71 6 34 77 6 25 75 6 29 80 6 24

Median 85 87 87 85 86 85 85

Range 8–100 0–100 64–100 0–100 8–100 0–100 8–100

Diagnostic sensitivity is number of lesions detected by 68Ga-satoreotide trizoxetan PET/CT and by CECT divided by (number of
lesions detected by 68Ga-satoreotide trizoxetan PET/CT and by CECT plus number of lesions detected by CECT but not 68Ga satoreotide
trizoxetan PET/CT) 3 100.
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relationship in the present study might be related to factors such as
receptor density heterogeneity, hypoxia, interstitial pressure,
necrosis, and tumor heterogeneity (15).
Of significant note, this study did not find a weight-dependent

effect of 68Ga-satoreotide trizoxetan across the evaluated quartiles
of radioactivity per body weight. This lack of a weight-dependent
effect ideally provides an opportunity for an activity range of 68Ga-
satoreotide trizoxetan (100–200 MBq) to be prescribed, regardless
of body weight. By contrast, 68Ga-labeled SSTR2 agonists require
dosing per body mass (10,11,16). In a recent prospective study
from The Netherlands conducted among 21 patients with NETs
who underwent whole-body 68Ga-DOTATATE PET/CT, Cox et al.
reported that, of all patient-dependent parameters, body mass
showed the strongest correlation (coefficient of determination,
0.60) with normalized signal-to-noise ratio (16). Importantly, the
absence of a weight-dependent effect represents a practical advan-
tage for 68Ga-satoreotide trizoxetan, as an administered activity
within a predetermined range instead of a weight-based adminis-
tered activity not only is more convenient but also reduces the pos-
sibility of dosing errors.
The frequency and nature of the AEs reported with 68Ga-sator-

eotide trizoxetan in the present study did not raise any safety con-
cern. Many of these clinical manifestations (e.g., nausea, flushing,
diarrhea, and fatigue) are common in patients with NETs. This
safety profile compares favorably with that in the Nicolas et al.
imaging study (17), in which no severe AEs or postdose AEs lead-
ing to withdrawal or death were reported.
This study was limited mainly by a small sample size, which

negated the use of a formal statistical analysis; thus, descriptive
statistical analyses were applied. In addition, although not affect-
ing image readability, the enrollment of 3 patients with more than
25 lesions per organ did increase lesion burden and skewed distri-
butions in some instances. The study was also designed to evaluate
5 different organs (primary tumor site, liver, lymph nodes, lungs,
and bones). However, because few lesions were identified in cer-
tain organs, meaningful results on the number of identified lesions
were available only for all organs combined, the liver, and lymph
nodes. Nevertheless, these limitations were balanced by a robust
study design that allowed inter- and intraindividual comparisons
across different peptide mass and radioactivity range combina-
tions, which were evaluated at patient and lesion levels for both
68Ga-satoreotide trizoxetan PET/CT and PET alone.

CONCLUSION

The overall results of this study confirm that the optimal admin-
istered peptide mass of 68Ga-satoreotide trizoxetan is up to 50 mg
with a radioactivity of 100–200 MBq, as is in line with current
guidelines for administration of 68Ga-labeled radiopharmaceuticals
(10,11). This phase II study also confirmed that the overall safety
profile of 68Ga-satoreotide trizoxetan is acceptable for continued
clinical development.
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KEY POINTS

QUESTION: What are the optimal peptide mass and radioactivity
ranges for 68Ga-satoreotide trizoxetan administered as a PET
imaging agent in patients with GEP-NETs?

PERTINENT FINDINGS: In this prospective, randomized, open-
label, factorial-design phase II study, the ratio of the number of
lesions detected by 68Ga-satoreotide trizoxetan to the number
detected by CECT was overall consistent across different pep-
tide mass and radioactivity ranges, with no weight-dependent
effect. However, a radioactivity range of 40–80 MBq was asso-
ciated with a trend toward a lower median relative lesion count
in the liver, the predominant site of metastasis in patients with
GEP-NETs.

IMPLICATIONS FOR PATIENT CARE: A radioactivity of 100–200
MBq with a peptide mass of up to 50 mg was confirmed as the
optimal dosing regimen for 68Ga-satoreotide trizoxetan to be used
in future phase III clinical trials.
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Value of 68Ga-DOTATOC and Carbidopa-Assisted 18F-DOPA
PET/CT for Insulinoma Localization
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Our objective was to assess the value of 68Ga-DOTATOC and
carbidopa-assisted 18F-fluorodihydroxyphenylalanine (18F-DOPA) in
21 hypoglycemic patients. Methods: All patients who underwent
68Ga-DOTATOC or carbidopa-assisted 18F-DOPA PET/CT for suspi-
cion of insulinoma from January 2019 to January 2021 were retro-
spectively analyzed. A final diagnosis of insulinoma was determined
by pathologic reports or consensus. Results: During the study period,
21 patients underwent both 68Ga-DOTATOC and 18F-DOPA PET/CT.
A final diagnosis of insulin-secreting tumor was reached in 12 cases,
including 11 insulinomas and 1 small mixed neuroendocrine/nonneur-
oendocrine neoplasm. 18F-DOPA and 68Ga-DOTATOC PET/CT were
positive in 5 (45%) and 7 (64%) of 11 cases, respectively, with 4 con-
cordant positive findings. Moreover, 1 insulinoma was visualized
exclusively by 18F-DOPA PET/CT and 3 by 68Ga-DOTATOC PET/CT
only. 18F-DOPA and 68Ga-DOTATOC PET/CT were falsely positive in
1 nonfunctioning pancreatic neuroendocrine tumor. Conclusion:
When 68Ga-exendin-4 is not available, 68Ga-somatostatin receptor
PET/CT should be the first choice for insulinoma functional imaging.

KeyWords: neuroendocrine tumors; pancreas; insulinoma; 18F-DOPA;
68Ga-DOTATOC
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In adults, endogenous hyperinsulinemic hypoglycemia is com-
monly related to insulinoma. Insulinoma can induce severe debili-
tating and life-threatening hypoglycemia. The average incidence
of insulinoma is 1–4 cases per million persons per year, and more
than 90% of insulinomas are solitary, sporadic, and benign. In
adults with hypoglycemia or suggestive symptoms, the diagnosis
of hyperinsulinemic hypoglycemia relies on a positive fasting test
(1). In 5%–10% of cases, insulinoma can occur in multiple endo-
crine neoplasia type 1. Parenchyma-sparing (enucleation/pancre-
atic resection) surgery is the optimal strategy (cure rate, 98%) but
can be associated with complications. Accurate localization of
insulinoma is therefore of primary importance.

Imaging work-up of patients with hyperinsulinemic hypoglyce-
mia often requires a combination of anatomic and functional
modalities (2). 68Ga-exendin-4, which targets the glucagonlike
peptide 1 receptor, is expected to become the first-choice radio-
pharmaceutical for PET detection of benign insulinoma (3). How-
ever, it is available in only a few centers and is currently used
only as a part of clinical trials. A special advantage of 68Ga-exen-
din-4 over other tracers is its unique value for distinguishing insu-
linoma from other neuroendocrine tumors—a condition of
particular interest in the setting of multiple endocrine neoplasia
type 1 patients, who often present with concomitant functioning
and nonfunctioning pancreatic tumors. When 68Ga-exendin-4 is
not available for clinical use, either 68Ga-radiolabeled somatostatin
analog (68Ga-DOTA-SSA) or 18F-fluorodihydroxyphenylalanine
(18F-DOPA) can be used (4). 68Ga-DOTA-SSA showed encourag-
ing preliminary results for insulinoma imaging in 2 retrospective
studies (5,6). However, insulinoma detection remains challenging,
mainly because these tumors have a limited somatostatin receptor
(SSTR) 2 expression profile and a small size and because of the
physiologically high 68Ga-DOTA-SSA uptake in the uncinate pro-
cess (7). On the other hand, the value of 18F-DOPA PET/CT is
hampered by the relatively short duration of 18F-DOPA tumor
retention in insulinoma and the diffuse uptake in normal pancreatic
parenchyma, which may potentially mask insulinoma (8). To cir-
cumvent these major drawbacks, we previously proposed a revised
imaging protocol based on a dual-phase imaging acquisition and
patient premedication with carbidopa (a peripheral aromatic amino
acid decarboxylase inhibitor) to prevent physiologic pancreatic
18F-DOPA uptake (9).
Currently, there remains a degree of uncertainty regarding the

optimal first-choice tracer for patients in whom insulinoma is sus-
pected in the absence of 68Ga-exendin-4. The aim of the present
study was to describe the value of 68Ga-DOTA-SSA and
carbidopa-assisted 18F-DOPA in a retrospective series of hypogly-
cemic patients evaluated by both tracers.

MATERIALS AND METHODS

Patients
This retrospective study was conducted in the departments of

nuclear medicine of 3 university hospitals in France (Strasbourg, Mar-
seille, and Nancy). We performed a comprehensive search of our data-
bases to identify all patients evaluated by 68Ga-DOTA-SSA or
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carbidopa-assisted 18F-DOPA PET/CT for clinical, biologic, or radio-
logic suspicion of insulinoma-related hyperinsulinemic hypoglycemia
from January 2019 to January 2021 (Fig. 1). Of the patients who
underwent 18F-DOPA and 68Ga-DOTA-SSA PET/CT, only those
studied within a 3-mo period without therapeutic intervention or a
change in therapy between the 2 PET studies were included. All data
(clinical, biologic, and imaging) were extracted from institutional
medical data files (Table 1). The institutional review board approved
this retrospective study, and the requirement to obtain informed con-
sent was waived.

Imaging Protocols
All examinations were performed by combined PET/CT devices

equipped with 3-dimensional time-of-flight technology. The patients
were injected with a 2–3 MBq/kg dose of 68Ga-DOTATOC and a 3–4
MBq/kg dose of 18F-DOPA (2 h after carbidopa premedication, 200
mg orally) without fasting beforehand. 68Ga-DOTATOC PET/CT
included a whole-body acquisition from the upper thigh to the top of
the skull (3–5 min/step), starting 60 min after radiotracer injection.
Dual-time-point 18F-DOPA PET/CT included an early scan of the
upper abdomen (at 5 min, 10 min/step) and a delayed whole-body
acquisition (at 30 min, 3–5 min/step). In all cases, low-dose nonen-
hanced CT was performed and used for attenuation correction.

A pancreatic abnormality was defined as a focal area of increased
uptake compared with surrounding tissue, considering potential pitfalls
for both tracers. For 18F-DOPA PET/CT, a positive early phase fol-
lowed by a negative delayed scan was considered a pathologic study.
Semiquantitative analysis was performed by centering a spheric vol-
ume of interest on the uptake foci.

Gold Standard
The final diagnosis of insulinoma was determined by the pathologic

results when available. In the remaining patients, the diagnosis was
reached by a consensus considering clinical, biologic (positive fast
test), and radiologic (CT/MRI typical enhancement) parameters and
follow-up.

Statistical Analysis
The results for continuous data are expressed as the mean 6 SD or

the median and range as appropriate, whereas categoric variables are

presented as numbers and percentages. Detection rate, sensitivity, and
specificity are provided for both modalities.

RESULTS

Patient Population
In total, 32 patients were evaluated during the study period: 9

with 18F-DOPA PET/CT alone, 2 with only 68Ga-DOTATOC
PET/CT, and 21 with both tracers (Fig. 1). The 21 patients imaged
with both tracers constituted the study population. The patients’
characteristics are summarized in Table 1.
Fourteen of 21 patients had a positive 72-h fasting test, whereas

7 had doubtful results. In patients with borderline biochemical and
imaging findings, the indication for further evaluation was decided
in the setting of institutional multidisciplinary meetings.
A final diagnosis of an insulin-secreting tumor was reached in

12 patients, including 11 insulinomas (1 occult) and 1 small mixed
neuroendocrine/nonneuroendocrine neoplasm with 15% insulin
cell positivity. Among them, the fasting test was positive in 10
patients and inconclusive in the remaining 2 patients. Among the
11 insulinomas, 8 were pathologically proven; among the other 3
cases, the diagnosis was reached by consensus. In 7 patients with-
out a detectable pancreatic target lesion on either anatomic and
functional imaging, the diagnosis of insulinoma was excluded by
follow-up. In the other 2 patients, the diagnosis turned out to be
nonfunctioning pancreatic neuroendocrine tumors confirmed by
surgery or endoscopic ultrasound-guided fine-needle aspiration
biopsy and follow-up.

PET/CT Findings
The PET/CT findings are summarized in Figure 1. For insuli-

noma, 18F-DOPA and 68Ga-DOTATOC PET/CT were positive in
5 and 7 of the 11 patients, respectively, with concordant positive
findings in 4 patients. Moreover, 1 insulinoma was visualized
exclusively by 18F-DOPA PET/CT, and 3 were visualized only by
68Ga-DOTATOC PET/CT (Fig. 2). On 18F-DOPA PET/CT,
delayed-phase imaging failed to detect 1 insulinoma that was cor-
rectly identified by early-phase 18F-DOPA and 68Ga-DOTATOC
PET/CT (Fig. 2). In this patient, the insulinoma was related to
multiple endocrine neoplasia type 1 syndrome, and the patient had
a previous history of 3 benign insulinomas that were positive on
somatostatin receptor scintigraphy and successfully treated by sur-
gery. In the other patients, insulinomas were sporadic. One 10-mm
grade 1 mixed neuroendocrine–nonneuroendocrine neoplasm
remained occult on both 18F-DOPA and 68Ga-DOTATOC PET/
CT, likely because of the small percentage of the neuroendocrine
component.
Among 2 patients with nonfunctioning pancreatic neuroendo-

crine tumors, 18F-DOPA and 68Ga-DOTATOC PET/CT were
falsely positive in one and negative in the other. The diagnosis of
insulinoma was excluded in 7 additional patients without identifi-
able pancreatic target images on either PET imaging study. The
overall detection rate, sensitivity, and specificity were, respec-
tively, 45%, 42%, 89% for 18F-DOPA and 64%, 58%, 89% for
68Ga-DOTATOC PET/CT.
The tumor-to-background uptake ratios were more favorable

with 68Ga-DOTATOC than with 18F-DOPA PET. The mean ratios
of tumor SUVmax and tumor SUVmax to normal pancreas SUVmean

were 6.7 and 1.5, respectively, for early-phase 18F-DOPA; 6.3 and
2.7, respectively, for delayed-phase 18F-DOPA; and 45.2 and 10.8,
respectively, for 68Ga-DOTATOC PET/CT.

FIGURE 1. Flowchart summarizing study design and key PET/CT
imaging findings. MiMEN 5 mixed neuroendocrine–nonneuroendocrine
neoplasm; NF5 not functioning.
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TABLE 1
Patients with Suspected Insulinoma Who Underwent Both Carbidopa-Assisted 18F-DOPA and 68Ga-DOTATOC PET/CT

Patient
no. Age (y) Sex

24-h fast
test

Medical
treatment CT/MRI EUS

Early/delayed
18F-DOPA/

SSTR PET/CT Final diagnosis
Gold

standard

1 62 F Positive Diazoxide 1/1, head 1, head 1/1/1, head Insulinoma,
10-mm, grade 1,

Ki-67: 2%

Pathology
(surgery)

2 31 F Doubtful Diazoxide 2/2 ?, body 2/2/2 Insulinoma
excluded

Consensus

3 16 F Positive Diazoxide 2/2 — 2/2/2 Insulinoma
excluded

Consensus

4 70 M Positive Diazoxide 1/1, tail 1/1/1, tail Nonfunctioning
pNET, 66-mm,
grade 3, Ki-67:

25%

Pathology
(surgery)

5 19 F Positive 2/2 2/2/2 Insulinoma
excluded

Consensus

6 62 F Positive 1/NA, body 1, body 2/2/1, body Insulinoma, 17-mm Pathology
(FNAB)

7 71 F Doubtful 2/NA 2 1/1/1, head Insulinoma,
18-mm, grade 1,

Ki-67: 1%

Pathology
(surgery)

8 77 F Doubtful 2/2 ?, tail 2/2/2 Insulinoma
excluded

Consensus

9 65 M Positive 2/2 1, body 2/2/2 MiNEN, 10-mm,
grade 1 (IHC: 15%
insulin-positive,

90% SST-positive)

Pathology
(surgery)

10 48 F Positive 1/1, tail 1/1/1, tail Insulinoma,
17-mm, grade 1,

Ki-67: 1%

Pathology
(surgery)

11 78 F Positive Diazoxide 1/NA, tail 2/2/2 Insulinoma,
12-mm, grade 1,

Ki-67: 2%

Pathology
(surgery)

12 64 F Positive 2/2 2/2/2 Insulinoma
excluded

Consensus

13 27 F Doubtful 1/1, head 1/2/1, head Insulinoma, 10-mm
(MRI)

Consensus

14 64 M Doubtful 2/2 2/2/2 Insulinoma
excluded

Consensus

15 78 F Doubtful 2/NA 2/2/2 Insulinoma
excluded

Consensus

16 29 F Positive 2/1, tail 1/1/2, tail Insulinoma,
12-mm, grade 1,

Ki-67: 1%

Pathology
(surgery)

17 67 F Positive Diazoxide 2/2 2 2/2/2 Insulinoma (occult) Consensus

18 64 F Doubtful 2/1, body 1, body 2/2/2 Nonfunctioning
pNET, 5-mm,

grade 1, Ki-67: 1%

Pathology
(FNAB)

19 72 M Positive Diazoxide 1/NA, head 1 2/2/1, head Insulinoma, 10-mm Pathology
(FNAB)

20 93 M Positive Diazoxide 1/NA, tail 2 2/2/1, tail Insulinoma, 13-mm Consensus

21 52 M Positive NA/1, head 1, head 2/2/2 Insulinoma, 22-mm Pathology
(FNAB)

EUS 5 endoscopic ultrasound; 1 5 positive result; 2 5 negative result; ? 5 doubtful result; pNET 5 pancreatic neuroendocrine
tumor; NA 5 not available; FNAB 5 fine-needle aspiration biopsy; MiNEN 5 mixed neuroendocrine–nonneuroendocrine neoplasm;
IHC 5 immunohistochemistry.
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DISCUSSION

The present study aimed to describe the value of 68Ga-SSTR
PET/CT and carbidopa-assisted 18F-DOPA in a series of hypogly-
cemic patients. The principal conclusions were, first, that 68Ga-
DOTATOC PET/CT has a high detection rate in insulinoma,
although its value is less than that in nonfunctioning pancreatic
neuroendocrine tumors because of a lack of SSTR2 expression in
a subgroup of insulinomas (10), and, second, that 68Ga-DOTA-
TOC PET/CT can be positive when 18F-DOPA fails (3 cases) and
vice versa (1 case). The latter point is easily comprehensible
because of the various molecular determinants of tracer uptake
and retention in both conditions.
Although our study was not designed to perform a reliable

comparison between 68Ga-SSTR PET/CT and 18F-DOPA
(mainly because the study was retrospective and had a limited
number of patients), we suggest using 68Ga-SSTR PET as the
first-choice tracer when 68Ga-exendin-4 is not available. This
position could be supported by several arguments. Two recent
retrospective studies showed promising results concerning the
use of 68Ga-SSTR PET/CT in patients with insulinoma-related
hyperinsulinemic hypoglycemia, allowing for the identification
of pancreatic secreting tumors in 9 of 10 (90%) and 11 of 13
patients (85%) (5,6). The greater sensitivities described in
these studies than in our study could be related to the inclu-
sion of solely pathologically proven insulinomas (5,6), exclud-
ing patients with nonoperated 68Ga-SSTR–negative insulinoma.
Furthermore, on the basis of the widely admitted expression of
SSTR2 in two thirds of insulinomas (10), it is expected that
68Ga-SSTR PET/CT sensitivity in real-life situations should be
less than previously reported, with an on–off uptake pattern,
depending on SSTR2 expression. The use of 68Ga-SSTR PET/CT
also has practical advantages over 18F-DOPA in terms of avail-
ability and cost for teams skilled and suitably equipped for 68Ga
radiolabeling.
Although the application of carbidopa-assisted 18F-DOPA PET/CT

remains controversial (11), the present study showed that it can be
useful for SSTR-negative insulinoma and therefore can be considered
a second-choice tracer when 68Ga-SSTR PET/CT fails to detect the

tumor. The lower rate of 18F-DOPA PET/CT
positivity than previously reported could also
be related to selection bias. As highlighted in
the flowchart, 5 insulinomas, including 4
with 18F-DOPA–positive findings, did not
undergo 68Ga-SSTR PET/CT. With these
patients, the rate of positivity would therefore
be 56% (9/16). Physicians should be aware
that imaging protocols should be
adapted, including carbidopa premedication.
We previously showed in a preclinical model
that the use of carbidopa did not inhibit insu-
linoma 18F-DOPA uptake (12), a phenome-
non that was described for b-cell
hyperplasia (13). In the present study,
delayed acquisition missed 1 insulinoma,
and early acquisition was never inferior to
delayed acquisition. In a previous study that
included 24 patients, 4 cases were detected
only by early-phase acquisition (14).

CONCLUSION

Despite the limitations that have been pointed out, this study pro-
vided new data on both tracers in this rare but curable disease. When
68Ga-exendin-4 is not available, we suggest using SSTR analogs as
the first-choice PET tracer and considering carbidopa-assisted
18F-DOPA as a valid alternative when the results are inconclusive.
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KEY POINTS

QUESTION: What is the best radiopharmaceutical for insulinoma
localization in the absence of 68Ga-exendin-4?

PERTINENT FINDINGS: When 68Ga-exendin-4 is not available,
68Ga-SSTR should be considered the first-choice PET tracer.
Carbidopa-assisted 18F-DOPA PET remains a valid option when
the results are inconclusive.

IMPLICATIONS FOR PATIENT CARE: 68Ga-SSTR PET/CT ena-
bles detection of insulinoma, allowing curative sparing surgery
(enucleation/pancreatic resection) and resolution of preoperative
symptoms.
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Quantitative Radiomics Features in Diffuse Large B-Cell
Lymphoma: Does Segmentation Method Matter?
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Radiomics features may predict outcome in diffuse large B-cell lym-
phoma (DLBCL). Currently, multiple segmentation methods are used
to calculate metabolic tumor volume (MTV). We assessed the influ-
ence of segmentation method on the discriminative power of radio-
mics features in DLBCL at the patient level and for the largest lesion.
Methods: Fifty baseline 18F-FDG PET/CT scans of DLBCL patients
with progression or relapse within 2 years after diagnosis were
matched on uptake time and reconstruction method with 50 baseline
PET/CT scans of DLBCL patients without progression. Scans were
analyzed using 6 semiautomatic segmentation methods (SUV thresh-
old of 4.0 [SUV4.0], SUV threshold of 2.5, 41% of SUVmax, 50% of
SUVpeak, a majority vote segmenting voxels detected by$2 methods,
and a majority vote segmenting voxels detected by $3 methods). On
the basis of these segmentations, 490 radiomics features were
extracted at the patient level, and 486 features were extracted for the
largest lesion. To quantify the agreement between features extracted
from different segmentation methods, the intraclass correlation (ICC)
agreement was calculated for each method compared with SUV4.0.
The feature space was reduced by deleting features that had high
Pearson correlations ($0.7) with the previously established predictors
MTV or SUVpeak. Model performance was assessed using stratified
repeated cross validation with 5 folds and 2,000 repeats, yielding
the mean receiver-operating-characteristics curve integral for all
segmentation methods using logistic regression with backward fea-
ture selection. Results: The percentage of features yielding an ICC
of at least 0.75, compared with the SUV4.0 segmentation, was low-
est for 50% of SUVpeak both at the patient level and for the largest
lesion, with 77.3% and 66.7% of the features yielding an ICC of at
least 0.75, respectively. Features did not correlate strongly with
MTV, with at least 435 features at the patient level and 409 features
for the largest lesion for all segmentation methods having a correla-
tion coefficient of less than 0.7. Features correlated strongly with
SUVpeak (at least 190 at patient level and 134 for the largest lesion
were uncorrelated to SUVpeak, respectively). Receiver-operating-
characteristics curve integrals ranged between 0.6960.11 and
0.8460.09 at the patient level and between 0.696 0.11 and
0.7360.10 at the lesion level. Conclusion: Even though there are
differences in the actual radiomics feature values derived and
selected features among segmentation methods, there is no

substantial difference in the discriminative power of radiomics fea-
tures among segmentation methods.

Key Words: diffuse large B-cell lymphoma; segmentation methods;
radiomics; 18F-FDGPET/CT
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Diffuse large B-cell lymphoma (DLBCL) is the most common
subtype of non-Hodgkin lymphoma. To improve the outcome of
patients with DLBCL, early identification of patients at risk of treat-
ment failure is of the utmost importance, as 25%–40% of patients
experience relapse or progression in the first years after diagnosis
(1). Recent data suggest that baseline radiomics features are promis-
ing biomarkers to predict treatment outcome in DLBCL (2–4), as
they can predict outcome beyond metabolic tumor volume (MTV)
and the international prognostic index (5).
Radiomics features can be calculated from the baseline 18F-FDG

PET/CT scans and capture detailed and quantitative information on,
for example, texture, intensity, and shape of lesions. Currently,
radiomics analyses in lymphoma are based on predefined tumor seg-
mentations. Segmentations are usually performed using absolute
SUV thresholds (6) or percentages of SUVmax or SUVpeak (2,7). For
the calculation of radiomics features, some studies use the hottest
lesion (4), whereas others use the largest lesion (3,8) or tumor seg-
mentations at the patient level (2,9). The largest lesion and MTV at
the patient level had the highest predictive value (9). Therefore, in
this study we concentrated on the largest lesion and radiomics fea-
tures extracted from tumor segmentations at the patient level.
One of the main problems with generating a multitude of fea-

tures is the high false-detection rate caused by multiple testing.
Moreover, several features may represent similar characteristics
that are often highly correlated and therefore redundant (10).
Redundant features may induce a correlation bias (11), and models
become difficult to interpret (12).
Therefore, reducing the feature space to a degree feasible for

clinical use without losing important information is essential. One
method to reduce feature space is hierarchical clustering, based on
correlation analysis or distance metrics (13).
Previous DLBCL studies showed that MTV measured with differ-

ent segmentation methods, albeit at different cutoffs, showed
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comparable discriminative power to predict survival (6,7). However,
it is unclear to what extent the discriminative power of other radio-
mics features is affected by the method used to segment the lesions.
Therefore, our main objective was to assess the effects of applying 6
frequently used segmentation methods on the discriminative power
for 2-year time to progression of baseline PET/CT radiomics features
in DLBCL both at the patient level and for the largest lesion.

MATERIALS AND METHODS

Study Population
For this case-control study, 100 patients with newly diagnosed

DLBCL from the HOVON-84 study (Haemato Oncology Foundation
for Adults in the Netherlands; European Union Drug Regulating Author-
ities Clinical Trials Database identifier 2006-005174-42) with baseline
PET/CT scans available were included. Fifty patients with progressive
disease or relapse within 2 years after diagnosis were matched on scan
interval and reconstruction method (European Association of Nuclear
Medicine Research GmbH [EARL]/non-EARL) (14) with 50 patients
without progression. For this analysis, we combined R-CHOP14 (14-
d cycles of rituximab plus cyclophosphamide, doxorubicin, vincristine,
and prednisone) and RR-CHOP14 (rituximab-intensified R-CHOP-14),
because outcomes were similar between treatment arms (15). The
HOVON-84 study was approved by the institutional review board, and
all participants gave informed consent.

Quantitative Analysis
Quantitative PET/CT analysis was performed using the quantitative

oncology molecular analysis suite (ACCURATE) (16). To match qual-
ity criteria, PET and low-dose CT scans should be complete, and liver
SUVmean and plasma glucose should be within the ranges suggested by
the European Association of Nuclear Medicine guidelines (14). If liver
SUVmean was outside the suggested ranges but total image activity was
between 50% and 80% of the injected activity, the scans were still
included. All scans were reviewed by nuclear medicine physicians, and
delineations were performed under their supervision. The following
frequently used semiautomatic segmentation methods were applied to
delineate lesions: an SUV threshold of 2.5, an SUV threshold of 4.0
(SUV4.0). 50% of SUVpeak (17), 41% of SUVmax, a majority vote seg-
menting voxels detected by at least 2 methods, and a majority vote seg-
menting voxels detected by at least 3 methods (supplemental materials;
available at http://jnm.snmjournals.org).

Lesions were delineated with a fully automated preselection of
lesions with a volume threshold of at least 3 cm3. Lymphoma lesions
smaller than 3 cm3 were added by observer selection, and nontumor
regions were deleted with single mouse-clicks for all 6 segmentation
methods (18). Lesions for which automatic segmentation was successful
were added to the patient-level volume of interest. If lesion selection
resulted in flooding (i.e., selection of large parts of nontumor regions,
such as liver, spleen, or skeleton), the lesion was not added. Adjacent
nontumor 18F-FDG–avid regions (e.g., bladder or kidney) were manu-
ally removed. For the fixed SUV4.0 method, we also generated segmen-
tations with a volume threshold of at least 3 cm3. Two observers
selected the method with the highest visual agreement (best method) for
each patient, resolving initial discrepancies in consensus meetings.

Feature Extraction
Four hundred eighty radiomics features (texture [n5 408], morphol-

ogy [n5 22], intensity-based statistics [n5 18], intensity histogram
[n5 24], intensity–volume histogram [n5 6], and local intensity
[n5 2]) and 6 conventional PET uptake metrics before rebinning were
extracted for both the patient level and the largest lesion for each seg-
mentation method. The patient-level volume of interest included all
segmented lesions and was generated by assigning all voxels within the

individual lesions to one and all voxels outside any of the segmented
individual lesions to zero. At the patient level, 4 additional dissemina-
tion features were calculated. All image-processing and feature calcula-
tions were performed using RaCat software (19), which complies with
the imaging biomarker standardization initiative criteria (20). Details
on feature calculation are presented in the supplemental materials.

Statistical Analysis
All statistical analyses were performed for radiomics features at the

patient level and for the largest lesion using R (version 4.0.3). The
paired Student t test was used to compare the MTV and SUVpeak of all
segmentation methods with the best segmentation. On the basis of
recent studies, the SUV4.0 segmentation was chosen as a reference
(7,18). First, if the distribution of the radiomics feature values had
skewness greater than 0.5 for the SUV4.0 segmentation method, they
were log-transformed for all segmentations using the natural loga-
rithm. The agreement between radiomics features extracted from dif-
ferent segmentations was quantified by calculating the intraclass
correlation (ICC) compared with the SUV4.0 segmentation. ICCs
were categorized as having reliability that was poor (,0.5), moderate
(0.5–0.74), good (0.75–0.89), or excellent ($0.90) (21). Two texture
features at the patient level and 3 texture features at the lesion level
did not show any variation and were therefore excluded.

MTV and SUVpeak have been shown to be predictive in DLBCL (9).
To avoid overfitting and to remove redundancy, the feature space was
reduced by deleting features that correlated strongly with either MTV or
SUVpeak. The Pearson correlation coefficient between MTV and other
radiomics features, and between SUVpeak and other radiomics features,
was calculated for each segmentation method. A correlation was consid-
ered high if the Pearson correlation coefficient was at least 0.7 (22).

For each segmentation method, the mutual correlations between
features that did not correlate with MTV and SUVpeak were calculated
using Pearson correlation. For clusters of features with high mutual
correlations, as identified with hierarchical clustering using Euclidian
distance as a distance measure, the feature with the lowest correlation
to MTV or SUVpeak was preserved.

Discriminative power (progression vs. nonprogression) was assessed
using logistic regression with backward feature selection based on the
Akaike information criteria (23). We included all independent features,
MTV, and SUVpeak for all segmentations. Stratified repeated cross vali-
dation with 5 folds and 2,000 repeats was applied, yielding the mean
receiver-operating-characteristic curve integral (CV-AUC) and the SD
of AUCs between repeats. Comparing CV-AUCs is a known difficulty
because of the inherent dependency of train-test iterations and complex
relations between the trained models (24). Currently, there is no valid
statistical approach to compare CV-AUCs.

As a sensitivity evaluation, all analyses were repeated for fea-
tures that were reliable, repeatable, and reproducible in a multicen-
ter setting (25).

RESULTS

Patient characteristics are summarized in Table 1. Sixty-four
scans were semiautomatically analyzed and adapted with single
mouse-clicks only. Thirty-six scans required manual editing because
tumor and nontumor regions were adjacent. SUV4.0 was selected
most frequently as the best method for both the patient level and the
lesion level (49% and 64%, respectively).

MTV Analysis
The method using an SUV threshold of 2.5 resulted in MTV

flooding for 44 patients, leading to exclusion of this method for
further analysis. At the patient and lesion levels, MTV was highest
for the segmentation using a majority vote segmenting voxels
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detected by at least 2 methods and was lowest for the method
using 50% of SUVpeak (Table 2). Using the best visual segmenta-
tion as a reference, MTV was significantly higher for the segmen-
tation using a majority vote segmenting voxels detected by at least
2 methods and was significantly lower using all other segmenta-
tion methods (all P , 0.05; Table 2; Fig. 1). SUVpeak was compa-
rable among segmentation methods (all P . 0.05).

Patient Level
Radiomics features based on a SUV4.0 preselection with a 3-cm3

volume threshold resembled the features of the SUV4.0 segmenta-
tion most, with excellent reliability for 414 features (84.8%),
followed by the best segmentation. For the segmentation using 50%
of SUVpeak, similarity was lowest, with only 218 features (44.7%)
having excellent reliability (Fig. 2; Supplemental Table 1).
For all segmentation methods, at least 435 features (89.3%) did

not correlate strongly with MTV (Table 3), of which 433 (88.9%)
did not correlate strongly with MTV for any segmentation method.
At least 190 features (38.9%) did not correlate strongly with
SUVpeak, of which 175 (35.9%) did not correlate strongly with
SUVpeak for any segmentation. One hundred ninety-seven features
(40.5%) did not correlate with MTV and SUVpeak for at least 1
method, of which 125 (25.7%) correlated neither with MTV nor
with SUVpeak for any segmentation method. For each segmentation
method, at least 25 features (5.1%) did not show high mutual corre-
lations and did not correlate with MTV or SUVpeak. After backward
feature selection, the SUV4.0 segmentation method yielded a
CV-AUC of 0.746 0.10; 41% of SUVmax had the highest
CV-AUC (0.846 0.09), the visually best segmentation method had
the lowest CV-AUC (0.696 0.11). Selected features after backward
selection differed among segmentation methods and varied between
4 and 20 features (Table 3; Supplemental Table 2). For all segmen-
tation methods, the morphologic feature “center of mass shift” and
the texture feature “first measure of information correlation” were
retained in the linear regression model.

Largest Lesion
Radiomics features of the segmentation using a majority vote

segmenting voxels detected by at least 2 methods resembled those

TABLE 1
Characteristics of Included Patients

Characteristic Events Nonevents

Age

Median (y) 64 (IQR, 61–71) 68 (IQR, 63–74)

#60 y 11 11

.60 y 39 39

Sex

Male 28 26

Female 22 24

Ann Arbor stage

2 3 6

3 9 13

4 38 31

Lactate dehydrogenase

Normal 8 19

.normal 42 31

Extranodal localizations

#1 21 28

.1 29 22

Performance status

0 16 29

1 25 13

2 9 8

International prognostic
index

Low 3 5

Low-intermediate 2 14

High-intermediate 25 18

High 20 13

IQR 5 interquartile range.

TABLE 2
SUVpeak and MTV per Segmentation Method

Parameter SUVpeak MTV patient level MTV largest lesion

SUV4.0 17.1 (12.8–22.0) 552.7 (310.3–1,117.2) 353.5 (145.3–854.4)

SUV4.0 ($3 cm3) 17.2 (12.8–22.3) 534.8 (295.4–1,116.4) 353.5 (145.3–854.4)

A50P 16.8 (12.5–22.0) 463.5 (210.2–1,164.0) 264.6 (75.9–658.1)

41%max 16.8 (12.5–22.0) 492.0 (230.3–1,203.5) 295.3 (112.6–741.8)

MV2 16.8 (12.8–22.0) 726.2 (374.5–1,299.9) 445.1 (188.0–1041.6)

MV3 16.8 (12.5–22.3) 502.5 (235.5–1,155.0) 280.2 (98.9–693.9)

Best 16.6 (12.4–21.9) 653.2 (350.5–1,283.8) 445.1 (172.6–935.5)

A50P 5 50% of SUVpeak; 41%max 5 41% of SUVmax; MV2 5 majority vote segmenting voxels detected by $2 methods; MV3 5

majority vote segmenting voxels detected by $3 methods.
Data are median followed by interquartile range.
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of the SUV4.0 method most, with excellent reliability for 389 fea-
tures (80.5%). For the segmentation using 50% of SUVpeak, simi-
larity was lowest, at only 83 features (17.2%) with excellent
reliability (Fig. 3; Supplemental Table 3).
For all segmentations, at least 409 features (84.9%) did not cor-

relate strongly with MTV (Table 4), of which 404 (83.8%) did not
correlate strongly with MTV for any segmentation method. At
least 134 features (27.8%) did not correlate strongly with SUVpeak,
of which 130 features (27.0%) did not correlate strongly with
SUVpeak for any segmentation. One hundred forty-nine (31.0%)
features did not correlate with MTV or SUVpeak for at least 1
method, of which 61 features (12.7%) correlated neither with
MTV nor with SUVpeak for any segmentation method. For each
segmentation method, at least 19 features (4.0%) did not show
high mutual correlations and did not correlate with MTV or SUV-

peak. After backward feature selection, SUV4.0 had the highest
CV-AUC (0.736 0.10), whereas a majority vote segmenting vox-
els detected by at least 3 methods and the best segmentation
method had the lowest CV-AUC (0.696 0.11). Selected features
after backward selection differed among segmentation methods
and varied between 5 and 11 features (Table 4; Supplemental
Table 4). For all segmentation methods, the texture feature “first
measure of information correlation” was retained in the linear
regression model, and the intensity histogram feature “minimum

histogram gradient” was retained in all
models except for the SUV4.0 segmenta-
tion method.
When starting from a selection with

reliable, repeatable, and reproducible fea-
tures, similar results were found both at
the patient level and for the largest lesion
(Table 3; Table 4).

DISCUSSION

This study showed that the discrimina-
tive power is largely independent of seg-
mentation method. However, there are
large differences in radiomics feature

values derived using different segmentation methods, as shown by
ICC agreement values.
Both MTV and SUVpeak have been shown to be predictive in

DLBCL (9). Our study showed that most radiomics features are

independent of MTV for both the patient level and the largest

lesion. Hatt et al. (26) showed that textural features, which com-

prise more than 80% of our radiomics features, already provide

clinical complementary information in addition to MTV in lesions

larger than 10 cm3, with an increasing complementary prognostic

value for larger MTVs, disputing the threshold for texture features

of 45 cm3 (27). With only 4 patients with MTVs smaller than

10 cm3 for the largest lesion, and 1 patient with an MTV smaller

than 10 cm3 at the patient level, it is to be expected that most fea-

tures are independent of MTV. However, many features correlated

with SUVpeak, in which case they are redundant.
Currently, there is no consensus on the best segmentation

method for delineating lesions in DLBCL 18F-FDG PET/CT stud-
ies. Therefore, it is essential to study the sensitivity of radiomics
features in relation to segmentation method. In several solid can-
cers, radiomics features, especially morphologic and texture fea-
tures, are influenced by the delineation method (28–31). The
number of extracted features in these studies varied widely,
between 9 and 480. We extend these findings by showing that for

the largest lesion in DLBCL, up to 31%
of the texture features, and 68% of the
morphologic features, were highly sensitive
to the segmentation method, as shown by
the reliability of features compared with
SUV4.0 segmentation. DLBCL lesions usu-
ally are large, heterogeneous, and bulky.
Larger lesions are known to exhibit higher
hypoxia, necrosis, or anatomic and physio-
logic complexity—characteristics that logi-
cally translate to higher complexity in the
spatial 18F-FDG distribution and hence sen-
sitivity to segmentation method, leading to
lower reliability of features among applied
methods. Furthermore, as variations in seg-
mentation methods have a strong effect on
the outer contour of the segmentation, thus
influencing the shape of the segmentation, a
high sensitivity to segmentation methods
for morphologic features could be expected.
Because of the higher MTV, the radiomics
features at the patient level were less

FIGURE 1. Maximum-intensity PET projections of patient with lesion segmentations indicated in
red for all applied methods using SUV scale of 0–10. 41%max 5 41% of SUVmax; A50P 5 50% of
SUVpeak; MV2 5 majority vote segmenting voxels detected by $2 methods; MV3 5 majority vote
segmenting voxels detected by$3 methods; SUV2.55 SUV threshold of 2.5.

FIGURE 2. Percentage of radiomics features yielding excellent, good, moderate, or poor ICC agree-
ment between SUV4.0 segmentation and the other methods at the patient level. 41%max 5 41% of
SUVmax; A50P5 50% of SUVpeak; MV25 majority vote segmenting voxels detected by$2 methods;
MV35 majority vote segmenting voxels detected by$3 methods.
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influenced by segmentation method, with up to 20% of the texture
features, and 32% of the morphology features, being sensitive to seg-
mentation method. Because of the low similarity of some of the fea-
tures between segmentations, it is not advisable to use regression
coefficients from other studies that applied other segmentation
methods.

However, even though values are not interchangeable, in our
study the discriminative power at the lesion and patient levels was
comparable among segmentations. Contrary to what we expected,
choosing the segmentation method that visually best selected the
tumors did not result in a higher CV-AUC. These results are in line
with previous studies exploring the predictive value of radiomics

features using different segmentations for
other cancer types. None of these studies
found significant differences in predicting
outcome (28,32), metastasis, or lymph
node invasion (30) using different segmen-
tation methods. However, ICC agreement
values, correlations with MTV, correlations
with SUVpeak, and mutual correlations dif-
fered among segmentation methods, result-
ing in different preselections of features for
the logistic regression model. Even though
discriminative power is comparable, differ-
ent features are predictive of outcome
when applying different segmentation
methods.
When using only previously defined reli-

able, repeatable, and reproducible features,
discriminative power was slightly lower
for all segmentation methods. However,
the CIs of CV-AUCs using only repro-
ducible features overlapped with the CIs
of CV-AUCs using all features. There-
fore, using only reproducible features
does not affect discriminative power. In
clinical practice and multicenter studies,

TABLE 3
Number of Independent Features per Segmentation Method, Number of Included Features, and Predictive Value at Patient

Level for All Extracted Features (n 5 488) and All Reliable, Repeatable, and Reproducible Features (n 5 103)

No of features Parameter
Independent

of MTV
Independent
of SUVpeak

Independent
of MTV and
SUVpeak

Independent
of MTV and
SUVpeak and
uncorrelated

No. of features
in linear

regression CV-AUC (6SD)

488 SUV4.0 445 211 172 25 12 0.74 6 0.10

SUV4.0 ($3 cm3) 443 212 170 25 4 0.74 6 0.10

41%max 435 198 145 27 11 0.84 6 0.09

A50P 441 204 157 32 20 0.78 6 0.10

MV2 444 199 155 26 5 0.79 6 0.09

MV3 441 203 156 29 18 0.80 6 0.09

Best 445 190 147 25 12 0.69 6 0.11

103 SUV4.0 64 63 35 13 3 0.70 6 0.11

SUV4.0 ($3 cm3) 61 63 32 12 6 0.70 6 0.11

41%max 54 63 24 10 4 0.75 6 0.10

A50P 58 65 30 10 3 0.63 6 0.11

MV2 61 66 34 11 8 0.74 6 0.10

MV3 58 65 30 9 4 0.73 6 0.10

Best 62 67 36 11 7 0.69 6 0.11

41%max 5 41% of SUVmax; A50P 5 50% of SUVpeak; MV2 5 majority vote segmenting voxels detected by $2 methods; MV3 5

majority vote segmenting voxels detected by $3 methods.

FIGURE 3. Percentage of radiomics features yielding excellent, good, moderate, or poor ICC
agreement between SUV4.0 segmentation and the other methods for the largest lesion. 41%max 5

41% of SUVmax; A50P 5 50% of SUVpeak; MV2 5 majority vote segmenting voxels detected by $2
methods; MV35 majority vote segmenting voxels detected by$3 methods.
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variable image qualities are encountered. Therefore, some features
that have high predictive values may in reality be difficult to mea-
sure reliably. It is thus advisable to only use reproducible features,
especially in multicenter settings.
To our knowledge, this was the first study that assessed the

influence of segmentation methods on PET radiomics features and
their predictive power, other than MTV, in DLBCL. By applying
multiple frequently used methods on the same patients, we could
directly compare the effect of segmentation methods on quantita-
tive PET radiomics features. We chose to calculate linear relations
among radiomics features using Pearson correlation because we
used logistic regression as a classifier, and the logistic regression
model calculates linear relations with included features. This prob-
ably led to fewer included features in the logistic regression model
compared with the application of Spearman correlation as data
reduction method. One of the limitations of this study was that not
all scans were scanned according to the EARL protocol; this
inconsistency might affect the discriminative power and repeat-
ability of features (25). Because we matched events and non-
events on reconstruction method there were no difference in
EARL compliance between groups. However, this matching does
not preclude an effect of the reconstruction method on the discrim-
inative power. Use of harmonization methods such as ComBat to
retrospectively increase uniformity in large datasets has definitely
been shown to be worthwhile (33,34). Therefore, ComBat-based
data alignment would be a successful approach toward harmoniz-
ing these differences. Unfortunately, in our study the number of
patients per center was too small to allow application of ComBat.
Moreover, in view of the equivalent discriminative power seen in
our data among various segmentation methods, ComBat-based
data alignment would be a successful approach toward harmoniz-
ing databases of radiomics features analyzed using different seg-
mentation methods. In our cohort, patients presented with high

MTVs; therefore, these results need to be validated for other
cohorts with smaller lesion sizes.

CONCLUSION

This study found no substantial difference in the discriminative
performance of radiomics features extracted using different seg-
mentation methods. However, there are differences in the actual
radiomics feature values derived and in the selected features
among segmentation methods. Until consensus on a segmentation
method for DLBCL is reached, it is advisable to use only predic-
tion models that are built using data with the same segmentation
methods.
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KEY POINTS

QUESTION: What is the influence of segmentation methods on
the discriminative power of baseline radiomics features in DLBCL?

PERTINENT FINDINGS: There is no difference in the discrimina-
tive power of radiomics features among segmentation methods.
However, different features are selected when applying different
segmentation methods.

IMPLICATIONS FOR PATIENT CARE: It is advisable to only use
prediction models that are build using data with the same seg-
mentation methods.

TABLE 4
Number of Independent Features per Segmentation Method, Number of Included Features, and Predictive Value for
Largest Lesion for All Extracted Features (n 5 483) and All Reliable, Repeatable, and Reproducible Features (n 5 99)

No. of
features Parameter

Independent
of MTV

Independent
of SUVpeak

Independent
of MTV and
SUVpeak

Independent of MTV
and SUVpeak and

uncorrelated

No. of features
in linear

regression CV-AUC (6SD)

483 SUV4.0 427 134 85 24 11 0.73 6 0.10

41%max 409 158 84 19 10 0.71 6 0.11

A50P 424 176 117 21 8 0.71 6 0.11

MV2 435 141 93 21 3 0.71 6 0.10

MV3 424 173 114 21 5 0.69 6 0.11

Best 437 168 122 25 10 0.69 6 0.11

99 SUV4.0 57 46 13 10 5 0.73 6 0.10

41%max 50 57 14 6 1 0.65 6 0.11

A50P 54 59 20 9 4 0.63 6 0.11

MV2 59 52 18 8 3 0.70 6 0.11

MV3 54 52 18 7 3 0.67 6 0.11

Best 59 55 21 10 3 0.69 6 0.11

41%max 5 41% of SUVmax; A50P 5 50% of SUVpeak; MV2 5 majority vote segmenting voxels detected by $2 methods; MV3 5

majority vote segmenting voxels detected by $3 methods.
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For patients with Merkel cell carcinoma (MCC) who are refractory to
immune checkpoint inhibition (ICI), treatment options are limited. Few
cases of MCCs have been reported to show responses to peptide
receptor radionuclide therapy (PRRT). A combination of PRRT and ICI
has not been reported in MCC to date. A patient with metastatic
MCC, who was resistant to first-line avelumab and acquired resis-
tance to ipilimumab/nivolumab (IPI/NIVO) with additional radiotherapy,
presented with multiple distant metastases. After confirmation of
SSTR expression, treatment was continued with an additional 4 doses
of IPI/NIVO combined with 2 cycles of PRRT. Treatment was well tol-
erated, with transient hemotoxicity and mild nausea. Restaging after
3 mo demonstrated an exceptional response. This case demonstrates
the feasibility of combined treatment with IPI/NIVO and PRRT as an
option for MCC patients progressing under ICI. Prospective evidence
confirming the additive value of combining ICI and radionuclide ther-
apy in a larger cohort is needed.

Key Words: immunotherapy; PRRT, SSTR; Merkel cell carcinoma;
PD-L1
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Merkel cell carcinoma (MCC) is an aggressive form of neuro-
endocrine skin cancer. In the United States, the incidence of MCC
is around 0.8 per 100,000, and the numbers continue to rise. Meta-
static MCC (mMCC) is characterized by a particularly poor prog-
nosis, with a 5-y overall survival rate of approximately 30% (1).
On the basis of the high immunogenicity of MCC and the need

for more effective therapies, immune checkpoint inhibition (ICI)
was successfully introduced for first- and second-line treatment of
mMCC (2). Similar to many other neuroendocrine malignancies,
MCC expresses somatostatin receptors (SSTRs) enabling receptor-
targeted PET and peptide receptor radionuclide therapy (PRRT) (3).
PRRT led to significantly prolonged survival compared with

treatment with somatostatin analogs in patients with neuroendocrine

tumors of the midgut (4). PRRT for mMCC exhibited a promising
response in a few case reports (5–7). Here, we report the case of a
patient with mMCC who progressed on multiple lines of ICI and
subsequently responded well to combined therapy with ipilimumab
plus nivolumab ICI and somatostatin PRRT.

MATERIALS AND METHODS

A 60-y-old, immune-competent man presented with a red lump on
his right upper thigh. Surgical excision and histopathology revealed a
high-grade MCC with positive margins. Sentinel lymph node biopsy
confirmed nodal involvement. The tumor was MCPyV-positive, with a
low tumor mutational burden, but lacked significant programmed
death-ligand 1 expression.

The initial TNM stage was pT2 pN1b cM0. Subsequently, the patient
received adjuvant radiotherapy to the tumor bed (60 Gy) and the draining
lymph node region (50 Gy). Follow-up CT staging demonstrated multi-
ple enlarged retroperitoneal lymph nodes, indicative of metastases
(Fig. 1). Systemic treatment with avelumab, 800 mg every 2 wk, was ini-
tiated and tolerated well, but imaging after 4 doses revealed progressive
disease (Fig. 1). The immunotherapeutic regimen was switched to ipili-
mumab, 3mg/kg, and nivolumab, 1mg/kg every 3 wk (IPI/NIVO),
which was accompanied by severe diarrhea requiring treatment interrup-
tion. Additionally, radiotherapy (50.4 Gy) of the retroperitoneal lymph
nodes was performed and resulted in a partial response (Fig. 1). At the
same time, the patient took artesunate supplements (8) and received mul-
tiple administrations of Newcastle disease virus; both treatments were
given on the patient’s own initiative outside our center (9).

Shortly after pausing immunotherapy, the patient developed oligo-
progression with new bone metastases and started supportive treatment
with denosumab and palliative radiation therapy delivered to selected
bone metastases of the spine. After recovering from the previous
immune-related toxicity, the patient started on nivolumab, 480 mg
every 4 wk as maintenance therapy, but again progressed dramatically
within 30 d, with several new skeletal lesions.

Restaging with SSTR PET confirmed high levels of SSTR expression
at all sites of disease (bone and lymph nodes). We therefore decided to
rechallenge the patient with IPI/NIVO together with PRRT. Written
informed consent for publication was obtained from the patient.

RESULTS

The patient received a cumulative activity of 14.8 GBq of
177Lu-DOTATOC over 2 cycles of PRRT (4). Posttreatment scin-
tigraphy was performed to verify retention of the radionuclide in
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tumor lesions (Fig. 2). IPI/NIVO was given as ipilimumab,
3mg/kg, and nivolumab, 1 mg/kg, every 3 wk. The treatment was
well tolerated, with transient grade 3 leukopenia, mild nausea
(grade 2), and autoimmune–related thyroiditis (Common Terminol-
ogy Criteria for Adverse Events grade 1). After 2 cycles of PRRT
and 4 doses of IPI/NIVO, we performed restaging with SSTR PET.
Here, we noted a marked response by multiple skeletal lesions
(Fig. 2). However, we found one new lymph node metastasis on
the left side of the neck, which was excised
and histologically confirmed as MCC.
Increased SSTR PET uptake in the thyroid
was rated as thyroiditis. Because of his
good treatment response on imaging and his
good clinical condition, the patient currently
continues PRRT at a 50% reduced dose
(3.8 GBq/cycle), together with maintenance
nivolumab, 480mg every 4wk. At the time
of submission, the patient had experienced
an ongoing response for 5 mo.

DISCUSSION

Introduction of ICI greatly improved
patient outcomes in advanced MCC (10).
However, half the patients either primarily
do not respond or exhibit acquired resis-
tance. Our patient eventually progressed
during all immunotherapeutic regimens but
initially responded well to a combination
ICI with IPI/NIVO. We therefore decided
on an individual salvage regimen with
reinduction of IPI/NIVO and addition of
PRRT.

Radiation leads to immunogenic cell
death and activation of immune effector
cells, which could enhance the efficacy of
ICI therapy (11). Further, radiation alters
the microenvironment of tumors via the
expression of chemokines and release of
antigens and neoantigens, allowing for
immune cell infiltration of irradiated tissue
(12). Conversely, ICI therapy may enhance
the therapeutic effects of radiation by coun-
teracting tumor hypoxia and influx of
myeloid-derived suppressor cells, which are
knownmechanisms of radioresistance (13).
In contrast to external-beam radiation

therapy, PRRT delivers radiation to every
metastatic lesion with target expression. In
the phase III NETTER-1 trial, compared
with therapy with somatostatin analogs,
PRRT led to prolonged progression-free
survival and an improved quality of life in
patients with midgut neuroendocrine tumors
(4). Generally, PRRT is well tolerated, with
lymphopenia, nausea, and fatigue as most
frequent but often mild adverse effects (4).
MCCs often express SSTR at moderate to
high levels and are thus amenable to PRRT
(14). In our patient, SSTR PET before treat-
ment initiation revealed high and homoge-

neous expression of SSTR.
There is increasing interest in combining radionuclide therapy and

ICI therapy. Promising preclinical data show that ICI enhances radio-
nuclide therapy in prostate cancer (15), and 2 clinical trials are under
way (NCT03658447 and NCT03805594). In a recent phase Ib trial
in patients with neuroendocrine tumors of the lung, combined PRRT
and nivolumab were well tolerated and showed signs of antitumor
activity (16). Disease control was achieved in 3 of 9 (33%) patients.

FIGURE 1. Retroperitoneal lymph nodemetastasis: flowchart of important events since initial diagnosis,
andCTandMR imagesof retroperitoneal lymphnodemetastases (1–3; arrows). (1) After detectionof lymph
nodemetastasis, immunotherapywith avelumabwas initiated. (2)After 1mo, rapid increase in lactatedehy-
drogenase serum levels was noted, and restaging revealed progressive disease. Treatment was switched
to IPI/NIVO plus radiotherapy to retroperitoneal lymph nodes. (3 and 4) Although lymph node metastases
showed strong response to IPI/NIVO (3), new bone metastases were detected (4; arrow). CR5 complete
response; EBRT 5 external-beam radiation therapy; LYMPH = lymph node metastasis; OSS = bone
metastasis; oligoPD=oligoprogressivedisease; PD5 progressive disease;PR5 partial response.

Baseline SSTR-PET Post-therapy scan (2 h p.i.) Follow-up SSTR-PET

SUV 0

SUV 5

SUV 0

SUV 5

FIGURE 2. Response after IPI/NIVO plus PRRT: maximum-intensity projections of baseline and
follow-up 68Ga-DOTATOC PET scans (SSTR PET) indicating favorable response of bone metastases
(red arrows) to PRRT plus IPI/NIVO therapy. Physiologic uptake can be seen in liver, spleen, and uri-
nary tract. Posttherapy scan after first PRRT cycle confirmed retention of 177Lu-DOTATOC in tumor
sites. Follow-up SSTR PET 13 wk after first cycle revealed new uptake in thyroid gland (blue arrow).
Patient was diagnosed with autoimmune thyroiditis as side effect of ICI therapy with IPI/NIVO.
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The National Comprehensive Cancer Network guidelines have
implemented the use of PRRT for several neuroendocrine tumors but
not yet for MCC (17). To date, there have been only a few
reported cases of successful PRRT in mMCC (5–7) and no cases of
combined PRRT and immunotherapy. Recently, the GoTHAM trial
(NCT04261855) was launched; it is investigating the efficacy of first-
line avelumab plus PRRT for the treatment of mMCC. The 3-armed
design compares avelumab, avelumab plus radiotherapy, or avelumab
plus PRRT and stratifies patients by SSTR expression level. Results of
this trial will shed light on the added value of radiation to ICI therapy.
However, survival data are not expected before 2024. Trials evaluat-
ing PRRT as monotherapy in MCC are also urgently needed, ideally
comparing PRRT to PRRT plus ICI. Meanwhile, PRRT alone or in
combination with ICI therapy will be reserved for individuals who
failed other therapeutic regimens. Our case underlines the intriguing
promise of radionuclide therapy, potentially turning immunotherapy-
unresponsive into immunotherapy-responsive tumors.

CONCLUSION

We report the response to combined IPI/NIVO plus PRRT in a
patient with mMCC refractory to multiple previous ICI regimens.
Although a prospective clinical trial is under way, our case high-
lights the need for rapid clinical development of combination strat-
egies for patients with no response to immunotherapy alone.
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KEY POINTS

QUESTION: Can immunotherapy and PRRT be combined to
achieve a response in patients with mMCC who progressed under
immunotherapy?

PERTINENT FINDINGS: Our case shows that combined immuno-
therapy and PRRT resulted in acceptable toxicity and an excep-
tional response.

IMPLICATIONS FOR PATIENT CARE: Combining immunother-
apy and PRRT should be explored in prospective clinical trials;
until then, it is a feasible option for patients who have exhausted
all other options.
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Tumor dosimetry was performed for 177Lu-DOTATATE with the aims
of better understanding the range and variation of the tumor-
absorbed doses (ADs), how different dosimetric quantities evolve
over the treatment cycles, and whether this evolution differs depend-
ing on the tumor grade. Such information is important for radiobio-
logic interpretation and may inform the design of alternative
administration schemes. Methods: The data came from 41 patients
with neuroendocrine tumors (NETs) of grade 1 (n 5 23) or 2 (n 5 18)
who had received between 2 and 9 treatment cycles. Dosimetry was
performed for 182 individual lesions, giving a total of 880 individual
AD assessments across all cycles. Hybrid planar–SPECT/CT imaging
was used, including quantitative SPECT reconstruction, voxel-based
absorbed-dose-rate calculation, semiautomatic image segmentation,
and partial-volume correction. Linear mixed-effect models were used
to analyze changes in tumor ADs over cycles, absorbed-dose rates
and activity concentrations on day 1, effective half-times, and tumor
volumes. Tumors smaller than 8 cm3 were excluded from analyses.
Results: Tumor ADs ranged between 2 and 77 Gy per cycle. On aver-
age, the AD decreased over the cycles, with significantly different
rates (P , 0.05) of 6% and 14% per cycle for grade 1 and 2 NETs,
respectively. The absorbed-dose rates and activity concentrations on
day 1 decreased by similar amounts. The effective half-times were
less variable but shorter for grade 2 than for grade 1 (P , 0.001). For
grade 2 NETs, the tumor volumes decreased, with a similar tendency
in grade 1. Conclusion: The tumor AD, absorbed-dose rate, and
activity uptake decrease, in parallel with tumor volumes, between
177Lu-DOTATATE treatment cycles, particularly for grade 2 NETs. The
effective half-times vary less but are lower for grade 2 than grade 1
NETs. These results may indicate the development of radiation-
induced fibrosis and could have implications for the design of future
treatment and dosimetry protocols.

Key Words: 177Lu-DOTATATE; neuroendocrine tumors; absorbed
dose; fractionation
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DOTATATE with 177Lu is well established for the treatment
of neuroendocrine tumors (NETs). A protocol of 4 cycles of

7.4 GBq administered at an interval of approximately 2 mo has
been proven safe and effective (1–3). Since the therapy is based
on ionizing radiation, the likelihood of tumor response is expected
to be related to the absorbed dose (AD) (4–11). Current data indi-
cate that the tumor ADs vary considerably between patients, from
a few grays to nearly 200 Gy (8,9,12–15). Most studies on tumor
dosimetry have focused on a single lesion in each patient, and
there are currently limited data on the variation in AD between
metastases within patients and variation across treatment cycles.
Such information is important to advance the understanding of
how the AD delivery is currently fractionated and to inform the
design of alternatives in which the activity per cycle, number of
cycles, or time between cycles in the standard administration
scheme are modified (4,7–9,11,16).
The AD is essentially calculated from a combination of an ini-

tial absorbed-dose rate and an effective half-time, in turn derived
from estimates of the activity concentration over time. Under-
standing changes in these input quantities is essential for a deeper
understanding of any systematic changes in the AD. Such informa-
tion is also important from a practical perspective. A varying ini-
tial absorbed-dose rate but a stable half-time implies that the latter
needs to be determined at cycle 1 only, thereby simplifying the
dosimetry protocol.
Tumor biology adds another level of complexity. Gastroentero-

pancreatic NETs are divided into grades G1, G2, and G3 based on
Ki-67 staining representing the proliferation rate. G1 tumors
(Ki-67 , 3%) are indolent, whereas G3 tumors (Ki-67 . 20%)
are more aggressive. G2 tumors have a proliferation rate of
3%–20%, with a moderate aggressiveness. Additionally, there is
an inverse relationship between somatostatin-receptor expression
and grade (17).
The aim of this work is to improve the understanding of how

the tumor AD is delivered over the treatment cycles, including the
effect of tumor grade. Further aims are to elucidate which underly-
ing quantity is mainly responsible for any changes in the tumor
ADs and whether dosimetry can be simplified.

MATERIALS AND METHODS

Patient Data
Data were obtained from the Iluminet trial (NCT01456078), for

which a detailed description has been published elsewhere (18). The
Iluminet trial was a phase II, nonrandomized clinical trial that included
103 patients at 2 sites in Sweden from 2011 to 2018. The trial included
patients with somatostatin-receptor–expressing NETs of gastroentero-
pancreatic or bronchopulmonary origin, with a Ki-67 index of up to
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20% (G1 and G2) based on the most recent biopsy before inclusion in
the study. They were given repeated cycles of 177Lu-DOTATATE
(7.4 GBq) at intervals of 10 6 2 wk. Treatment was continued up to a
renal biologically effective dose of 27 6 2 Gy unless tumor progres-
sion or treatment-limiting toxicity occurred earlier. Patients with a
good renal and hematologic tolerance, and no signs of tumor progres-
sion, were invited to continue up to a renal biologically effective dose
of 40 6 2 Gy. The final analysis of the trial results is under way. This
study is based on a subset of the Iluminet patients, acquired at one of
the study sites, and includes 41 patients who received 2–9 cycles.

Image Data
Two SPECT/CT systems were used, a GE Discovery VH and a GE

Discovery 670 (GE HealthCare). Images were acquired using medium-
energy collimators and energy windows centered on 208 keV, with
widths of 20% (GE Discovery VH) or 15% (GE Discovery 670).

Whole-body images were acquired at nominal times 1 h, 24 h
(day 1), 96 h (day 4), and 168 h (day 7) after administration. The
g-camera images were coregistered to a scout radiograph to enable
pixelwise attenuation and scatter correction (19).

SPECT/CT images were acquired on day 1, with 60 projections of
45 s each, a 128 3 128 matrix, and a pixel size of 4.42 3 4.42 mm2

(GE Discovery 670) or 4.02 3 4.02 mm2 (GE Discovery VH). The
low-dose CT images were rescaled to mass density using a 2-segment
linear function based on calibration measurements. For each set of
projection data, 3 different settings were used for the OS-EM recon-
struction (overview of image data analysis is shown in Supplemental
Fig. 1; supplemental materials are available at http://jnm.snmjournals.
org). The reason for this 3-fold reconstruction was that different steps
in the dosimetry process required images with different characteristics
(20,21). The first reconstruction (AS-8) was used for segmentation
and applied 8 iterations and 6 angles per subset with compensation for
attenuation and scatter (22). The second reconstruction (ASR-8), used
for visual inspection, also included distance-dependent resolution
compensation. The third reconstruction (ASR-40) was used for image-
based quantification, with 40 iterations and 6 angles per subset and
compensations for attenuation, scatter, and resolution. All SPECT
images were calibrated to reflect the activity per voxel by application
of a calibration factor from measurements in air (23). Absorbed-dose-
rate maps were calculated from the SPECT images (ASR-40) using a
voxel-based Monte Carlo program based on the EGS4 code with the
PRESTA (23,24).

Recovery coefficients (RCs) were determined by phantom measure-
ments of an elliptic water-filled Jaszczak phantom with 12 spheric
inserts with 177Lu-DOTATATE with volumes of 3.9–93 mL. Four
spheres were from a commercial vendor, whereas 8 spheres were 3D-
printed by fused filament fabrication. Images were acquired for 1–3
spheres at a time using the same acquisition settings as for patients
and reconstructed as ASR-40. The RC was calculated as the ratio of
the sphere activity estimated from images and the activity from
phantom preparation, and a function of the RC versus volume was
fitted (21).

Image Analysis
Tumors were delineated in the SPECT images using a semiautomatic

3-dimensional segmentation method based on Fourier surfaces (21). Ini-
tialization was done by manual delineation of volumes of interest
(VOIs) that roughly encompassed the tumor, using the ASR-8 SPECT
image for guidance. A closed surface was adapted to the tumor bound-
ary as represented by high image gradients in the AS-8 SPECT images,
which has been shown to preserve volume well (21). The VOI was
applied in the ASR-40 images, and the mean activity concentration was
calculated. The mean absorbed-dose rate was determined by applying

the same VOI in the absorbed-dose-rate maps. The RC for the VOI vol-
ume was applied to both the activity concentration and the absorbed-
dose rate.

Planar images were analyzed by identifying the tumors using an
in-house graphic user-interface. Segmentation was performed using a
semiautomatic method (20), which, when applied in the time sequence
of images, yielded tumor-specific time–activity data (in relative units).
Absorbed-dose rate as a function of time was determined by rescaling
the planar-derived data to the SPECT-derived absorbed-dose rate on
day 1. A curve was fitted, consisting of a monoexponential function
for the last 3 data points and a quadratic function for the early phase
(20). The AD was obtained by analytic integration of the absorbed-
dose rate.

The SPECT VOIs and planar regions of interest were verified by
the responsible oncologists using diagnostic images, such as contrast-
enhanced CT or MRI. In a few cases, the VOIs and regions of
interest were adjusted or redelineated, using the Otsu method (25) or a
manually selected threshold. Verification also aimed at ensuring that
the planar-derived data fulfilled the validity criteria described previ-
ously (20).

To make image-derived quantities consistent for statistical analysis,
the ADs, absorbed-dose rates, and activity concentrations were recal-
culated to a nominal administered activity of 7.4 GBq. The absorbed-
dose rates and activity concentrations were also adjusted to a reference
time point, set to the average time point of all SPECT/CT images
acquired on day 1 (21.7 6 1.5 h). This adjustment was based on the
effective half-time for the individual tumor or, if unavailable, the
mean half-time for other tumors within the same patient or else across
all patients. Different exclusion criteria were set for the analyses of
different quantities. A volume cutoff of 8 cm3 was applied to avoid
the bias observed for small volumes (21). For the AD and effective
half-time, tumors that suffered from substantial superposition of activ-
ity in the planar images were excluded (20). An additional criterion
was set for the effective half-time, to exclude cycles in which, for
practical reasons, not all 4 planar images were acquired.

Different alternatives for simplifying the dosimetry process were
evaluated in terms of how well the cumulative AD across all cycles
could be estimated. As a reference, tumors that met the selection crite-
ria for all cycles were identified and the cumulative ADs determined.
These were compared with the cumulative ADs when assuming a
constant AD estimated from the first cycle (A), using a constant half-
time estimated from the first cycle (B), or using grade-specific mean
half-time (C). Both B and C were combined with a cycle-specific esti-
mate of the absorbed-dose rate, assuming monoexponential washout.
The possibility of using the fitted linear mixed-effect model (LMM)
for interpolation of missing cycle data was also explored (D) and, as a
consistency check, the cumulative ADs obtained from Equation 1 (E).
Evaluation was made by means of Bland–Altman plots (Supplemental
Fig. 4).

Statistical Analysis
Changes over the treatment cycles were analyzed using an LMM in

R, version 4.0.2 (26, 27). Dependent variables were the AD, the
absorbed-dose rate on day 1, the activity concentration on day 1, the
effective half-time, and the tumor volume. The model was

Q n, gð Þi,j 5 exp q11q2 " g1n " k11k2 " gð Þ1Dqi1Dki " n1 Dqi,j1Dki,j " n
! &

Eq. 1

where n was the cycle number, g the grade status for the patient (G1,
g50; G2, g51), and Q n, gð Þi,j the dependent variable for tumor j in
patient i. Parameters q1 and q2 described the global intercepts—and k1
and k2 the mean rates of change with respect to the cycle number—for
G1 and G2. These parameters were treated as fixed effects. Parameters
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Dqi, Dki, Dqi,j, and Dki,j constituted the random effects, where Dqi and
Dki described the patient-specific differences from the global
intercepts and rates of change, whereas Dqi,j and Dki,j described the
tumor-specific differences from the sum of the fixed effects and the
patient-specific random effects. The 95% CIs for the rates of change
and the difference between G1 and G2 were also derived (28).

The mean value across all cycles was calculated using a second
LMM. This was constructed by omitting the cycle-dependent terms in
Equation 1, according to

!QðgÞ5q11q2 " g1Dqi1Dqi,j Eq. 2

The global mean for G1 and G2 were thus q1 and q11q2ð Þ, respec-
tively. The 95% CIs were constructed using the Confint function in R.

RESULTS

Of the G1 patients (n5 23), the primary-
tumor origin was pancreas (n5 1), small
intestine or right colon (n5 20), and lung
(n5 2). For G2 patients (n5 18), it was
pancreas (n5 7), small intestine or right
colon (n5 9), lung (n5 1), and unknown
(n5 1).
Altogether, dosimetry was performed for

182 tumors in 41 patients given between 2
and 9 treatment cycles, resulting in 880
AD assessments. Of these, the criterion for
activity concentration and absorbed-dose
rate analysis was fulfilled for 500 data
points, representing 138 tumors in 40
patients. From these, 404 fulfilled the crite-
ria for AD estimation, representing 109
tumors in 39 patients. The criteria for the
effective half-time were fulfilled in 301
cases, representing 104 tumors in 39
patients. As a result of the inclusion crite-
ria, not every patient and tumor was repre-
sented at every cycle.

Figure 1 shows examples of SPECT VOIs from the semiauto-
matic segmentation that in most cases yielded results consistent
with image data (21). The RC curve is shown in Figure 2. The
in-house–manufactured spheres provided a relevant volume range
with respect to partial-volume correction.
Figure 3 summarizes the AD per cycle, its variability, and how

the variability is decomposed over cycles for individual tumors,
between tumors, and between patients. The tumor AD ranged
between 2 and 77Gy, and there was substantial variation
both between cycles and between tumors. The median AD for G1
patients was 21Gy (first and third quartiles, 13 and 41; range,
3.5–66Gy) (rightmost panel). For G2 patients, the median was
13Gy (first and third quartiles, 7.4 and 24; range, 4.7 to 32Gy).
The overall difference between G1 and G2 was caused mainly by
a more pronounced AD decrease over the cycles for G2 (Fig. 4).
Calculated across all tumors, for G1, the medians for cycles 1–5
were 33, 33, 30, 26, and 28Gy, respectively, and 24Gy for 6

FIGURE 1. VOIs for cycle 1 (A and C) and cycle 4 (B and D) for 1 G1
NET patient (A and B) and 1 G2 NET patient (C and D). SPECT images are
shown as maximum-intensity projections overlaid on high-pass-filtered
maximum-intensity projections of CT.

FIGURE 2. Measured RCs and fitted curve.

FIGURE 3. Dispersion of AD per 7.4 GBq to tumors over cycles (left), within patients (middle), and
between patients (right) for G1 NETs (red) and G2 NETs (blue). In tumor graph, dots represent
median AD over cycles for each tumor, and whiskers are minimum and maximum AD. In patient
graph, dots represent median AD of medians for tumors, and whiskers are minimum and maximum
median AD. All-patients graph is box plot of median, first and third quartiles, and minimum and max-
imum of median ADs for patients.
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cycles or more. For G2, medians for cycles 1–5 were 27, 23, 15,
12, 8Gy, respectively, and 6Gy for 6 cycles or more.
Figure 5 shows examples of the AD evolution for individual

tumors over treatment cycles and how the LMM (Eq. 1) decom-
poses the intercepts and rates of change with respect to the indi-
vidual patient and tumor. The fixed-effect intercepts over all
patients and tumors for G1 (expðq1Þ) and G2 (exp q11q2ð Þ ) were
24.6 and 19.4Gy, respectively, and were not significantly different
(P50.3). The changes between consecutive cycles are summa-
rized in Table 1. On average, the AD rate of change for G2 was
20.15, corresponding to a 14% decrease between consecutive
cycles. For G1, the decrease was less pronounced, with a mean
rate of change of 20.06, or a 6% decrease between cycles, and the
upper limit of the 95% CI was near zero. The AD changes of G1
and G2 were significantly different.
The activity concentration exhibited a decrease similar to the AD

(Fig. 6), as did the absorbed-dose rate (Table 1). The median
absorbed-dose rates for G1 were 187, 175, 163, 136, 133, and

127 mGy/h for cycles 1–5 and for 6 cycles or more, respectively,
whereas for G2 they were 184, 167, 125, 87, 58, and 50 mGy/h.
The decreased AD over the cycles was thus associated with a
decreased absorbed-dose rate, in turn governed by a decreasing
activity concentration. The tumor volumes did not change for
G1, whereas for G2 a per-cycle decrease of 6% was observed
(Table 1). The fixed-effect intercepts were 20 cm3 and 16 cm3 for
G1 and G2 patients, respectively, and were not significantly differ-
ent (P5 0.4). The distributions of all tumor volumes at cycle 1 are
shown in Supplemental Fig. A2. For the effective half-time, a cycle-
dependent change was not observed (Table 1; Fig. 6). The averages
over all patients, all cycles, and all tumors (Eq. 2) were 103 h for
G1 (95% CI, 96–109 h) and 81 h (95% CI, 73–90 h) for G2. The
difference between G1 and G2 was significant (P , 0.001).
The cumulative ADs obtained using complete dosimetry and

the simplification alternatives are shown in Table 2 and Supple-
mental Fig. 3. The median cumulative AD was 137Gy (range,
33–403Gy) for G1 and 80Gy (range, 11–211Gy) for G2. The
assumption of a constant effective half-time across cycles yielded
a negligible systematic deviation both when estimated from the
first cycle (B) and as the grade-specific cohort means (C), whereas

FIGURE 4. AD as function of cycle for G1 NETs (left) and G2 NETs (right)
across all patients and all tumors. Whiskers indicate 5th and 95th percen-
tiles. At bottom, numbers of tumors and patients are indicated beneath
each box.

FIGURE 5. AD as function of cycle number (circles) for 2 patients, with
G1 NET (3 tumors, A) and G2 NET (2 tumors, B). Solid curves show fixed
effects combined with patient-specific random effects, each including
intercept and rate constant (Eq. 1). Dashed curves are tumor-specific
curves, obtained as sum of fixed effects and patient- and tumor-specific
random effects.

TABLE 1
Fixed-Effect Percentage Change from Previous Cycle

Change (% from previous cycle)

G1 G2

Dependent variable Mean 95% CI Mean 95% CI P (G1 vs. G2)

Activity concentration (MBq/mL) 26.1 211 to 20.89 214 220 to 28.4 0.04

Absorbed-dose rate (mGy/h) 26.2 211 to 20.93 214 220 to 28.3 0.04

Effective half-time (h) 20.69 22.1 to 0.77 21.2 23.4 to 1.1 0.7

Volume (cm3) 21.1 25.0 to 3.0 26.4 211 to 21.4 0.1

AD (Gy) 25.7 211 to 20.12 214 220 to 27.9 0.04

Data are calculated from rates of change from the LMM, such that for G1, change 5 exp k1ð Þ21, and for G2, change 5 exp k11k2ð Þ21,
with k1 and k2 as in Eq.1.
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the limits of agreement were wider when using the population
means. Assuming a constant AD across cycles (A) yielded the larg-
est deviations among the alternatives. The modest deviations
obtained using Equation 1 (E) confirmed the fit of the LMM to data.

DISCUSSION

We have found that when 177Lu-DOTATATE is given with a
fixed activity in repeated cycles, the tumor AD decreases over the
course of treatment, especially for G2 NETs. This decrease is
caused by a decreasing activity uptake in the tumors. We have
also found that there is a large variability in tumor ADs, both
between cycles for individual tumors and within and between
patients. This is an important observation for dosimetry-based
treatment planning with the objective of reaching a minimum
cumulative AD to tumors since it may be difficult to decide which
tumor AD should guide treatment.
The observed decline in activity uptake and volume for G2 may

be consistent with the development of radiation-induced stroma
and fibrosis observed in pancreatic NETs (29). For G1, the
declines are less pronounced, as could possibly be related to the
rate of cell necrosis (2). A low Ki-67 index means that a higher
proportion of cells are in the G0 phase of the cell cycle, and the
progression to cell death may thus be slower for G1 than G2 NETs.

This is also consistent with the published
relationships between tumor shrinkage and
cumulative AD at the time of best response,
which required a longer follow-up time for
small-intestinal NETs than for pancreatic
NETs, which generally have a higher Ki-67
(8,9,11).
The effective half-times are not obser-

ved to change over the treatment cycles
and are in rather narrow ranges, with signi-
ficantly shorter half-times for G2 than G1.
The lower ability to retain 177Lu-DOTA-
TATE for G2 NETs could be associated
with tumor-cell necrosis, recruitment of
immune cells, and washout via the lym-
phatic system (29,30). The limited varia-
tion in the effective half-times opens the
possibility of simplifying the dosimetry
method by estimating the tumor-specific
effective half-time for the first cycle and

then assuming an equal half-time for remaining cycles. The ampli-
tude of the curve will still need to be estimated for each cycle but
requires only 1 SPECT/CT examination.
A limitation in this study is that image segmentation and estima-

tion of the tumor volume are based on SPECT, thereby making
the VOI definition dependent on the activity distribution. The low-
dose CT acquired as part of SPECT/CT does not provide sufficient
quality for tumor identification, and the alternative would be to
use contrast-enhanced CT and coregistration of the SPECT image.
However, coregistration is known to introduce undesired interpola-
tion effects, and in view of the comparably small and differently
located tumors, this approach was not considered feasible. The
volume cutoff of 8 cm3 was applied to avoid negative bias in the
activity concentration for smaller volumes (21). Another limitation
is the use of planar imaging for assessing the effective half-time.
In previous studies, we have found good agreement with SPECT-
derived data for tumors without a substantial activity overlap in
the planar images (20).
LMMs are suitable for analysis of data that have complex

covariance structures, including longitudinal and hierarchical data.
For this study, the rates of change are based on repeated measure-
ments with variance components both between patients and
between tumors in the same patient. Technically, a linear function

FIGURE 6. Activity concentration (A) and effective half-time (B) as functions of cycle number for
G1 and G2 NETs across all patients and all tumors. At bottom, numbers of tumors and patients are
indicated beneath each box. For activity concentration in G1, 2 outliers at cycle 1 (6.8 and 7.5 MBq/
mL) are excluded.

TABLE 2
Relative Difference in Cumulative AD for 65 Individual Tumors over 2–9 Cycles When Introducing Simplifications to

Dosimetry Protocol, When Using LMM to Interpolate Missing Cycle Data, and When Using Complete LMM

Alternative Description Mean (%)
Limits of

agreement (%)

A Simplification using constant AD/cycle, from first cycle 15 55

B Simplification using constant effective half-time, from first cycle 0.43 13

C Simplification using constant effective half-time, global means (G1, 103 h; G2, 81 h) 0.01 31

D Interpolation, LMM intercept patient- and tumor-effective half-time (Eq. 2) 1.6 7.9

E Complete LMM for effective half-time or AD (Eq. 1) 21.0 3.3

Relative difference is calculated as (AD simplified protocol/AD complete dosimetry – 1). Limits of agreement are derived from
Bland–Altman plots (Supplemental Fig. A4).
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is fitted to the logarithm of the data (Eq. 1), thereby assuming an
exponential relationship between the dependent variable and cycle
number. We deemed a multiplicative change (e.g., 210% per
cycle) to be more appropriate than an additive change (e.g., 3Gy
per cycle).
For future treatment optimization, the ADs to healthy tissues

also need consideration. On the basis of previously reported renal
dosimetry data (18,31), we calculated tumor-to-kidney AD ratios
as a function of cycle (Fig. 7), obtaining values of between 0.33
and 17. For consistency, the rate of change in the kidney AD was
also analyzed by omitting the tumor-specific terms in Equation 1,
giving 95% CIs that covered zero for both G1 and G2. The
decreasing tumor-to-kidney ratio, observed mainly for G2, is thus
governed by the decreasing tumor AD. These results raise the
question of whether it would be more beneficial to administer
fewer cycles with a higher activity for G2. However, the specifics
of such a protocol would require detailed consideration of the
tumor-to-kidney AD ratios, as well as the risk of hematologic and
pituitary toxicity (4,7,16,32).

CONCLUSION

The tumor AD decreases between cycles in 177Lu-DOTATATE
treatment. The trend is more pronounced for G2 NETs than for G1
NETs and is governed mainly by a decreased activity uptake. G2
NETs also exhibit a decreasing volume over the cycles. The effec-
tive half-times do not demonstrate a systematic trend but are, on
average, lower for G2 than G1 NETs. These results have implica-
tions for the design of alternative administration schemes and
dosimetry protocols in 177Lu-DOTATATE treatment.
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KEY POINTS

QUESTION: Does the tumor AD change over treatment cycles in
therapy of NETs with 177Lu-DOTATATE?

PERTINENT FINDINGS: An exploratory analysis of 41 patients
showed a decrease in tumor ADs by 6% per cycle for G1 tumors
and 14% per cycle for G2 tumors, both statistically significant.
The per-cycle decrease was caused by a lower activity uptake in
the tumors and a decreasing volume, whereas the effective half-
times were less variable.

IMPLICATIONS FOR PATIENT CARE: The results have impli-
cations for the design of future administration protocols and for
the implementation of tumor dosimetry for 177Lu-DOTATATE
therapy.
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Intravenous 177Lu-high-affinity (HA)-DOTATATE has shown promising
results for the treatment of surgery- and radiotherapy-refractory
meningiomas. We aimed to investigate the added value of intraarterial
administration. Methods: Patients underwent at least 1 intravenous
177Lu-HA-DOTATATE treatment first and subsequent intraarterial
cycles. Inpatient and intrapatient comparison was based on posttreat-
ment 177Lu-HA-DOTATATE imaging 24 h after injection. The technical
success rate and adverse events were recorded. Results: Four
patients provided informed consent. The technical success rate was
100%, and no angiography-related or unexpected adverse events
occurred. Intrapatient comparison showed an increased target lesion
accumulation on both planar imaging (mean,1220%) and SPECT/CT
(mean,1398%) after intraarterial administration, compared with intra-
venous administration. No unexpected adverse events occurred dur-
ing follow-up. Conclusion: Intraarterial peptide receptor radionuclide
therapy significantly increases tracer accumulation and is a safe and
promising improvement for salvage meningioma patients. Future pro-
spective studies on intraarterial peptide receptor radionuclide therapy
are needed to determine the gain in efficacy and survival.
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Meningiomas refractory to surgery and external-beam radia-
tion are difficult to treat. The reported outcomes of a wide range of
systemic treatments in this end-stage setting are poor, and
progression-free survival rates are rather limited (1). Somatostatin
receptor is overexpressed in meningiomas and is one of the most
specific immunohistochemical markers (2). In recent years, promis-
ing results for peptide receptor radionuclide therapy (PRRT) with
either 177Lu- or 90Y-labeled compounds in salvage meningioma
have been reported, and its potential was recently recognized in the
European Association of Neuro-Oncology guidelines on meningi-
oma (3). The number of studies conducted on PRRT in meningioma
is limited and far less than for neuroendocrine neoplasms (NENs)
(4). Intraarterial administration of 177Lu-HA-DOTATATE may
benefit meningioma patients, as it might result in higher tumor
uptake, as previously shown in NENs (5,6). This article reports the

preliminary results for an intrapatient comparison of intravenous
versus intraarterial treatment of salvage meningioma patients.

MATERIALS AND METHODS

Patient Population
The institutional medical ethics committee approved this retrospec-

tive study, and the requirement to obtain informed consent was
waived. All historically referred meningioma patients were included in
this retrospective analysis, and only patients treated intraarterially
were included. Screening of patients included clinical assessment,
laboratory examinations, and 68Ga-DOTATOC PET/CT (Somakit;
Advanced Accelerator Applications) to assess the sufficiency of tracer
accumulation, in line with current guidelines (7). Treatment with four
7,400-MBq cycles of 177Lu-high-affinity (HA)-DOTATATE (Scin-
tomics) was planned for all patients. At 4–5 wk after each cycle,
patients returned to the outpatient clinic for physical examination and
laboratory testing. Baseline and follow-up toxicity was recorded
according to the Common Terminology Criteria for Adverse Events,
version 5 (8).

Procedures
The first treatment cycle was always intravenous, and if logistically

possible, subsequent cycles were administered intraarterially. A diag-
nostic angiogram was performed to identify the tumor-feeding vessel
(TFV). If there were multiple TFVs, a single more proximal injection
was chosen to cover all TFVs. A single injection position was preferred
to avoid microcatheter manipulation and contamination of the angiog-
raphy suite. In case of multifocal disease, the lesion causing the most
complaints was selectively treated (defined as the target lesion). The
production and administration methods for 177Lu-HA-DOTATATE
have been previously reported (9). The technical success rate and
adverse events related to the angiography procedure were registered.

Image Analysis
In line with standard clinical care, posttreatment scintigraphy was

performed 24 h after injection. On planar and SPECT/CT imaging, tar-
get-to-background ratios were compared between the intravenous and
intraarterial cycles. On planar imaging, a background region of interest
was drawn in the right hemithorax (diameter 7 cm) for comparison
with the lesional region of interest. On SPECT/CT, a background vol-
ume of interest was placed in the contralateral neck muscles for com-
parison with the lesion volume of interest (40% threshold of the
maximum pixel value). All regions and volumes of interest were cop-
ied to the corresponding images of subsequent treatment cycles. The
percentage difference was calculated by dividing the intraarterial tar-
get-to-background ratio by the intravenous target-to-background ratio
and multiplying by 100. Response was based on target lesions
and defined according to Response Assessment in Neuro-Oncology
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Criteria on gadolinium-enhanced MRI (10) and SUVpeak measure-
ments on 68Ga-DOTATOC PET, both acquired 2 mo after treatment.

RESULTS

Patients
Up to July 2020, 7 patients were referred, of whom 4 patients

received intraarterial 177Lu-HA-DOTATATE after initial intravenous
177Lu-HA-DOTATATE. These 4 patients were treated between
March 2018 and September 2020 and were included in the current

analysis. Baseline and treatment characteristics are shown in Table 1.
The first patient was published previously (5). All patients had histo-
pathologic confirmation on the primary resection specimen or an
additional biopsy specimen and had progressive disease on MRI
before therapy. At baseline, no hematologic or biochemical abnor-
malities were present, and tumor-related complaints varied (Table 1).

Angiography Procedures
The technical success rate of intraarterial administration was

100%. A single TFV could be identified in 3 patients and multiple
TFVs in 1 patient (proximal injection position, external carotid
artery). No administration difficulties and no contamination of the
angiography suite occurred.

Image Analysis and Efficacy
Intrapatient comparison between cycles showed increased accu-

mulation in the target lesion on both planar imaging (mean,
1220%) and SPECT/CT (mean, 1398%) (Table 2). In patients
with multifocal disease, inpatient comparison at a single time point
was possible, and a clear distinction could be made between intra-
arterially and intravenously treated lesions (Fig. 1).
One World Health Organization (WHO) grade 3 meningioma

patient had progressive disease clinically and on imaging during
treatment, and therapy was terminated earlier (after 3 cycles; 2
intravenous and 1 intraarterial). The patient died 6 mo after initia-
tion of 177Lu-HA-DOTATATE therapy. The remaining 3 patients
with a WHO grade 2 meningioma completed all 4 treatment
cycles: 1 had a partial response and 2 had stable disease according
to Response Assessment in Neuro-Oncology Criteria. The baseline
clinical complaints of the 3 WHO grade 2 meningioma patients
improved after treatment (Fig. 1). Median follow-up was 1.7 y
(range, 1–3 y). One of these patients had an additional surgical
resection (1 y after treatment), and disease in the others continued
to be controlled. No other additional therapies have been initiated.

Toxicity
No significant clinical or biochemical toxicities were reported

(Common Terminology Criteria for Adverse Events grade $ 3;
Table 3). Significant hematologic toxicity was limited to 1 patient,
experiencing an isolated grade 3 leukopenia. No unexpected or
angiography-related adverse events occurred.

DISCUSSION

Our preliminary results show a clear increase in 177Lu-HA-
DOTATATE accumulation after intraarterial administration
(1398% on SPECT/CT), compared with intravenous administration

TABLE 1
Baseline Characteristics

Characteristic Data

Age (y) 57 (44–66)

Localization* (main complaint)

Temporal (epilepsy) 2

Falx (nausea) 1

Optic meningioma
(proptosis-induced pain)

1

Previous treatments

Surgical resection 4

External-beam radiation therapy 4

Temozolomide 1

Unifocal/multifocal 2/2

Histopathology WHO grade

1 0

2 3

3 1

Median number of treatment cycles 4 (3–4)

Intravenous 2 (1–2)

Intraarterial 2 (1–3)

Median activity per cycle (MBq) 7,338 (3,668†–7,637)

Median interval per cycle (wk) 6.3 (5.7–10)

*Largest or most symptomatic lesion only.
†Final cycle of 1 patient was delayed out of precaution because

of grade 3 leukopenia, with activity reduction of 50%.
Qualitative data are number; continuous data are median and

range.

TABLE 2
Imaging Analysis Results

Response assessment Baseline After therapy Mean change

Maximum diameter on MRI (mm) 24 (19–32) 21 (15–45)

SUVpeak on 68Ga-DOTATOC PET 6.33 (5.13–8.81) 7.1 (2.4–8.7)*

Posttreatment imaging assessment (n5 15)

Planar target-to-background ratio 1.7 (1.4–2.5) (intravenous) 3.7 (2.8–5.2) (intraarterial) 1220%

SPECT/CT target-to-background ratio 15.0 (12.7–18.6) (intravenous) 59.8 (40.5–82.0) (intraarterial) 1398%

*Not available in the single progressive patient.
Data are median and range.
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in an intrapatient comparison. How these results translate to
improved survival or a higher number of objective response rates
remains to be seen and should be an aim of future prospective stud-
ies on PRRT in meningioma.
A recent metaanalysis by Mirian et al. confirmed durable disease

control rates, a limited toxicity profile, and long progression-free sur-
vival rates on different kinds of therapeutic somatostatin
receptor–targeted radiopharmaceuticals in salvage meningioma
patients (4). A pooled analysis of 111 patients showed a 6- and
12-mo progression-free survival of 61% and 53%, respectively, for
the entire analyzed group. The poorer outcome of WHO grade 3
meningioma patients was consistent in all publications (6-mo
progression-free survival of 94%, 48%, 0% for WHO grade 1, 2,
and 3, respectively). Objective response rates, however, are still far
from promising, at just 2%. However, as the authors describe, many
unknowns exist in treating meningiomas with PRRT. A wide variety
of total administered activities was used (1.7–29.8GBq in 1–6
cycles), and application was either as a monotherapy or concurrent
with EBRT. However, compelling evidence of one treatment

algorithm over another is lacking. Our used
treatment algorithm was based on experi-
ence with PRRT in NEN but not proven for
meningiomas (11). Unfortunately, as in
many other studies, dosimetric analysis
with multiple-time-point imaging was
unavailable in our cohort. The current
European Association of Neuro-Oncology
guideline does not give any direction on
how to perform PRRT in salvage meningi-
oma and only recommends that it be used
for WHO grade 3 tumors, which seems
contradictory to the evidence (3,4). As no
distinct guideline based on evidence exists,
the preferred treatment algorithm, proper
patient selection on pretreatment PET/CT,

and potential dosimetric thresholds of PRRT in meningiomas
remain unknown and an open field of research.
Literature on intraarterial PRRT in neurooncology is sparse. To

our knowledge, only 1 recent publication describes the intrapatient
comparison of intravenous versus intraarterial 68Ga-DOTATATE
in meningioma (n 5 4), showing a 2- to 5-fold increase in tumor
uptake (12). Outside the scope of meningioma, a study in 2002
already reported results on intraarterial 90Y-lanreotide in 6 astrocy-
tomas and 1 histiocytoma (13). Even though the results of these 2
previous reports and our findings are in line with previous results
on intraarterial PRRT in NENs, it is a difficult comparison, as
NENs are a completely different entity and the treated organ (brain
vs. liver) differs in arterial vascularization. Nonetheless, increased
uptake of different radiopharmaceuticals after intraarterial admin-
istration seems to be present in NENs (6). However, more
recently, Lawhn-Heath et al. published the direct opposite (14).
The imaging analysis was based on the surrogate of 68Ga-DOTA-
TOC, comparing intravenous and intraarterial administration,
with the intraarterial 68Ga-DOTATOC being simultaneously
administered with a single intraarterial cycle of 90Y-DOTATOC.
Interestingly, intraarterial administration lead to a lower SUVmax

overall—not only in extrahepatic tumor deposition (median ratio,
0.73), for which one might expect this to occur, but also in hepatic
tumor deposition (median ratio, 0.90) (14). One possible explana-
tion for their results may be the interference of radiopharmaceuti-
cals during simultaneous infusion, thus making their results
difficult to interpret. Currently, 2 other trials are ongoing to define
the added benefit of intraarterial over intravenous administration, and
with multiple cycles instead of just one ((15) and NCT04544098),
hopefully providing definite answers.
The presented data will be used to initiate a new prospective

study to determine the clinical benefit of intraarterial PRRT and its
effect on objective response and survival in salvage meningioma.

CONCLUSION

Intraarterial PRRT significantly increases tracer accumulation,
providing a safe and promising improvement for salvage meningi-
oma patients. Future prospective studies on intraarterial PRRT in
meningioma are needed.
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FIGURE 1. (A) Pretreatment 68Ga-DOTATOC PET fused with MRI showing multiple meningiomas,
especially bilateral optic meningiomas, causing blindness and proptosis-induced pain complaints.
Posttreatment 177Lu-HA-DOTATATE planar image after intravenous (B) and intraarterial (C) treatment
showing clearly increased accumulation in right optical meningioma (arrow) by intraarterial treatment,
compared to the contralateral optical meningioma (treated by second pass). (D) Corresponding digital
subtraction angiography of intraarterial administration. Patient had stable disease on imaging, and
proptosis-induced pain complaints subsided.

TABLE 3
Reported Adverse Events During the Whole Treatment, by
Common Terminology Criteria for Adverse Events Grade

(Version 5)

Event Grade 1 Grade 2 Grade 3

Clinical

Nausea 1

Fatigue 3

Hair loss 1

Hematologic*

Anemia 2

Leukopenia 2 1

Biochemical*

AST 1

ALT 2

*Other laboratory investigations did not show any toxicity
during follow-up.

ALT 5 alanine aminotransferase; AST 5 aspartate
transaminase.
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KEY POINTS

QUESTION: Does intraarterial administration increase 177Lu-HA-
DOTATATE uptake in meningioma?

PERTINENT FINDINGS: This retrospective, intrapatient compari-
son shows that intraarterial administration results in a mean 4-fold
increase in tumor uptake, without additional side effects.

IMPLICATIONS FOR PATIENT CARE: Efficacy of 177Lu-HA-
DOTATATE in meningioma may be improved by intraarterial
administration.
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We analyzed real-world clinical outcomes of sequential a-/b-emitter
therapy for metastatic castration-resistant prostate cancer (mCRPC).
Methods: We assessed safety and overall survival in 26 patients
who received 177Lu-prostate-specific membrane antigen ligand
(177Lu-PSMA) after 223Ra in the ongoing noninterventional REASSURE
study (223Ra a-Emitter Agent in Nonintervention Safety Study in
mCRPC Population for Long-Term Evaluation; NCT02141438).
Results: Patients received 223Ra for a median of 6 injections and sub-
sequent 177Lu-PSMA for a median of 3.5 mo ($ the fourth therapy in
69%). The median time between 223Ra and 177Lu-PSMA treatment
was 8 mo (range, 1–31 mo). Grade 3 hematologic events occurred in 9
of 26 patients (during or after 177Lu-PSMA treatment in 5/9 patients;
8/9 patients had also received docetaxel). Median overall survival was
28.0 mo from the 223Ra start and 13.2 mo from the 177Lu-PSMA start.
Conclusion: Although the small sample size precludes definitive con-
clusions, these preliminary data, especially the 177Lu-PSMA treatment
duration, suggest that the use of 177Lu-PSMA after 223Ra is feasible in
this real-world setting.

Key Words: 177Lu-prostate-specific membrane antigen; metastatic
castration-resistant prostate cancer; 223Ra; real-world evidence;
treatment sequence
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The a-emitter 223Ra demonstrated significantly prolonged
overall survival and a favorable safety profile versus placebo in

men with metastatic castration-resistant prostate cancer (mCRPC)
in the phase 3 ALSYMPCA trial (1). 177Lu-prostate-specific
membrane antigen ligand (177Lu-PSMA) is an investigational
b-emitting radioligand with accumulating evidence of clinical
efficacy and acceptable toxicity in men with advanced-stage
mCRPC (2–5).
Early experience in patients who have received both 223Ra and

177Lu-PSMA indicates tolerable safety and therapeutic response
with this sequence (6–8). We sought to add to the evidence base
on sequential a-/b-emitting therapy, using data from participants
in an ongoing global, prospective, observational study of 223Ra
who received subsequent 177Lu-PSMA.

MATERIALS AND METHODS

Patients with mCRPC involving bone and who were scheduled to
receive 223Ra in clinical practice were included in REASSURE (223Ra
a-Emitter Agent in Nonintervention Safety Study in mCRPC Popula-
tion for Long-Term Evaluation; NCT02141438). Primary outcomes
included short-term and long-term safety. Methods and results from a
previous interim analysis have been reported (9). This paper is based
on the second prespecified interim analysis (data cutoff, March 20,
2019).

Disease characteristics, adverse events after 223Ra treatment, and
overall survival are described for patients who received the experi-
mental drug 177Lu-PSMA in compassionate-use or investigational set-
tings after 223Ra. Treatment-emergent serious adverse events and
drug-related adverse events were recorded during 223Ra treatment or
up to 30 d after the last 223Ra dose. Grade 3 or 4 hematologic adverse
events were systematically collected up to 6 mo after 223Ra; neutrope-
nic fever or hemorrhage were recorded in patients with subsequent
chemotherapy up to 6 mo after the last dose of chemotherapy. Drug-
related serious adverse events continued to be recorded until the
end of follow-up (maximum, 7 y). Adverse events during and after
177Lu-PSMA therapy were not systematically recorded unless they
met the above criteria.

The study conduct complied with the requirements of the European
Medicines Agency, the U.S. Food and Drug Administration,
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applicable local laws and regulations, and
International Conference on Harmonization
good-clinical-practice guidance. Participants
provided written informed consent, and ethics
committee or institutional review board appro-
vals were obtained according to local laws in
participating countries.

RESULTS

Twenty-six patients in the United States,
Germany, Austria, Italy, and Israel received
177Lu-PSMA after 223Ra. Their median age
was 67 y, 96% (25/26) had an Eastern
Cooperative Oncology Group performance
status of 0 or 1, and 54% (13/24 with base-
line scans) had more than 20 lesions at base-
line (Table 1).

TABLE 1
Baseline Disease Characteristics

Time point Characteristic Finding Data

Initial diagnosis Gleason score #6 3 (12)

7 9 (35)

8–10 12 (46)

Unknown 2 (8)

Stage (American Joint Committee
on Cancer criteria)

I 5 (19)

IIB 1 (4)

III 3 (12)

IV 13 (50)

Missing 4 (15)

Start of 223Ra
therapy

Time from diagnosis of mCRPC
(mo)

20 (6–48)

Time from diagnosis of bone
metastases (mo)

23 (3–40)

Extent of disease* ,6 lesions 2 (8)

6–20 lesions 7 (29)

.20 lesions 11 (46)

Superscan 2 (8)

Missing 2 (8)

Primary tumor status Unresected 11 (42)

Resected, status of residual tumor unknown 3 (12)

R0 complete resection, all margins
histologically negative

6 (23)

R1 incomplete resection, microscopic margin
involvement

5 (19)

Missing 1 (4)

Laboratory values Prostate-specific antigen (ng/mL) (n 5 21) 127 (8–1,319)

Alkaline phosphatase (U/L) (n 5 20) 147 (45–769)

Lactate dehydrogenase (U/L) (n 5 14) 228 (112–393)

Hemoglobin (g/dL) (n 5 23) 13 (9–15)

*Baseline scan data available for 24/26 patients.
Qualitative data are number and percentage (n 5 26 unless indicated otherwise); continuous data are median and range.
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FIGURE 1. Anticancer therapies administered before 177Lu–PSMA. All patients received 223Ra.
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Before starting 223Ra, 85% of patients (22/26) received at least 1
life-prolonging systemic anticancer therapy (Supplemental Fig. 1;
supplemental materials are available at http://jnm.snmjournals.org),
including androgen receptor–targeted therapy (enzalutamide and/
or abiraterone acetate) in 65% (17/26) and docetaxel in 42%
(11/26).
Before starting 177Lu-PSMA, 92% of patients (24/26) had received

at least 2 life-prolonging therapies, 69% (18/26) had received at
least 3 therapies, 8% (2/26) had received only 223Ra, 65% (17/26)
had received prior docetaxel, 8% (2/26) had also received cabazi-
taxel between 223Ra and 177Lu-PSMA treatment, and 50% (13/26)
had received no other life-prolonging treatment between 223Ra and
177Lu-PSMA (Fig. 1; Supplemental Fig. 1).
The median number of 223Ra injections was 6 (range, 1–6); 17

of 26 patients (65%) received 6 injections. The median time from
the end of 223Ra to the start of 177Lu-PSMA treatment was 8 mo
(range, 1–31 mo; Fig. 2). The median duration of 177Lu-PSMA
treatment was 3.5 mo (range, 0.5–21.2 mo; Fig. 2).
Fifteen patients (58%) experienced treatment-emergent drug-

related adverse events during 223Ra treatment (Table 2). Nine
patients (35%) had grade 3 hematologic toxicities (Table 3); 8 of 9
patients had previously received docetaxel, before (n 5 5) or after
(n 5 3) 223Ra therapy, and 2 of 9 patients had also received caba-
zitaxel after 223Ra. The hematologic toxicities developed during or
after 177Lu-PSMA treatment in 5 patients (6 events). No grade 4
hematologic events were recorded.
Median overall survival was 28.0 mo (95% CI, 19.5–32.7 mo)

from the start of 223Ra therapy and 13.2 mo (95% CI, 8.4–16.2 mo)
from the start of 177Lu-PSMA therapy.

DISCUSSION

Although 177Lu-PSMA is not yet approved for patients with
mCRPC, patients are increasingly receiving this investigational
treatment in clinical trials or compassionate-use programs.

Most patients receive 177Lu-PSMA after
multiple prior systemic anticancer thera-
pies, including 223Ra in some cases, as
recorded in the REASSURE study. This
subgroup analysis of REASSURE, which
reflects real-world clinical practice, adds to
the evidence for the feasibility of sequen-
tial 223Ra and 177Lu-PSMA treatment, with
a median overall survival of more than 1 y
from the start of 177Lu-PSMA therapy.
Only 3 patients had serious adverse events
related to 223Ra, and the reported (albeit
incompletely) incidence of grade 3 hemato-
logic events was acceptable, mostly con-
sisting of anemia, which may be partially
explained by increasing disease burden.
Furthermore, the treatment duration for
177Lu-PSMA (median, 3.5 mo) indicates
that several patients were able to receive
multiple cycles, even though most patients
had received at least 3 prior life-prolonging
therapies, including taxane chemotherapy.
The 13-mo median overall survival in our

analysis is consistent with a retrospective
multicenter study in which median overall
survival from the start of 177Lu-PSMA

therapy was around 11 mo in 85 patients with prior 223Ra (7)
and 16.4 mo in patients with 6–20 bone lesions treated with
223Ra and 177Lu-PSMA (10). In another analysis, rates of grade
3 hematologic toxicity were low in patients with or without
prior 223Ra therapy (anemia, 1/20 [5%] vs. 3/29 [10%]; throm-
bocytopenia, 1/20 [5%] vs. 2/29 [7%]) (6), a result that again
supports our findings, although we did not systematically
assess hematologic toxicity in all patients during 177Lu-PSMA
treatment—a limitation of our study.
Additional limitations are the small sample size, reflecting the

experimental status of 177Lu-PSMA, and the lack of a randomized
control group. Because 177Lu-PSMA is still an investigational
agent, treatment was likely undertaken in academic settings (e.g.,
university hospital cancer centers); it is therefore unknown whether
the findings can be extrapolated to real-world community settings.

P
at

ie
nt

s

35302520151050 40

Time from end of 223Ra to start of 177Lu-PSMA therapy
Time from start of 177Lu-PSMA dose to last recorded 177Lu-PSMA dose

Time after end of 223Ra therapy (mo)

FIGURE 2. Time since end of 223Ra to start of 177Lu-PSMA ligand and duration of 177Lu-PSMA
therapy.

TABLE 2
Adverse Events During and After 223Ra Treatment

Adverse event Incidence (n 5 26)

Drug-related

Treatment-emergent* 15 (58%)

Serious† 3 (12%)

Bone-associated events 6 (23%)

Fractures 2 (8%)

Bone disorders‡ 4 (15%)

*During 223Ra therapy and up to 30 d after last 223Ra dose.
†During 223Ra therapy and up to 7 y after last 223Ra dose.
‡Excluding congenital disorders and fractures, according to

Medical Dictionary for Regulatory Activities, version 21.1 (https://
www.meddra.org/).

Qualitative data are number and percentage.
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The treatment duration and overall survival after 177Lu-PSMA
initiation indicate that its use after 223Ra in heavily pretreated
mCRPC patients is feasible, but interpretation is hindered by lack
of a comparator arm, and possibly only the fittest patients were
selected for 177Lu-PSMA treatment. Nevertheless, this interim
analysis of an ongoing real-world study provides clinically mean-
ingful evidence in patients with mCRPC who successfully
received sequential a-/b-emitting treatments.

CONCLUSION

In this real-world population of heavily pretreated patients with
mCRPC, a treatment sequence of targeted a-therapy with 223Ra fol-
lowed by the b-emitter 177Lu-PSMA seemed feasible, based on the
duration of 177Lu-PSMA therapy, although definitive conclusions
cannot be drawn.
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KEY POINTS

QUESTION: Is it feasible to treat men with mCRPC with sequen-
tial a- and b-emitting therapies?

PERTINENT FINDINGS: Subgroup analysis of a global observa-
tional study of 223Ra therapy indicated a low rate of serious
adverse events and hematologic toxicities in patients who also
received 177Lu-PSMA, and many patients were able to receive
multiple doses of 177Lu-PSMA (a marker of tolerability). This
sequence provides overall survival of more than 2 y from the initia-
tion of 223Ra and more than 1 y from the initiation of 177Lu-PMSA,
even in heavily pretreated patients.

IMPLICATIONS FOR PATIENT CARE: Sequential use of a- and
b-emitters appears to be feasible in selected patients, on the
basis of the known safety profile of 223Ra and the duration of
subsequent 177Lu-PSMA; this sequence warrants further
investigation.
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F E A T U R E D A R T I C L E O F T H E M O N T H

Feasibility, Biodistribution, and Preliminary Dosimetry
in Peptide-Targeted Radionuclide Therapy of Diverse
Adenocarcinomas Using 177Lu-FAP-2286:
First-in-Humans Results

Richard P. Baum*1,2, Christiane Schuchardt1, Aviral Singh1, Maythinee Chantadisai1,3, Franz C. Robiller1,
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National University of Singapore, Singapore, Singapore; 5Loma Linda University, Loma Linda, California; and 63B Pharmaceuticals
GmbH, Berlin, Germany

Fibroblast activation protein (FAP) is a promising target for diagnosis
and therapy of numerous malignant tumors. FAP-2286 is the conjugate
of a FAP-binding peptide, which can be labeled with radionuclides for
theranostic applications. We present the first-in-humans results using
177Lu-FAP-2286 for peptide-targeted radionuclide therapy (PTRT).
Methods: PTRT using 177Lu-FAP-2286 was performed on 11 patients
with advanced adenocarcinomas of the pancreas, breast, rectum, or
ovary after prior confirmation of uptake on 68Ga-FAP-2286 or 68Ga-
FAPI-04 PET/CT. Results: Administration of 177Lu-FAP-2286 (5.8 6

2.0 GBq; range, 2.4–9.9 GBq) was well tolerated, with no adverse
symptoms or clinically detectable pharmacologic effects being noticed
or reported in any of the patients. The whole-body effective dose was
0.07 6 0.02 Gy/GBq (range, 0.04–0.1 Gy/GBq). The mean absorbed
doses for kidneys and red marrow were 1.0 6 0.6 Gy/GBq (range,
0.4–2.0 Gy/GBq) and 0.056 0.02 Gy/GBq (range, 0.03–0.09 Gy/GBq),
respectively. Significant uptake and long tumor retention of 177Lu-FAP-
2286 resulted in high absorbed tumor doses, such as 3.0 6 2.7 Gy/
GBq (range, 0.5–10.6 Gy/GBq) in bone metastases. No grade 4
adverse events were observed. Grade 3 events occurred in 3
patients—1 with pancytopenia, 1 with leukocytopenia, and 1 with pain
flare-up; 3 patients reported a pain response. Conclusion: 177Lu-FAP-
2286 PTRT, applied in a broad spectrum of cancers, was relatively well
tolerated, with acceptable side effects, and demonstrated long reten-
tion of the radiopeptide. Prospective clinical studies are warranted.

Key Words: fibroblast activation protein; 177Lu-FAP-2286; peptide-
targeted radionuclide therapy; first-in-humans; adenocarcinoma
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In recent years, the tumor microenvironment has gained interest
as a therapeutic target in the treatment of cancer. The tumor micro-
environment can comprise a substantial part of the tumor: in pan-
creatic ductal carcinoma, for example, it has been reported to form
up to 80% of the tumor mass (1). Cancer-associated fibroblasts are
an integral part of the tumor microenvironment and present abun-
dantly in the stroma of tumor entities such as breast and colon can-
cer (2). A marker protein of cancer-associated fibroblasts is
fibroblast activation protein (FAP), a type II transmembrane cell
surface serine proteinase belonging to the dipeptidyl peptidase
family (3). FAP, which was discovered more than 30 y ago, is
overexpressed on the cancer-associated fibroblasts of over 90% of
epithelial tumors such as breast, colorectal, lung, ovarian, and pan-
creatic adenocarcinomas. Since FAP expression in normal tissue is
limited, it has been identified as a pan-tumor target for the poten-
tial treatment of cancer (4). In cancer indications of mesenchymal
origin, notably sarcoma and mesothelioma, FAP is expressed on
the tumor cells in addition to cancer-associated fibroblasts (5,6).
FAP expression is also present in chronic inflammatory diseases
such as rheumatoid arthritis and osteoarthritis, as well as during
cardiac remodeling after myocardial infarction (7,8).
The first approach toward using FAP as a target in cancer treat-

ment applied the monoclonal antibody sibrotuzumab and was
tested in both an unconjugated and a 131I-conjugated format for
colorectal cancer (9,10). Other approaches targeting FAP, includ-
ing bispecific antibodies or antibody fragment constructs, chimeric
antigen receptor T cells, and antibody–drug conjugates, are cur-
rently being pursued, most of which are in preclinical development
or phase 1 clinical trials (6,11). Small-molecule FAP inhibitors
(FAPIs) have also been discovered (12) and conjugated with radio-
activity to yield excellent imaging agents suitable for a variety of
cancer indications (13,14).
FAP-2286 comprises a peptide that potently and selectively

binds to FAP and DOTA attached via a linker (15). FAP-2286 and
its metal complexes had potent affinity to human FAP protein (dis-
sociation constant, 0.4–1.4 nM), whereas limited off-target activity
was seen against closely related family members. Labeled with the
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therapeutic b-particle–emitting radionuclide 177Lu, FAP-2286 had
potent antitumor activity in FAP-expressing HEK-293 xenografts
after a single intravenous dose (16).
Here, we report our initial experience with FAP-2286 radiola-

beled with the b-particle emitter 177Lu for the treatment of patients
with advanced metastatic cancers after exhaustion of all other
treatment options.

MATERIALS AND METHODS

Patients and Regulatory Issues
Peptide-targeted radionuclide therapy (PTRT) with 177Lu-FAP-

2286 was administered with palliative intent, after pretherapeutic con-
firmation of FAP expression of the metastases using 68Ga-FAP-2286
(n5 9) or 68Ga-FAPI-04 (n5 2) PET/CT (tumor-to-background
[liver] SUV ratios . 3, Supplemental Table 1; supplemental materials
are available at http://jnm.snmjournals.org), to 11 patients with pro-
gressive and metastatic adenocarcinoma of the pancreas (patients
1–5), breast (patients 6–9), ovary (patient 10), or rectum (patient 11).
The administration was in accordance with paragraph 37 of the
updated Declaration of Helsinki, “Unproven Interventions in Clinical
Practice,” and with the German Medical Products Act (Arzneimittel-
gesetz §13 2b). Patients 5 and 9 were screened using 68Ga-FAPI-04
PET/CT before therapy, whereas all the other patients were screened
by 68Ga-FAP-2286 PET/CT. The cutoff of at least 3 for tumor-to-liver
SUV ratio on screening 68Ga-FAP-2286 PET/CT was to ensure a sig-
nificant FAP expression of metastases as an essential criterion for
patient selection, also considering the low physiologic liver uptake.
PTRT was administered at Zentralklinik Bad Berka. The study was
performed in accordance with German regulations (Federal Agency
for Radiation Protection) concerning radiation safety and was
approved by the institutional review board. All patients signed a
detailed informed-consent form before undergoing the treatment and
consented to the use of their anonymized clinical data for scientific
purposes.

The patients were followed up until death or progression after initi-
ation of PTRT. Metastases were present in the lymph node (n5 6),
lung (n5 3), pleura (n5 1), peritoneum (n5 3), liver (n5 7), bone
(n5 5), or diffusely in bone marrow (n5 2). Six patients had under-
gone surgery for their primary tumor, 8 had been treated with chemo-
therapy, 3 had received other radionuclide therapies, 2 had been
treated with checkpoint inhibitors, and 1 had received a poly(adeno-
sine diphosphate-ribose)polymerase inhibitor. Chemotherapy had been
concluded at 4 wk before the start of PTRT in patient 9 and at 2 wk
before PTRT in patients 2 and 7. Patient 10 received the last nivolu-
mab administration 4 wk beforehand. Two patients (patients 1 and 3)
categorically refused any other treatment, such as surgery or chemo-
therapy, and patient 5 was deemed unfit for chemotherapy. The
patients’ characteristics are listed in Table 1.

Radiolabeling of FAP-2286 with 68Ga
The peptide FAP-2286 was labeled with 68Ga using the NaCl-based

labeling procedure as previously described (17). For the automated
radiopharmaceutical production, a Modular-Lab PharmTracer Modul
(Eckert and Ziegler) was used (18). In detail, up to 4 68Ge/68Ga gener-
ators were eluted, and the eluate (1.2–2.6 GBq) was passed through a
preconditioned strong-cation-exchange cartridge. The 68Ga collected
was subsequently eluted using 0.5 mL of 5 M NaCl spiked with
12.5 mL of 5.5 M HCl. The 68Ga-eluate of the strong-cation-exchange
cartridge was then added to a solution of 150 mg of FAP-2286, 5 mg
of L-ascorbic acid, and 1.2 mg of L-methionine dissolved in 350 mL of
1 M sodium acetate buffer (adjusted with HCl and acetic acid to pH
4.5) and 2.3 mL of water for injection. The reaction mixture was
heated to 95!C for 8 min. After labeling, the mixture was diluted with

2 mL of water for injection, neutralized using 2 mL of sterile sodium
phosphate buffer (B. Braun Melsungen), and sterile-filtered. Samples
were obtained for quality control, endotoxin testing, and sterility test-
ing. The radiolabeling yield and the radiochemical purity were deter-
mined by instant thin-layer chromatography and high-performance
liquid chromatography, respectively.

Radiolabeling of FAP-2286 with 177Lu
Automated labeling was performed using a PiRoSyn synthesis mod-

ule (Sykam) (19). To a solution of 177Lu in 300 mL of 0.05 M HCl, a
solution of 10 mg of L-ascorbic acid, 5 mg of L-methionine, and FAP-
2286 (20 MBq of 177Lu/mg of FAP-2286) in 1 mL of 1 M sodium ace-
tate buffer (adjusted with HCl to pH 5.5) was added. The mixture was
heated to 95!C for 35 min. The mixture was diluted with a 0.9% saline
solution and sterile-filtered. Samples were tested for quality, endotox-
ins, and sterility. Radiochemical purity, as determined by thin-layer
and high-performance liquid chromatography, was consistently higher
than 98%.

Treatment Protocol
177Lu-FAP-2286 was administered intravenously over 5–10 min.

All patients presented with aggressive disease and a high tumor load,
primarily necessitating high dosages (radioactivities to be adminis-
tered) for tumor control. The injected activity was adapted, if neces-
sary, on the basis of not only the patient’s clinical condition,
hematologic results, and renal function but also the tumor distribution,
that is, in cases of red marrow involvement. For example, a preexist-
ing grade 2 anemia necessitated reduction of the radioactivity to be
administered. When the patient consented and the patient’s condition
allowed for further treatment, additional cycles were administered
8 wk later. One patient received a single cycle, 9 patients received 2
cycles, and 1 patient received 3 cycles (Supplemental Table 2).

For prevention of nausea, 3 mg of granisetron were injected intrave-
nously before 177Lu-FAP-2286 administration. For adequate hydra-
tion, 1 L of a balanced electrolyte solution was administered for 2 h
after radiopharmaceutical application, with the addition of 20 mg of
furosemide. Symptoms and vital parameters were monitored before,
during, and after treatment. Patient characteristics, tumor features, and
all previous treatments were documented. Complete blood counts,
liver and kidney function results, creatine kinase levels, uric acid lev-
els, and electrolyte levels, as well as levels of tumor-associated
markers such as carcinoembryonic antigen, carcinoma antigen 15-3,
carbohydrate antigen 19-9, and carbohydrate antigen 125, were deter-
mined before and during follow-up after each PTRT. Hematologic
toxicity was graded according to the Common Terminology Criteria
for Adverse Events, version 5.0 (20).

Scintigraphy and SPECT/CT Imaging
The kinetics of 177Lu-FAP-2286 were determined on the basis

of planar whole-body scintigraphy studies (anterior/posterior) and
SPECT/CT 18–46 h after administration of the radiopharmaceutical.
Planar scintigraphy was acquired using a Spirit DH-V dual-head
g-camera (Mediso); medium-energy, general-purpose collimator; 15%
energy window; 208-keV peak; and 15 cm/min speed. SPECT/CT was
performed using a Symbia T camera system (Siemens Healthcare
GmbH) with a medium-energy, low-penetration collimator; peaks at
113 keV and 208 keV (15% energy windows and 20% upper and
lower scatter window); 128 3 128 matrix; 32 projections with 30 s
per step; and body contour.

Dosimetry Protocol
At least 5 serial planar whole-body scintigraphy studies and 1

regional SPECT/CT study were acquired per patient starting from
0.5 h (immediately after therapeutic administration and before bladder
voiding) after injection. Since the patients were not allowed to empty
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the bladder before the first scan, the total-body counts acquired imme-
diately after the injected activity were defined to be 100% of the
administered activity. Total-body counts on the subsequent scans were
expressed as fractions of injected activity. Regions of interest were
drawn manually over the source regions on the acquired scintigraphy
images, which were then analyzed using the software of the Hermes
system (Hybrid Viewer). Source regions were defined as organs and
metastases showing significant specific uptake, which could be clearly
delineated on each posttherapy scan. Regions of interest were selected
by the same physicist, in collaboration with a nuclear medicine physi-
cian, who selected the suitable lesions for dosimetry (i.e., lesions with
the highest uptake in the respective organ). As representative tumor
lesions for dosimetry, bone and liver metastases were chosen because
of their accurate localization and measurability on whole-body and
SPECT/CT scans, as well as the high frequency of bone metastases.
Lymph node and peritoneal lesions are limited by overlap on whole-
body scans. The kinetics of the whole body and the source organs
were determined on the basis of this region-of-interest analysis. The
SPECT/CT scans were reconstructed and quantified using the Hermes
SUV SPECT software. After segmentation, the SPECT activity of
source regions was used to scale the time–activity curves obtained
from planar imaging. In the next step, these time–activity curves were
fitted to mono- or biexponential functions to calculate effective half-
lives and the time-integrated activity coefficient (Origin Pro 8.1G; Ori-
ginLab Corp.). Mean absorbed organ and tumor doses were finally
estimated using OLINDA 2.0. The International Commission on
Radiological Protection 89 adult model and the spheres model were
used for normal organs and tumor lesions, respectively (both included
in OLINDA 2.0). The model was adapted to individual normal-organ
and tumor volumes obtained from the latest CT scan of the patient.

Dosimetry was estimated in 10 treatment cycles: a single cycle in
patients 1, 4, 5, and 10 and 2 cycles in patients 6, 7, and 8. Posttherapy
scans were acquired at defined mandatory time points: immediately
after injection; 2–3 h after injection; and 1, 2, and 3 d after injection,
as well as (when the patient’s condition so allowed) a further delayed
scan up to 10 d after injection. Analysis was performed in accordance
with our previously described protocol (21). Time-dependent activity
in kidneys and metastases (13 osseous and 1 hepatic metastases) was
determined by drawing regions of interest on serial 177Lu-FAP-2286
whole-body scans after therapy. The mean absorbed dose to the red
marrow was estimated from activity in the blood in 4 of 10 estima-
tions, when the general condition and vein characteristics of the
patient allowed drawing of the required mul-
tiple blood samples. In the other 6 of 10 esti-
mations, the mean absorbed dose to the red
marrow was determined from the whole-body
activity distribution.

Clinical, Radiologic, and Laboratory
Follow-up

Patient records were reviewed for any inci-
dence of hematologic, gastrointestinal, renal,
hepatic, or other adverse events; grade was
assigned according to Common Terminology
Criteria for Adverse Events, version 5.0.
Circumstances that resulted in cessation of,
or a delay in, treatment were documented.
Changes in circulating tumor markers were
also recorded. All patients were systemati-
cally followed up after therapy by determin-
ing relevant laboratory parameters every
2 wk. Baseline 68Ga-FAP-2286 PET/CT and
contrast-enhanced CT or MRI were per-
formed at a mean of 2 d (range, 1–7 d) before

the first PTRT cycle. To determine treatment efficacy, at 6–8 wk after
first therapy cycle CT/MRI was performed in all patients and 68Ga-
FAP-2286 PET/CT was performed in 10 patients (the exception was
patient 5). Patient 8 underwent restaging using 68Ga-FAP-2286 PET/
CT at 8 wk after the third therapy cycle.

RESULTS

Tolerability
The mean 6 SD of the administered amount of FAP-2286 was

290 6 100 mg (range, 120–495 mg). The mean administered activ-
ity was 5.8 6 2.0 GBq (range, 2.4–9.9 GBq). There were no
adverse or clinically detectable pharmacologic effects in any of
the 11 patients. No significant changes in vital signs or in the
results of laboratory studies, concerning immediate adverse events,
were observed. Patients 4 and 6 reported a significant improve-
ment in pain after treatment, requiring less morphine; patient 5
had an improvement in physical capacity and self-reported quality
of life after treatment, in addition to pain relief.

Posttherapeutic 177Lu-FAP-2286 Whole-Body Scans and
SPECT/CT
Visual analysis of posttherapy whole-body scans and SPECT/

CT scans demonstrated significant uptake and retention of 177Lu-
FAP-2286 in tumor lesions on delayed imaging (72 h–10 d after
injection) in all patients (SUVs of 177Lu-FAP-2286 in tumor
lesions are displayed in Supplemental Table 3, and those of the
kidneys are in Supplemental Table 4; representative examples are
shown in Figs. 1 and 2, and the whole-body scans of patients 1–3,
5, and 7–11 are in Supplemental Fig. 1). The initial biodistribution
of the radiopharmaceutical was identical to that of the pretherapeu-
tic 68Ga-FAP-2286 PET/CT.

Dosimetry
Dosimetric parameters, specifically effective half-life and mean

absorbed dose to whole body, kidneys, and red marrow (Supple-
mental Table 5), as well as metastases (Supplemental Table 6),
expressed as mean 6 SD, were determined after 177Lu-FAP-2286
administration (Supplemental Table 7 lists the dose estimations for
all organs). The effective half-lives were as follows: whole body,
356 9 h (range, 25–48 h); kidneys, 816 51 h (range, 30–161 h);

FIGURE 1. (A and B) Patient 4 had adenocarcinoma of pancreatic body, as well as hepatic, peri-
pancreatic lymph node, and osseous metastases, which demonstrated high FAP expression on
maximum-intensity-projection 68Ga-FAP-2286 PET image (A) and transverse 68Ga-FAP-2286 PET/
CT image (B). (C and D) Significant uptake and late retention of 177Lu-FAP-2286 were noted in liver
metastases on posttherapeutic whole-body scintigraphy in anterior and posterior views at 48 h after
injection (C) and on transverse SPECT/CT image (D). Because of low resolution of 177Lu for imaging,
as compared with 68Ga for PET/CT, not all tumor sites seen on 68Ga-FAP-2286 PET/CT are apparent
on 177Lu-FAP-2286 images.
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and bone metastases (n5 13), 446 25 h (range, 21–120 h). The
mean absorbed doses were as follows: whole body, 0.076 0.02
Gy/GBq (range, 0.04–0.1 Gy/GBq); kidneys, 1.06 0.6 Gy/GBq
(range, 0.4–2.0 Gy/GBq); red marrow, 0.056 0.02 Gy/GBq
(range, 0.03–0.09 Gy/GBq); and bone metastases, 3.062.7 Gy/GBq
(range, 0.5–10.6 Gy/GBq). The effective half-life and mean absorbed
dose in 1 liver metastasis (in patient 4) were estimated to be 32
h and 0.4 Gy/GBq, respectively.

Adverse Events
Clinical adverse events included grade 1 (G1) short-term and

self-limiting headache in patients 3, 7, 9, and 10 within 12 h after
treatment, and moderate headache (grade 2 [G2]) in patient 9.
There was a severe flare-up of abdominal pain (grade 3 [G3]),
with nausea and vomiting, after the second cycle in patient 2. Inci-
dentally, this patient had reported a significant reduction in
breathing-related pain in the left side of the back after the first
cycle.
New anemia occurred after PTRT in 3 patients (G1 in patients 1

and 4; G2 in patient 11). Worsening of a preexisting G1 anemia to
G2 was noted in patients 5 and 7 after the second cycle. After
the third cycle, patient 8 experienced G3 pancytopenia (from pre-
existing G1–G2), requiring packed red cell transfusions and
granulocyte–colony-stimulating factor. Preexisting leukocytopenia
worsened from G1 to G2 in patient 5 and from G2 to G3 in patient

6. After PTRT, there was leukocytosis (non-G3) in patients 3, 4, 7,
and 11; in patients 3, 7 and 11, it occurred after the first cycle and
was reversible. In patient 4, however, it occurred after the second
cycle and persisted until death 8 wk later. Interestingly, in patient
9, the leukocyte counts normalized (from preexisting G1 leukocy-
topenia) and the absolute thrombocyte count improved (G1
unchanged) at 6 wk after the first PTRT cycle (Table 2; Supple-
mental Table 8).
With preexisting chronic renal insufficiency (G2), patient 6 had

episodes of acute deterioration of renal function after the first and
second PTRT cycles. Both episodes were determined to be prere-
nal in origin, i.e., a sudden reduction in blood flow to the kidney
(renal hypoperfusion) caused a loss of kidney function. In prerenal
kidney injury, there is nothing wrong with the kidney itself, and in
both instances, renal function returned to normal within 4 wk and
the glomerular filtration rate remained consistently above 30 mL/
min. There was no significant change in renal parameters in the
rest of the patients. The hepatic function parameters, uric acid lev-
els, electrolyte levels, and creatinine kinase levels were unaffected
by PTRT.

Outcome After PTRT
Evaluation according to RECIST 1.1 in all patients at 6–8 wk

after the first PTRT cycle revealed stable disease in patients
8 and 9 and progression in the other 9 patients (Table 3). The

FIGURE 2. (A) Patient 6, with breast cancer, presented predominantly with diffuse FAP-positive bone and bone marrow metastases (but also lymph
node metastases) on 68Ga-FAP-2286 PET/CT. (B, C, D, E, G, H, and I) Serial whole-body scintigraphy in anterior and posterior views at 3 h (B), 20 h (C),
44 h (D), 68 h (E), 92 h (G), 7 d (H), and 10 d (I) after PTRT using 2.4 GBq of 177Lu-FAP-2286 demonstrated uptake and retention in metastases. (F) 68Ga-
FAP-2286 PET/CT after 8 wk demonstrated mixed response: regression of bone and bone marrow lesions but overall progressive disease with new evi-
dence of liver metastases. (J) Axial 68Ga-FAP-2286 PET/CT images before (left) and after (right) PTRT show FAP-positive metastases in ribs and verte-
brae, and occurrence of a new liver metastasis on the right side.
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findings also correlated with circulating tumor markers (Supple-
mental Table 9) and with 68Ga-FAP-2286 PET/CT findings (per-
formed on 10 patients). Because of marked disease progression,
no further PTRT was administered to patient 11. In patient 6,
68Ga-FAP-2286 PET/CT revealed a mixed response (i.e., remis-
sion of the diffuse bone metastases), but overall disease was pro-
gressive, with evidence of new hepatic lesions (Fig. 2). Patient
8 demonstrated progression at 8 wk after the third PTRT cycle.
Six patients died from disease progression 2–8 mo after their ini-
tial PTRT (Table 3). One patient died from suicide and 1 from
pneumonia.

DISCUSSION

This retrospective report provides the first—to our knowledge—
evidence of the feasibility of theranostics in diverse advanced adeno-
carcinomas using the novel radiolabeled peptide 177Lu-FAP-2286.
PTRT was performed on a compassionate-use basis in end-stage
pancreatic, breast, ovarian, and colorectal cancer patients after
exhaustion of the treatment options, including 2 patients who had
strictly refused any other treatment and 1 patient who was deemed
unfit for chemotherapy. The first-in-humans use demonstrated a
favorable safety profile with few manageable serious adverse events.
Pancreatic, breast, ovarian, and colorectal adenocarcinomas and

their metastases have been demonstrated to be FAP-positive on
PET/CT (22). In our patient cohort, FAP expression was confirmed
in these malignancies on PET/CT using 68Ga-FAP-2286 or 68Ga-
FAPI-04. Biodistribution images after therapy revealed not only
significant tumor uptake of 177Lu-FAP-2286 but also long retention
of the radiopharmaceutical in all patients. In contrast, biodistribu-
tion studies with small-molecule–based FAPI tracers, notably
FAPI-02 and FAPI-04, revealed an earlier tumor washout and a
correspondingly shorter tumor retention time (14), thereby limiting
their therapeutic potential when conjugated to longer-lived thera-
peutic radionuclides such as 177Lu. Thus, the application of shorter-
lived radionuclides for therapy using FAPI-based tracers was
suggested (19). The longer tumor retention of FAP-2286, on the
other hand, allows the use of therapeutically effective longer-lived
radionuclides for therapy (including 177Lu and 225Ac).
These findings were further corroborated by dosimetric studies.

Comparison of 177Lu-FAP-2286 to other radiopharmaceuticals pre-
viously reported to be effective (i.e., 177Lu-DOTATATE for neuro-
endocrine tumors (23) and 177Lu-PSMA-617 for prostate cancer
(24)) shows comparable absorbed doses for whole body, bone
marrow, and kidneys (21,25,26). Notably, the kidney absorbed
dose delivered by 177Lu-FAP-2286 when used without renal protec-
tion was comparable to that of 177Lu-PSMA-617 and to that
delivered by 177Lu-DOTATATE when coadministered with Lys/
Arg for renal protection (1.0Gy/GBq [range, 0.4–2.0Gy/GBq] vs.
0.99Gy/GBq [range, 0.45–1.6Gy/GBq] vs. 0.8Gy/GBq [range,
0.3–2.6Gy/GBq]) (21,27). Whole-body and bone marrow absorbed
doses of 177Lu-FAP-2286 (0.07 and 0.05Gy/GBq, respectively)
were similar to those of 177Lu-PSMA-617 (0.04 and 0.03Gy/GBq,
respectively) (25) and 177Lu-DOTATATE (0.05 and 0.04Gy/GBq,
respectively) (21,26). Absorbed doses in bone metastases were sim-
ilar to those reported by Kulkarni et al. for 177Lu-PSMA-617
(3.0Gy/GBq [range, 0.5–10.6Gy/GBq] for 177Lu-FAP-2286 vs.
2.9Gy/GBq for 177Lu-PSMA-617) (25) and slightly lower than
those reported by Violet et al. for 177Lu-PSMA-617, although with
an overlapping range (5.3Gy/GBq [range, 0.4–10.7Gy/GBq]) (28).
The effective half-life of 177Lu-FAP-2286 in the whole body (35 h)
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was slightly shorter than that of 177Lu-PSMA-617 (40 h) (25) and
177Lu-DOTATATE (55 h) (21) and slightly longer in the kidneys
(81 h for 177Lu-FAP-2286 vs. 42 h for 177Lu-PSMA-617 and 63
h for 177Lu-DOTATATE) (21,25). Thus, although individual values
may vary, the overall dose delivered by 177Lu-FAP-2286 to healthy
organs and tumor lesions appears comparable to that of well-
known 177Lu-based radiopharmaceuticals. The dosimetric analysis
of the patients in this study therefore justifies prospective clinical
trials to establish a safe and effective cumulative dose of 177Lu-
FAP-2286, as well as risk factors to be considered in diverse ade-
nocarcinoma patients.
PTRT with 177Lu-FAP-2286 appears to ameliorate symptoms in

rapidly proliferating adenocarcinomas as noted by significant pain
reduction in patient 4, with liver metastases; patient 6, with diffuse
bone metastases; and patient 5, with newly diagnosed pancreatic
cancer. On the other hand, there was exacerbation of preexisting
pain or development of new local symptoms shortly after PTRT in
patient 9 (headache) and in patient 2 after the second cycle (severe
abdominal complaints). A flare phenomenon after treatment with
radionuclide therapy has been reported previously (29); thus, the
symptoms in patients 2 and 9 may potentially be related to existing
metastases localized in the area of pain exacerbation.
The reasons for a reduction in the radioactivity administered

were preexisting red marrow dysfunction (anemia or pancytope-
nia)—either because of red marrow involvement or because the
patient had previously undergone multiple previous therapies,
including chemotherapy—and renal dysfunction, which potentially
could result in a longer whole-body residence time and increase
the absorbed dose to red marrow. Therefore, the presence of these
limitations prevented use of a higher injected activity to prevent
potential additional red marrow dysfunction. G3 hematologic
adverse events were observed in patient 6 (leukocytopenia) and
patient 8 (pancytopenia), correlating with imaging evidence of

diffuse bone marrow involvement. These adverse events were
managed with intermittent transfusions of packed red blood cells
and bone marrow stimulation using granulocyte–colony-
stimulating factor. Otherwise, no severe hematologic toxicity was
noted in patients, despite heavy pretreatment in some, including
recently concluded chemotherapy (patients 2, 7, and 9), immune-
checkpoint-inhibitor therapy (patient 10), and radionuclide thera-
pies targeting human epidermal growth factor receptor 2 or bone
(patients 6, 7, and 8). In fact, the bone marrow function in patient
9 not only was unaffected by PTRT but improved (most probably
because of termination of chemotherapy 2 wk before the start of
PTRT). No organ toxicity was seen. The one instance of prerenal,
acute-on-chronic renal insufficiency in patient 6 could be managed
with intravenous fluids and was resolved after 1 wk.
The most likely mechanism of action of PTRT can be postu-

lated to be the destruction of cancer-associated fibroblasts, which
are the support system for cancers, as well as a crossfire effect
causing tumor-cell killing. However, progression of disease was
frequently observed, necessitating alteration of the treatment strat-
egy. Possible measures to enhance the therapeutic efficacy of
PTRT are a shortening of the intervals between treatments or an
increase in the administered radioactivity. Furthermore, the evalu-
ation of combinations with other treatments (e.g., with a targeted
therapy such as poly(adenosine diphosphate-ribose)polymerase
inhibitor or immune checkpoint inhibitor) stands to reason.
Other radionuclides for labeling FAP-2286 may be used for

therapy. Although the b-particle energy of 90Y is higher than that
of 177Lu, the longer range of 90Y-b might increase the risk of
bone marrow and renal toxicity. However, applying a lower dos-
age could be appropriate, as with PRRT of neuroendocrine tumors
(27). An a-emitter, such as 225Ac, appears to also be a suitable
candidate because of its high and precise energy delivery to the
tumor per unit of radioactivity, causing double-stranded DNA

TABLE 3
Outcome After Treatment

Patient no.
Initial

diagnosis
First PTRT

cycle
FAP PTRT
cycles (n)

Response*
at 6–8 wk
after first
cycle

Response* at
6–8 wk after
third cycle,
if applicable

Time to
progression
since initial
PTRT (wk) Death

Cause
of death

Survival since
initial FAP
PTRT (mo)

1 09/2019 10/2019 2 PD 8 03/2020 PD 5

2 03/2019 10/2019 2 PD 8 06/2020 PD 8

3 09/2019 10/2019 2 PD 8 12/2019 Suicide 2

4 02/2018 10/2019 2 PD 8 02/2020 PD 4

5 01/2019 12/2019 2 PD† 8 04/2020 PD 4

6 07/2015 10/2019 2 PD 8 Patient alive
(05/2021)

7 09/2004 10/2019 2 PD 8 04/2020 PD 6

8 07/2013 10/2019 3 SD PD 24 Patient alive
(05/2021)

9 05/2008 10/2019 2 SD 20 Patient alive
(05/2021)

10 03/2015 10/2019 2 PD 8 01/2020 PD 3

11 02/2009 10/2019 1 PD 6 01/2020 Bronchopneumonia 3

*Response was evaluated by RECIST 1.1, on 68Ga-FAP-2286 PET/CT (except in patient 5) and tumor marker evaluation after first
(in all) and third (in patient 8) PTRT cycles.

†Response was evaluated on RECIST 1.1 and tumor marker evaluation.
FAP 5 fibroblast activation protein; PTRT 5 peptide-targeted radionuclide therapy; PD 5 progressive disease.
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breaks (30). A proof-of-concept study of 225Ac-FAPI-04 (as
well as 64Cu-FAPI-04) in FAP-expressing pancreatic cancer
xenograft mouse models suggested the applicability of FAP-
targeted a-therapy in pancreatic cancer (31). The tumor half-life
of FAP-2286 is much longer than that of FAPI-02 or FAPI-04
but less than that of 177Lu-PSMA, 177Lu-DOTATOC, or 177Lu-
DOTATATE (14,21,25). In consequence, given the effective
tumor half-life of 177Lu-FAP-2286 (mean, 44 h for bone and 32
h for single liver metastases), radionuclides such as 67Cu or 90Y
(which has the additional advantage of a higher b-particle energy)
may increase exposure as compared with 177Lu or 225Ac. Further
studies using these radionuclides would be beneficial.
The major limitation of this study was the small and heteroge-

neous patient population, which received as the last line of treat-
ment PTRT with 177Lu-FAP-2286 on a compassionate-use basis.
This was not a dose escalation study, and varying radioactivities
of 177Lu-FAP-2286 administered to patients make safety and ther-
apeutic assessment only observational. Therefore, the preliminary
but encouraging results of this retrospective analysis must be
confirmed by a prospective, randomized, and controlled clinical
trial.

CONCLUSION

This study provides the first clinical evidence of the feasibility
of treating different aggressive adenocarcinomas with 177Lu-
labeled FAP-2286. High uptake and long retention in primary and
metastatic tumor lesions and a reasonable toxicity profile warrant
further investigation of 177Lu-FAP-2286 in prospective clinical
studies to systematically evaluate its safety and efficacy and to
define the patient population it would most benefit.
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KEY POINTS

QUESTION: Is the 177Lu-FAP-2286 therapy of different adenocar-
cinomas feasible in terms of retainability of tracer in the tumor,
patient safety, and treatment efficacy?

PERTINENT FINDINGS: In a series of 11 patients with diverse
advanced adenocarcinomas, 177Lu-FAP-2286 was well tolerated,
without any issues of urgent concern. This novel conjugate of a
FAP-binding peptide demonstrated high uptake and long retention
in primary and metastatic tumor lesions, with a reasonable toxicity
profile.

IMPLICATIONS FOR PATIENT CARE: This first-in-humans use
provides a direction to clinical trials for promising and effective
FAP-targeted radiopeptide therapy in various aggressive cancers.
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A Radiotracer for Molecular Imaging and Therapy of
Gastrin-Releasing Peptide Receptor–Positive Prostate Cancer

Ivica J. Bratanovic1, Chengcheng Zhang1, Zhengxing Zhang1, Hsiou-Ting Kuo1, Nadine Colpo1, Jutta Zeisler1,
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The gastrin-releasing peptide receptor (GRPR) is overexpressed in
many solid malignancies, particularly in prostate and breast cancers,
among others. We synthesized ProBOMB2, a novel bombesin deriva-
tive radiolabeled with 68Ga and 177Lu, and evaluated its ability to target
GRPR in a preclinical model of human prostate cancer. Methods:
ProBOMB2 was synthesized in solid phase using fluorenylmethoxy-
carbonyl chemistry. The chelator 1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetraacetic acid was coupled to the N terminus and
separated from the GRPR-targeting sequence by a cationic 4-amino-
(1-carboxymethyl)-piperidine spacer. Binding affinity for both human
and murine GRPR was determined using a cell-based competition
assay, whereas a calcium efflux assay was used to measure the ago-
nist and antagonist properties of the derivatives. ProBOMB2 was
radiolabeled with 177Lu and 68Ga. SPECT and PET imaging and bio-
distribution studies were conducted using male immunocompromised
mice bearing GRPR-positive PC-3 human prostate cancer xenografts.
Results:Ga-ProBOMB2 and Lu-ProBOMB2 bound to PC-3 cells with
an inhibition constant of 4.586 0.67 and 7.2961.73 nM, respectively.
68Ga-ProBOMB2 and 177Lu-ProBOMB2 were radiolabeled with a
radiochemical purity greater than 95%. Both radiotracers were
excreted primarily via the renal pathway. PET images of PC-3 tumor
xenografts were visualized with excellent contrast at 1 and 2 h after
injection with 68Ga-ProBOMB2, and there was very low off-target
organ accumulation. 177Lu-ProBOMB2 enabled clear visualization of
PC-3 tumor xenografts by SPECT imaging at 1, 4, and 24 h after injec-
tion 177Lu-ProBOMB2 displayed higher tumor uptake than 68Ga-Pro-
BOMB2 at 1 h after injection. 177Lu-ProBOMB2 tumor uptake at 1, 4,
and 24 h after injection was 14.96 3.1, 4.86 2.1, and 1.76 0.3 per-
centage injected dose per gram of tissue, respectively. Conclusion:
68Ga-ProBOMB2 and 177Lu-ProBOMB2 are promising radiotracers
with limited pancreas uptake, good tumor uptake, and favorable phar-
macokinetics for imaging and therapy of GRPR-expressing tumors.

Key Words: gastrin-releasing peptide receptor; bombesin; prostate
cancer

J Nucl Med 2022; 63:424–430
DOI: 10.2967/jnumed.120.257758

The gastrin-releasing peptide receptor (GRPR) is a transmem-
brane G protein–coupled receptor that is expressed in the human
body’s central nervous system, gastrointestinal tract, pancreas, and

adrenal cortex tissues (1). GRPR is also aberrantly overexpressed
in many solid malignancies, which include prostate, breast, lung,
colon, and ovarian cancers (2). The overexpression of GRPR in
cancer makes it an attractive target for radioligand imaging and
therapy. In the past, GRPR antagonists based on bombesin (i.e.,
NeoBOMB1, RM2, and ProBOMB1) have been preferred over
agonists because of the adverse effects observed from using the
latter (3,4).
NeoBOMB1 has recently been introduced in clinical trials to

image and treat GRPR-positive tumors with 68Ga- and 177Lu-
labeled compounds, respectively (5). A common trend with
GRPR-targeting agents in patients and preclinical animal models
is the high physiologic accumulation of the radiotracer in the pan-
creas and gastrointestinal tract (5,6). The off-target accumulation
of the radiotracer in normal organs can affect image contrast and
lesion detection and limit the maximum tolerated dose of radio-
tracer administered for radioligand therapy (1). Recently, our
group began to address the issue of off-target GRPR binding (i.e.,
in the pancreas and intestines) with the development of Pro-
BOMB1. It contains a unique terminal LeucPro-NH2 sequence
that significantly reduced pancreas uptake compared with Neo-
BOMB1 while still retaining target specificity (7,8). However,
ProBOMB1 displayed lower tumor uptake with the 177Lu label
than did NeoBOMB1, whereas 68Ga-labeled tracer uptake was
similar (7,8). To improve tumor uptake and further mitigate pan-
creas uptake, we designed, synthesized, and evaluated ProBOMB2
(Fig. 1). ProBOMB2 contains the same GRPR-binding sequence
and unique terminal LeucPro-NH2 as are seen in ProBOMB1 but
uses a cationic 4-amino-(1-carboxymethyl)-piperidine spacer
instead of a neutral p-aminomethylaniline-diglycolic acid spacer
(Fig. 1). The cationic piperidine spacer has been used in the past
with the GRPR antagonist 68Ga-RM2 to improve tumor affinity
and in our own lab to improve the pharmacokinetic profile of other
radiotracers (9,10).
Here, we describe the synthesis and pharmacokinetic evaluation

of a novel bombesin derivative, ProBOMB2. We evaluated the
potential of ProBOMB2 as a theranostic agent by radiolabeling
with 68Ga and 177Lu. Antagonistic properties were evaluated using
an in vitro fluorescence-based Ca21 release assay. The pharmaco-
kinetic properties of 68Ga-ProBOMB2 and 177Lu-ProBOMB2
were studied in a preclinical model of human prostate cancer.

MATERIALS AND METHODS

Synthesis of ProBOMB2 and Radiolabeling
ProBOMB2 was synthesized in solid phase using a standard

fluorenylmethoxycarbonyl-based approach. The synthesis of
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ProBOMB2 and its lutetium and gallium cold standards is described
in the supplemental materials (available at http://jnm.snmjournals.org).
ProBOMB2, Ga-ProBOMB2, and Lu-ProBOMB2 were purified by
high-performance liquid chromatography, and purity was confirmed
by electrospray ionization mass spectrometry (supplemental materi-
als). ProBOMB2 was radiolabeled using 68GaCl3 to generate 68Ga-
ProBOMB2 and was purified using radio–high-performance liquid
chromatography using the methods described in the supplemental
materials. 177LuCl3 was used to obtain 177Lu-ProBOMB2, which was
then purified using radio–high-performance liquid chromatography as
described in the supplemental materials. The molar activity of radio-
tracers was measured using high-performance liquid chromatography
by dividing the injected radioactivity by the tracer quantity, which was
quantified by area under the ultraviolet absorbance peak and extrapo-
lated from a standard curve. The standard curve was established
with known quantities of nonradioactive Ga-ProBOMB2 or Lu-
ProBOMB2.

Cell Culture
Human PC-3 prostate adenocarcinoma and murine Swiss 3T3 fibro-

blast cell lines were cultured and maintained in a humidified incubator
(5% CO2; 37!C) in F-12K medium and RPMI medium (Life Technol-
ogies Corp.), respectively, and supplemented with 10% fetal bovine
serum, a 100 IU/mL solution of penicillin, and a 100mg/mL solution
of streptomycin (Life Technologies Corp.). PC-3 cells were chosen
because of their inherent propensity to display a high surface-
membrane density of human GRPR (11). Similarly, Swiss 3T3 cells
were selected for their high surface density of murine GRPR as a way
to further explain radiotracer biodistribution in our murine animal
model (12).

Competition Binding Assay
The in vitro competition binding assays were conducted by follow-

ing previously published procedures, also described in the supplemen-
tal materials (8).

Fluorometric Calcium Release Assay
The FLIPR Calcium 6 assay kit (Molecular Devices) was used to

perform calcium release assays according to published procedures and
is described in the supplemental materials (13).

Animal Model
Animal experiments were approved by the Animal Care Committee

of the University of British Columbia. For 68Ga-ProBOMB2, 8-wk-
old male NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ mice were obtained from

an in-house colony and were inoculated sub-
cutaneously with 5 3 106 PC-3 cells
(100mL; 1:1 phosphate-buffered saline/
Matrigel; Corning), and tumors were
allowed to grow for 3 wk. For 177Lu-Pro-
BOMB2, 8-wk-old male NOD.Cg-Rag1tm1-

Mom Il2rgtm1Wjl/SzJ were used instead,
inoculated the same way as the NOD.Cg-
PrkdcscidIl2rgtm1Wjl/SzJ mice.

PET/CT Imaging and
Biodistribution Studies

Mice bearing PC-3 tumors were sedated
(2.5% isoflurane in O2) for intravenous
injection of 68Ga-ProBOMB2 (4.186 0.68
MBq) and allowed to recover and roam
freely in their enclosure during the uptake
period. Shortly before the imaging time, the
mice were sedated again under isoflurane

inhalation and placed on the scanner (Inveon small-animal PET/CT
scanner; Siemens Healthineers) while body temperature was main-
tained using a heating pad. A baseline CT scan was obtained for local-
ization and attenuation correction (80 kV, 500mA, and 300 ms),
followed by a 10-min static PET scan at 1 or 2 h after injection of the
radiotracer. After imaging, the mice were killed under isoflurane anes-
thesia by CO2 inhalation, for biodistribution analysis.

The PET data were obtained in list mode, reconstructed using
3-dimensional ordered-subsets expectation maximization (2 iterations)
and a maximum a priori algorithm (18 iterations) with CT-based atten-
uation correction. The Inveon Research Workplace software (Siemens
Healthineers) was used to analyze and view the images. For biodistri-
bution and blocking studies, the mice were injected with 1.476 1.17
MBq of radiotracer. At 1 or 2 h, the mice were anesthetized with 2%
isoflurane and euthanized by CO2 inhalation. Blocking was done at 1 h
via coinjection of the radiotracer with 100mg of [D-Phe6,Leu-
NHEt13,des-Met14]bombesin(6–14). Blood was drawn via cardiac
puncture, and the organs or tissues of interest were harvested, rinsed
with saline, blotted dry, weighed, and counted using an automatic
g-counter (PerkinElmer). Uptake values were expressed as percentage
injected dose per gram of tissue (%ID/g).

SPECT/CT Imaging and Biodistribution Studies
PC-3 tumor–bearing mice were sedated (2.5% isoflurane in O2),

and 177Lu-ProBOMB2 (34.966 2.49 MBq) was administered intra-
venously. Before each SPECT/CT image acquisition, the mouse
was given a subcutaneous injection of 250 mL of sterile saline for
hydration. The same mouse was used for all imaging time-points.
Mice were scanned while sedated (U-SPECT1/CT; MI Labs) using
an ultra-high-sensitivity big-mouse collimator (2-mm pinhole size),
and body temperature was maintained using a heating pad. The CT
scan was obtained using 615mA and 60kV for localization and
attenuation, followed by a SPECT scan with a 20% energy window
centered around 208 keV. Similarity-regulated ordered-subset expec-
tation maximization (32 subsets, 4 iterations), a 1.0-mm postpro-
cessing gaussian filter, and a voxel size of 0.4 mm were used to
reconstruct the images. Scatter was corrected using the automatic
triple energy window, and a collimator-dependent calibration factor
was applied. Images were decay-corrected to the time of injection
and divided by the injected activity with PMOD, version 3.402
(PMOD Technologies), to obtain quantitation in %ID/g. Data were
then converted to DICOM for visualization in Inveon Research
Workplace.

FIGURE 1. Chemical structure of ProBOMB1 (top) and ProBOMB2 (bottom)
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For biodistribution and blocking studies, the mice were injected
with 2.506 0.62 MBq of radiotracer. At 1, 4, 24, or 72 h, the mice
were anesthetized with 2% isoflurane and euthanized by CO2 inhala-
tion. Blocking was done at 1 h via coinjection of the radiotracer with
100mg of [D-Phe6,Leu-NHEt13,des-Met14]bombesin(6–14). Blood was
drawn via cardiac puncture, and the organs or tissues of interest were
collected, weighed, and counted using an automatic g-counter (Perki-
nElmer). Uptake values were expressed as %ID/g.

Dosimetry
The uptake values (%ID/g) obtained from the biodistribution data

were decayed to the appropriate time point and fitted to monoexponen-
tial or biexponential models using an in-house Python script (Python
Software Foundation, version 3.5). Biexponential fitting assumed zero
uptake at baseline. The best fit was based on the coefficient of deter-
mination (R2) and by qualitatively looking at fits in log–log plots and
their residuals. Time–activity curves were integrated to acquire resi-
dence times per unit gram and multiplied by mass of model tissue
(25-g mouse whole-body phantom). The residence time data were
input into OLINDA (Hermes Medical Solutions, version 2.2), which
has precalculated dose factors to obtain dosimetry (14,15). Dosimetry
estimations for the average adult human male were extrapolated per
published procedures (8). Mouse biodistribution data were extrapo-
lated to humans with the method proposed by Kirschner et al., using
the following equation (16):

%ID
morgan

$ "
human

¼ %ID
morgan

$ "
mouse

Mmouse

Mhuman
3ðmorganÞhuman

% #
,

where morgan is mass of organ and M represents total-body mass.
Once human equivalent biodistribution values were extrapolated
with the above equation, dosimetry was obtained as for the mouse
case using OLINDA.

Statistical Analysis
Data were analyzed with GraphPad Prism, version 8.0. t tests were

performed for all organs in the biodistribution studies and the binding
affinity studies. For t tests performed for organ comparison, a correc-
tion factor was used to account for multiple comparisons using the
Holm–Sidak method. The Welch t test was used to compare Pro-
BOMB2 radiotracer accumulation in organs with each other and with
previously established ProBOMB1 and NeoBOMB1 values. A statisti-
cally significant difference was considered present when the adjusted
P value was less than 0.05 using the Holm–Sidak method.

RESULTS

Chemistry and Radiolabeling
The starting material fluorenylmethoxycarbonyl-LeucPro-OH

was synthesized in solution phase with 31% yield. The precursor
ProBOMB2 was synthesized using fluorenylmethoxycarbonyl
chemistry in solid phase. The nonradioactive Ga-ProBOMB2 and
Lu-ProBOMB2 were obtained in 88% and 86% yields, respecti-
vely. Multiple batches of 68Ga-ProBOMB2 were prepared in good
radiochemical yield (45.5%629.9%, n 5 3) and good specific
activity (139.86670.67 GBq/mmol, n 5 3), with more than 95%
radiochemical purity. 177Lu-ProBOMB2 was prepared in good radio-
chemical yield (45.5%64.4%) and high specific activity
(421.865.2 GBq/mmol), with more than 99% radiochemical purity.

Binding Affinity and Antagonist Characterization
Ga-ProBOMB2 and Lu-ProBOMB2 binding affinities were

measured in human GRPR-expressing PC-3 prostate cancer cells
and murine GRPR-expressing Swiss 3T3 cells (Supplemental Fig.
1; Fig. 2). The competitor 125I-Tyr4bombesin was successfully dis-
placed in a dose-dependent manner by both compounds on PC-3
and Swiss 3T3 cells. Inhibition constants for Ga-ProBOMB2 and
Lu-ProBOMB2 on human GRPR-expressing PC-3 cells were
4.586 0.67 and 7.296 1.73 nM, respectively (n 5 3). Inhibition
constants for Ga-ProBOMB2 and Lu-ProBOMB2 on murine
GRPR-expressing Swiss 3T3 cells were 5.306 1.55 and
7.916 2.60 nM, respectively (n 5 3). There was no significant
difference in binding affinity for Ga-ProBOMB2 between murine
and human GRPR (P 5 0.528). Lu-ProBOMB2 also displayed no
significant difference in binding affinity between murine and
human GRPR (P 5 0.751).
Intracellular calcium release was measured for Ga-ProBOMB2

and Lu-ProBOMB2 using PC-3 cells (Supplemental Figs. 3 and
4). Adenosine triphosphate (50 nM) and bombesin (50 nM)
induced Ca21 efflux corresponding to 907.36 177.5 and
880.66 146.3 relative fluorescence units (RFUs), compared with
6.06 2.7 RFUs for buffer control. For [D-Phe6,Leu-NHEt13,des-
Met14]bombesin(6–14) (50 nM), 5.760.7 RFUs was observed. For
Lu-ProBOMB2 (50 nM), 5.560.8 RFUs were recorded, whereas
Ga-ProBOMB2 (50 nM) elicited 6.461.0 RFUs. Ga-ProBOMB2
RFUs were ignificantly lower from those of adenosine triphosphate
(P 5 0.002) and bombesin (P 5 0.001) but were not significantly

different from those of [D-Phe6,Leu-
NHEt13,des-Met14]bombesin(6–14) (P 5
0.299). Lu-ProBOMB2 RFUs were signifi-
cantly lower than RFUs obtained with aden-
osine triphosphate (P 5 0.002) and
bombesin (P 5 0.001) but were not signi-
ficantly different from RFUs obtained with
[D-Phe6, Leu-NHEt13, des-Met14]bombe-
sin(6–14) (P5 0.719).

PET Imaging and Biodistribution
The PET and PET/CT images are shown

in Figure 2. There was clear visualization
of PC-3 tumor xenografts in mice by 68Ga-
ProBOMB2, which was excreted primarily
through the renal pathway. The urine con-
tained the highest activity of 68Ga-Pro-
BOMB2, followed by the tumor and
kidneys, respectively. Coinjection of the
blocking agent, [D-Phe6,Leu-NHEt13,des-

FIGURE 2. Fused maximum-intensity projection PET/CT and PET alone of 68Ga-ProBOMB2 in
PC-3 xenograft–bearing mice. Images were acquired at 1h (A), 2 h (B), and 1h with blocking (C) after
injection. Blocking was performed with coinjection of 100mg of [D-Phe6,Leu-NHEt13,des-
Met14]bombesin(6–14).
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Met14]bombesin(6–14), reduced tumor uptake of 68Ga-Pro-
BOMB2 by 65% at 1 h after injection. This was a significant
reduction in tumor uptake compared with the unblocked sample at
1 h after injection (P 5 0.0006).
PC-3 tumor uptake for 68Ga-ProBOMB2 was 10.806 2.56 and

8.796 3.01 %ID/g at 1 and 2 h after injection, respectively. There
was no significant difference between 1 and 2 h after injection
(P 5 0.219). Kidney uptake for 68Ga-ProBOMB2 was 1.816 0.44
and 1.276 0.31 %ID/g at 1 and 2 h after injection, respectively.
Blood, muscle, bone, and liver uptake of the PET tracer was less
than 1 %ID/g across all time points (Fig. 3). Pancreas uptake was
1.206 0.42 and 0.306 0.11 %ID/g at 1 and 2 h after injection,
respectively. Tumor-to-blood ratio increased over time from
22.196 3.51 at 1 h after injection to 75.326 28.59 at 2 h. Tumor-
to-kidney ratios were 6.036 0.88 and 6.966 1.89 at 1 and 2 h after
injection, respectively. Tumor-to-pancreas ratios increased from
9.326 1.38 to 31.056 9.28 at 1 and 2 h after injection, respec-
tively. Tumor-to-liver ratios remained high, increasing from
26.186 6.43 at 1 h after injection to 34.996 16.10 at 2 h. Com-
plete biodistribution data are presented in Supplemental Table 1.

SPECT Imaging and Biodistribution
The maximum-intensity-projection SPECT images of 177Lu-

ProBOMB2 are shown in Figure 4. There was clear and high-
contrast visualization of PC-3 tumor xenografts in mice by
177Lu-ProBOMB2 at 1, 4, and 24 h, and the tracer was then
excreted renally. The highest activity for 177Lu-ProBOMB2 was
observed in the urine, followed by the tumor and kidneys. Coinjec-
tion of the blocking agent, [D-Phe6,Leu-NHEt13,des-Met14]bombe-
sin(6–14), decreased tumor uptake of 177Lu-ProBOMB2 by 80%
at 1 h after injection.
PC-3 tumor uptake for 177Lu-ProBOMB2 was 14.946 3.06,

4.756 2.06, 1.686 0.30, and 0.916 0.15 %ID/g at 1, 4, 24, and
72 h after injection, respectively. Kidney uptake for 177Lu-Pro-
BOMB2 was 2.446 0.59 %ID/g at 1 h after injection, which by
24 h after injection dropped to 0.716 0.10 %ID/g. Pancreas up-
take was 1.366 0.45 %ID/g at 1 h after injection, and at 4 h after
injection descended to 0.176 0.06 %ID/g. Blood, muscle, bone,
and liver uptake of the SPECT tracer was less than 1 %ID/g across
all time points (Fig. 5). Biodistribution data for all other collected
organs are presented in Supplemental Table 2. Tumor-to-blood
ratio increased over time from 35.346 8.47 at 1 h after injection to
320.136 160.30 at 24 h. Tumor-to-kidney ratios peaked at
6.336 1.60 at 1 h after injection, decreasing to 2.396 0.30 at 24 h.
Tumor-to-pancreas ratios increased from 11.706 3.08 at 1 h after
injection to 19.576 4.00 at 24 h. Tumor-to-liver ratios peaked

at 54.736 12.31 at 1 h after injection,
decreasing to 13.776 4.50 at 24 h.

Dosimetry
The absorbed doses in mice injected

with 177Lu-ProBOMB2 are shown in
Table 1. The bladder received the highest
dose, followed by the PC-3 tumor and the
kidneys.

Table 2 lists the estimated absorbed
whole - body dose for an average adult
male. These data remained consistent with
the mouse model. The highest estimated
normal-organ dose was in the urinary
bladder, followed by the kidneys. The

estimated pancreas dose remained low, along with other tissues of
interest (e.g., gastrointestinal tract).

DISCUSSION

GRPR is an attractive radiopharmaceutical target for cancer
therapy and diagnosis because of its overexpression in many can-
cer types (1,17–19). Bombesin-based GRPR antagonists can image
both primary and metastatic disease in patients, particularly in
estrogen receptor–positive breast cancer and prostate cancer
(5,6,8,20–22). The literature largely supports the use of GRPR
radiotracers for prostate cancer, for which it can be combined with
prostate-specific membrane antigen radiopharmaceuticals to
enhance disease management (19,23). Some bombesin-based
radiotracers often accumulate in the intestine and pancreas, nega-
tively affecting tumor contrast (24,25). Incorporating a charged
hydrophilic linker in the radiotracer sequence can increase water
solubility, renal excretion, and tumor uptake of radiopharmaceuti-
cals to enhance image contrast (26,27). Novel 177Lu-ProBOMB2
and 68Ga-ProBOMB2 contained the unique terminal LeucPro
moiety used in ProBOMB1 but now include a cationic piperidine
spacer to improve tumor uptake and contrast (7,8).
Ga-ProBOMB2 and Lu-ProBOMB2 were found to be potent

GRPR antagonists, highly desirable for tolerability (3,4). 68Ga-
ProBOMB2 and 177Lu-ProBOMB2 demonstrated high-contrast
visualization of GRPR-expressing PC-3 prostate cancer xenografts

FIGURE 3. Organ uptake (A) and tumor-to-organ ratios (B) of 68Ga-ProBOMB2. Time points are at
1 h and 2 h after injection in PC-3 xenograft–bearing mice. p.i.5 after injection.

FIGURE 4. Fused maximum-intensity projection SPECT/CT of 177Lu-
ProBOMB2 in PC-3 xenograft–bearing mice. Acquisition time points are 1,
4, 24, and 72 h after injection. t5 tumor.
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with minimal normal-organ uptake on PET and SPECT imaging,
respectively. Both radiotracers were rapidly excreted from the
blood and peripheral organs through the renal pathway. Blocking
studies confirmed radiotracer specificity for GRPR. Although
blocking was not complete, decreasing tumor uptake from 10.8
%ID/g to 3.77 %ID/g, this decrease likely reflected an insufficient
dose of the blocking competitor, [D-Phe6,Leu-NHEt13,des-
Met14]-bombesin, or differences in the clearance profile of the
competitor relative to the radioligand. Complete biodistribution
studies corroborated the quality of the PET and SPECT images,
indicating high, rapid normal-organ clearance of the radiotracers
(Figs. 2 and 4). Tumor uptake peaked at 1 h after injection for
both the 68Ga and the 177Lu radiotracers, each with minimal pan-
creas and kidney uptake. These are unique outcomes, as previous
GRPR antagonists characteristically have significant pancreas and
normal-organ accumulation (i.e., RM2 and NeoBOMB1) (19,20).
Our ProBOMB2 radiotracers have an inherent specificity for

GRPR-positive cancer tissue but not healthy tissue that expresses
GRPR (i.e., the pancreas). Our binding affinity experiments
showed that that the lack of pancreas and intestine uptake is not
due to the interspecies difference in the GRPR structure of our ani-
mal model; rather, it is a unique property of ProBOMB2 that war-
rants further investigation.

The biodistribution of 68Ga-ProBOMB2, compared with that of
68Ga-NeoBOMB1, found that at 1 h after injection there was a sig-
nificantly lower retention of 68Ga-ProBOMB2 in nontarget tissues,
such as the blood, intestines, stomach, liver, pancreas, and kidneys
(P , 0.05), while maintaining similar tumor uptake (P . 0.05)
(Fig. 6) (8). The same pattern was observed when comparing
177Lu-ProBOMB2 with 177Lu-NeoBOMB1. The significantly
higher tumor uptake for 177Lu-ProBOMB2 than for 177Lu-Neo-
BOMB1 (P , 0.05) at 1 h after injection is a promising character-
istic, as there was significantly lower uptake of our radiotracer in
the blood, intestine, pancreas, and liver (P , 0.05) (Fig. 6) (7).
However, 177Lu-ProBOMB2 had significant washout from the
tumor at 4 h after injection, resulting in lower tumor uptake than
that of 177Lu-NeoBOMB1 (Fig. 6). The GRPR radiotracer profile
of high pancreas uptake is also observed in RM2, a clinically
established GRPR-specific radiotracer (22). 68Ga-RM2 presented
with notably high pancreas uptake in both preclinical and clinical
studies (20,22). With the same prostate cancer model as in our

FIGURE 5. 177Lu-ProBOMB2 uptake in organs of interest in
PC-3–bearing mice.

TABLE 1
Absorbed Doses per Unit of Injected Activity in Mice for

177Lu-ProBOMB2

Target organ Absorbed dose (mGy/MBq)

Brain 0.99

Large intestine 2.17

Small intestine 2.09

Stomach 1.89

Heart 2.24

Kidneys 42.70

Liver 9.34

Lungs 7.50

Pancreas 8.64

Bone 6.28

Spleen 8.15

Testes 2.76

Thyroid 0.83

Bladder 632.00

Remainder of body 5.64

Tumor 134.63

TABLE 2
Estimated Organ-Absorbed Doses of 177Lu-ProBOMB2 for

Adult Human Male

Target organ Absorbed dose (mGy/MBq)

Adrenals 7.51E203

Brain 7.43E–035

Esophagus 3.18E–034

Eyes 2.57E–034

Gallbladder wall 3.91E–034

Left colon 7.57E–034

Small intestine 7.54E–034

Stomach wall 3.67E–034

Right colon 5.48E–034

Rectum 7.06E–034

Heart 7.45E–034

Kidneys 1.53E–032

Liver 3.15E–033

Lungs 2.75E–033

Pancreas 2.82E–033

Prostate 6.09E–034

Salivary glands 2.65E–034

Red marrow 3.45E–034

Skeleton 4.72E–034

Spleen 2.73E–033

Testes 6.96E–034

Thymus 2.96E–034

Thyroid 2.84E–034

Urinary bladder 5.27E–032

Remainder of body 8.03E–034
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study, 68Ga-RM2 achieved similar tumor uptake at 1 and 2 h after
injection but had higher pancreatic accumulation (20).
Both 177Lu-ProBOMB2 and 68Ga-ProBOMB2 are strong candi-

dates for clinical translation. They demonstrated rapid clearance,
resulting in high tumor-to-blood, -bone, and -muscle ratios. Impor-
tantly, a high tumor-to-pancreas ratio was obtained, with pancreas
being the common dose-limiting organ for 177Lu-RM2 and 177Lu-
NeoBOMB1 (5,28). ProBOMB2 is a GRPR antagonist, and there
was washout of the radiotracer from the tumor over time. Sus-
tained tumor uptake is desirable to enhance the radiation dose
delivered to tumors relative to normal organs. Further improve-
ments in tumor retention may be achieved by improving the meta-
bolic stability of bombesin derivatives.
Because ProBOMB2 was excreted primarily renally, the bladder

received the highest absorbed dose in our mouse model, followed by
the kidneys (Table 2). This route is likely due to high blood and

tumor clearance of our radiotracer. In future
iterations, the radiotracer’s biologic half-life
can be increased using albumin binders to
attenuate bladder dosing and mitigate tissue
damage. The remaining organs had a low
absorbed dose and were comparable to each
other. When compared with published data
for 177Lu-labeled NeoBOMB1 and Pro-
BOMB1, the predicted dose with 177Lu-
ProBOMB2 for a human adult male was
much lower for many key organs (Fig. 7).
The average male would be expected to
receive approximately a 100 times lower
dose to the pancreas with 177Lu-Pro-
BOMB2 than with 177Lu-NeoBOMB1.
The favorable distribution profile of

ProBOMB2 has the potential to reduce
radiation exposure to normal organs and
is a promising alternative for therapy of
GRPR-positive cancers.

CONCLUSION

We synthesized ProBOMB2, a GRPR-
targeting peptide with nanomolar affinity
for the receptor, and successfully radiola-
beled it with 68Ga and 177Lu. 68Ga- and
177Lu-ProBOMB2 were able to provide
high-contrast images of GRPR-expressing

tumors in a preclinical human prostate cancer model with PET
and SPECT, respectively, with minimal pancreas uptake. With
high tumor-to-pancreas and normal-organ uptake ratios and favor-
able dosimetry, 68Ga- and 177Lu-ProBOMB2 warrant further
investigation as a theranostic pair for cancer imaging and therapy.
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KEY POINTS

QUESTION: How well does the peptide ProBOMB2 bind to GRPR
and allow imaging of GRPR-positive cancers when radiolabeled
with either 68Ga or 177Lu?

PERTINENT FINDINGS: ProBOMB2 radiolabeled with 68Ga or
177Lu accumulated specifically in GRPR-positive neoplastic tissue,
with minimal normal-organ uptake. Uptake in the pancreas was
significantly decreased, compared with previous GRPR-targeting
radiopeptides (i.e., NeoBomb1), while maintaining sustained tumor
uptake.

IMPLICATIONS FOR PATIENT CARE: ProBOMB2 accumulates
in GRPR-positive neoplasms while having lower uptake in healthy
tissues (i.e., the pancreas), thus improving image contrast for diag-
nostic use and reducing off-target tissue damage for therapeutic
applications.

FIGURE 6. (A) Comparison of 68Ga-ProBOMB2 and 68Ga-NeoBOMB1 biodistributions in key
organs in PC-3 tumor–bearing mice. Biodistribution data are for 1 h after injection (left) and 2 h after
injection (right) (8). (B) Comparison of 177Lu-ProBOMB2 and 177Lu-NeoBOMB1 uptake in key organs
in PC-3 tumor–bearing mice. Biodistribution data are for 1 h after injection (left) and 4 h after injection
(right) (7).

FIGURE 7. Estimated human absorbed doses of 177Lu-labeled Neo-
BOMB1 and ProBOMB2 for average adult male (7).
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Caffeine consumption before adenosine stress myocardial perfusion
imaging (MPI) is known to affect the hemodynamic response and,
thus, reduce the stress myocardial blood flow (MBF) and myocardial
flow reserve (MFR) assessments. However, it is not clear if any sex-
specific differences in the hemodynamic response after caffeine con-
sumption exist. This study aimed to evaluate if such differences exist
and, if so, their impact on MBF and MFR assessments. Methods:
This study comprised 40 healthy volunteers (19 women). All volunteers
underwent 4 serial rest/stress MPI sessions using 82Rb; 2 sessions
were acquired without controlled caffeine consumption, and 2 ses-
sions after oral ingestion of either 100 and 300mg of caffeine or 200
and 400mg of caffeine. For the caffeine imaging sessions, caffeine
was ingested orally 1 h before the MPI scan. Results: Increase in
plasma caffeine concentration (PCC) (mg/L) after consumption of caf-
feine was larger in women (MPI session without caffeine vs. MPI ses-
sion with caffeine: women5 0.3 6 0.2 vs. 5.4 6 5.1, men5 0.1 6 0.2
vs. 2.7 6 2.6, both P, 0.001). Caffeine consumption led to reduced
stress MBF and MFR assessments for men whereas no changes were
reported for women (women [PCC,1mg/L vs. PCC $ 1mg/L]:
stress MBF5 3.3 6 0.6 vs. 3.0 6 0.8 mL/g/min, P5 0.07; MFR53.7
6 0.6 vs. 3.56 1.0, P5 0.35; men [PCC,1mg/L vs. PCC$ 1mg/L]:
stress MBF52.76 0.7 vs. 2.16 1.0 mL/g/min, P5 0.005; MFR53.8
6 1.0 vs. 3.1 6 1.4, P5 0.018). Significant differences in the stress
MBF were observed for the 2 sexes (both P# 0.001), whereas similar
MFR was reported (both P $ 0.12). Conclusion: Associations
between increases in PCC and reductions in stress MBF and MFR
were observed for men, whereas women did not have the same
hemodynamic response. Stress MBF was affected at lower PCCs in
men than women.

KeyWords: caffeine; adenosine; myocardial flow reserve; PET; stress
myocardial blood flow
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Myocardial blood flow (MBF) and myocardial flow reserve
(MFR) assessments have become central in the clinical assessment
of cardiac 82Rb in PET. The valid measures of stress MBF and
MFR require a full hemodynamic response during the acquisition.
Adenosine is a frequently used pharmacologic stressor that attaches
to the A2A-adenosine receptor that mediates coronary vasodilation
(1,2). When using adenosine as a pharmacologic stressor, patients
are recommended to refrain from beverages, food, and analgesics
containing caffeine for at least 12 h before the imaging session to
avoid subpar stressing of the patients as caffeine nonselectively
blocks the A2A-adenosine receptor (1–3). Consumption of caffeine
has been shown to reduce the hemodynamic response even at plasma
concentrations as low as 1mg/L, which might introduce false-
positive findings after the consequential reductions in the stress
MBF and MFR (4–6). Although elevated caffeine plasma concentra-
tions are known to affect the hemodynamic response when using
adenosine as a stressing agent (4,5,7), it is unknown whether any
sex-specific differences in the hemodynamic response exist (5,8).
This study aimed to evaluate the potential influence of sex on

the association between plasma caffeine concentrations and stress
MBF and MFR, respectively.

MATERIALS AND METHODS

Study Population
This study comprised 40 young healthy volunteers (19 women)

(median age5 23 y, interquartile range [IQR]5 22; 25) recruited for
rest/adenosine-stress myocardial perfusion 82Rb PET/CT from Septem-
ber 2016 to March 2017. Median volunteer weight was 70.0 kg (IQR5
62.0; 79.5 kg), with corresponding median body mass index of 22.0
(IQR5 20.5; 23.8). The volunteers underwent 4 serial PET/CT imaging
sessions within 27 d (IQR5 17; 36), acquired with and without con-
trolled caffeine consumption before the imaging session. Inclusion crite-
ria were age .18 y, no participation in studies testing drugs, no regular
consumption of medicine, no known medical condition, and no use of
tobacco and euphoric substances (except alcohol) within 3 mo before
study participation. Exclusion criteria were pregnancy, allergy, intoler-
ance to theophylline or adenosine, any prior medical history of asthma,
or inability to adhere to the study protocol. The Scientific Ethics Com-
mittee of the Capital Region of Denmark (protocol no. H-15009293) and
the Danish Data Protection Agency approved this study, and all volun-
teers provided informed oral and written consent.

Imaging Protocol
PET Acquisition. The 40 healthy volunteers were divided into 2

groups, both undergoing 4 82Rb PET/CT imaging sessions, each
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consisting of an 82Rb rest–stress protocol (Fig. 1A). All PET acquisi-
tions, targeting injection doses of 1,100 MBq (30 mCi) 82Rb, were
obtained in 3-dimensional mode on a 128-slice Biograph mCT PET/CT
system (Siemens Healthineers) and stored in list-mode format (9). Phar-
macologic stressing was obtained using adenosine infused at 140mg/kg/
min for 6min with PET emission acquisition starting 2.5 min into the
infusion (Fig. 1A). Before the rest scans, the volunteers underwent a
low-dose CT for attenuation-correction purposes (120kVp; effective tube
current, 26mA [11 mAs quality reference]) acquired using a free-
breathing protocol (10). The volunteers were instructed to abstain from
caffeine at least 24 h before each of the 4 imaging sessions. All study
volunteers underwent 2 imaging sessions without ingestion of caf-
feine and 2 imaging sessions after the ingestion of caffeine in a con-
trolled setting using caffeine tablets (Fig. 1B). The caffeine tablets
were dissolved in hot water and orally ingested 60 min before the
rest perfusion scans. One-half of the volunteers had 2 serial imaging
sessions with ingestion of 100 and 300mg of caffeine, whereas the
other half of the study volunteers underwent 2 serial imaging sessions
after the ingestion of 200 and 400mg of caffeine (Fig. 1B). The 4 imag-
ing sessions were obtained in a randomized fashion. For this study, the
plasma caffeine concentration is reported at the time of the stress myo-
cardial perfusion imaging (MPI), thus, as an
average of the measurements obtained at 75
and 90 min. All plasma caffeine concentra-
tions were measured using high-performance
liquid chromatography-mass spectrometry.
PET Reconstruction Protocol and Data

Processing. The 6-min-long PET acquisi-
tions were reconstructed into dynamic image
series consisting of 18 frames (13 10 , 83 5,
33 10, 23 20, and 43 60 s) using the vendor
iterative ordered-subset expectation-maximiza-
tion 3-dimensional reconstruction method (2
iterations, 21 subsets), with corrections for
time of flight and point-spread function. All
data were smoothened using 6.5-mm gaussian
postfiltering. MBF was calculated using the
Lortie model (11), and MFR was calculated
as the ratio of the stress and rest MBF (12)
in dedicated software (QPET; Cedars-Sinai
Medical Center (13)). We report MBF and
MFR with and without corrections for the

rate–pressure product (RPP), defined as RPP5 (systolic blood pres-
sure)/(heart rate); corrected rest MBF5 (rest MBF)/RPP3 6,500
and corrected stress MBF5 (stress MBF)/RPP38,600. Stress MBF
and MFR above 3.0 were considered normal (14).

Repeatability. Test–retest repeatability of the rest and stress MBF
and the MFR were calculated for the baseline scans (0mg of caffeine
ingested) with plasma caffeine concentrations, 1mg/L using the
coefficient of variance (15).
Coronary Vascular Resistance (CVR). CVR was obtained for all

scans using Equation 2 (16).

CVR 5 0:333
ð2 3 diastolic blood pressure 1 systolic blood pressureÞ

MBF
(Eq. 1)

In Equation 2, MBF represents the scan-specific MBF. Both dia-
stolic and systolic blood pressures were obtained during the PET emis-
sion acquisitions.

Regression plots for correlation between ingested caffeine and blood
plasma concentration caffeine were calculated for all scans, using aver-
aged plasma caffeine concentrations obtained at 75 and 90 min.

Concentration–response curves were obtained using a nonlinear
curve-fit model, and the half-maximal relaxation (EC50, half-maximal
effective concentration) was determined:

y 5 bottom 1
ðtop 2 bottomÞ

1 1 10ð logEC50 2 xð Þ & slopeÞ (Eq. 2)

Statistical Analysis
Differences in the MBF and MFR were quantified using multivari-

able assessments (ANOVA) in R (GNU project). Descriptive analyses
of continuous values were reported as mean6 SD and range or median
and IQR. Two-tailed P values of less than 0.05 were considered statis-
tically significant. All data were checked for normality using the
Sharpio–Wilk test. Dependency of MFR and caffeine ingestion was
determined using a 2-way ANOVA, with P values less than 0.05 being
considered significant. Regressional analyses between plasma caffeine
concentration and ingested caffeine were obtained for both sexes.

RESULTS

Study Population
A total of 40 volunteers underwent 4 serial PET/CT scans within

27 d (IQR5 17; 36). The volunteers had a median age of 23 y

FIGURE 1. Imaging protocol. (A) Acquisition protocol for each of the
4 PET/CT imaging sessions. Both rest and stress scans were acquired
over 6 min. (B) Study protocol for the 40 healthy volunteers. CTAC5 com-
puted tomographic attenuation correction.

FIGURE 2. Rest MBF obtained in the volunteers sorted by sex and plasma caffeine concentration
with and without RPP correction. W5 women; M5 men; RPP5 rate pressure product; N5 number
of MPI sessions fulfilling the criteria.
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(IQR5522; 25), and 19 (47.5%) were women. Average body mass
index of the volunteers was 22.76 3.2 (women5 21.96 3.1,
men5 23.56 3.0, P5 0.08). The median habitual daily coffee con-
sumption was 2 cups (IQR5 1.5; 3) (women5 2, IQR5 1.5; 3 and
men5 2, IQR5 1.5; 3, P5 0.59) per day, representing a median
caffeine intake from coffee of 200mg/d (IQR5 150–300).
Of the 40 volunteers, 1 volunteer (man) was excluded due to

failure to comply with the protocol. In addition, 4 scans were
excluded because of significant motion during the scans (0-mg
scans: n5 2; 200-mg scan: n5 1, 400-mg scan: n5 1). In total,
152 of the 160 acquired imaging sessions (95%) were used for the
subsequent analyses.

Rest MBF
Rest MBF assessments are shown in Figure 2. Significant differ-

ences in the rest MBF assessments for the 2 sexes were observed
for MPI sessions with plasma caffeine concentrations # 1mg/L
(P, 0.001) (no caffeine ingested) and $ 5mg/L (P5 0.027) (caf-
feine ingested). Reduced heart rates were observed in the women
after ingestion of caffeine whereas men had stable heart rates
(Table 1). Similar test–retest repeatability coefficients were reported
for the men and women (16.1% and 13.5% [P5 0.42], respec-
tively) (Table 2). Women had higher diastolic pressure than men
(62.36 6.4 vs. 59.76 7.8mm Hg, P5 0.02) whereas lower sys-
tolic blood pressure was reported for women (104.66 12.1 vs.
112.36 12.4mm Hg, P, 0.001) (Tables 3 and 4). No difference in
RPP was observed between the 2 sexes (RPP rest: 6,3946 1,400 vs.
6,4816 1,488 [P5 0.72]) (Table 5). At rest, men had increased
CVR when compared with women (Table 6).

Stress MBF
Women had higher heart rate and diastolic blood pressure,

whereas systolic blood pressure was decreased when compared
with men (heart rate: 85.16 16.8 vs. 76.26 18.0 beats per
minute, diastolic blood pressure: 63.96 9.1 vs. 57.36 8.8mm Hg,
systolic blood pressure: 103.66 12.1 vs. 109.46 12.3mm Hg,
all P, 0.005) (Tables 1, 3, and 4). No difference was observed
for RPP in women and men (8,8336 2,098 vs. 8,3186 2,155,
P5 0.14, Table 5).

Increased stress MBF assessments were reported for women
when compared with men (stress MBF [mL/g/min]: women vs. men
[plasma caffeine concentration, 1mg/L, no caffeine ingestion]:
3.36 0.6 vs. 2.76 0.7, [plasma caffeine concentration $ 1mg/L,
caffeine ingestion]: 3.06 0.8 vs. 2.16 1.0, both P, 0.001) (Fig. 3).
Similar test–retest repeatability coefficients were reported for the
men and women (18.4% and 10.9% (P5 0.29), respectively)
(Table 2). Significant changes in the hemodynamic response
were observed for the men. In contrast, consistent stress MBF
assessments were observed for women at plasma caffeine
concentrations below 5mg/L (Fig. 3). Corresponding to the
change in the hemodynamic response, CVR was observed to
increase for men even at low plasma caffeine concentrations,
whereas no changes in CVR were observed for women (Table 6).
Linear correlations between ingested caffeine and plasma con-
centrations of caffeine in both men and women were observed
(Fig. 4). Increased plasma caffeine concentrations were mea-
sured in women compared with men for the same doses of
ingested caffeine. Furthermore, an almost 3-fold increase in the
sensitivity to caffeine was observed in men, with consequential
reductions in the stress MBF assessments (EC50 [mg/L]: men
# 3, women # 8) (Fig. 5). Multivariable analyses including stress
MBF, sex, and plasma caffeine concentrations revealed that both
caffeine plasma concentration (P, 0.001), sex (P, 0.001), and

TABLE 1
Heart Rate (Beats per Minute) Obtained During Scans Using 4 Levels of Plasma Caffeine Concentration

Plasma caffeine concentration (mg/L)

PCC #1 1 , x # 3 3 , x # 5 .5

Rest

Women 62.4610.8 (31) 51.46 7.3* (31) 68.0614.3 (6) 60.9610.6 (29)

Men 60.2613.0 (38) 53.86 12.1 (12) 55.769.0† (14) 60.169.3 (14)

Stress

Women 92.5614.4 79.36 23.6* 91.569.7 78.2615.2*

Men 80.9619.7† 73.36 18.8 74.4615.8† 70.6613.2

*Significant variations in the heart rate between the baseline scans (plasma caffeine concentration , 1 mg/L) and studies with
increased plasma caffeine concentrations.

†Intersex differences in the heart rate observed for the respective plasma caffeine concentrations.
Numbers given in parentheses for the rest scans indicate the number of MPI sessions fulfilling the criteria. Differences were

considered significant for P , 0.05.
PCC 5 plasma caffeine concentration.

TABLE 2
Test–Retest Repeatability (Measured as Coefficient of
Variation) for Baseline MPI Sessions (0 mg of Caffeine

Ingested)

Coefficient of variation Rest Stress MFR

Women (n 5 19) 13.5% 10.6% 12.9%

Men (n 5 20) 16.1% 18.4% 20.6%

Combined (n 5 39) 15.8% 15.3% 17.8%

No differences in test–retest repeatability was observed
between the 2 sexes.
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the interaction of the 2 (P5 0.049) had a significant impact on
stress MBF assessments.

MFR
Comparable MFR assessments were observed for women and

men (Fig. 6), with similar repeatability coefficients for the
2 sexes (women5 12.9%, men5 20.6% [P5 0.21]) (Table 2).
However, MFR was reduced in men when plasma caffeine
concentrations exceeded 5 mg/L, whereas women had stable
MFR at all plasma caffeine concentrations (Fig. 6). On an
individual basis, MFR might be reduced even at plasma con-
centrations as low as 1.2 mg/L in men and 7.1 mg/L in women.
Multivariable analyses including MFR, sex, and plasma caf-
feine concentrations revealed that sex and caffeine plasma
concentration (both P, 0.001), as well as the interaction of
sex and plasma caffeine concentration (P5 0.049), had a sig-
nificant impact on the MFR assessments.

DISCUSSION

In this randomized controlled crossover trial, we evaluated the
impact of plasma caffeine concentrations on stress MBF and MFR
assessments in healthy volunteers. The main finding was a sex-
specific response in stress MBF and MFR assessments when the
volunteers had stress perfusion imaging after caffeine consump-
tion. Multivariable analyses of the data revealed that sex, caffeine
concentration, and the interaction of the 2 were strongly associated
with changes in stress MBF and MFR. Hence, in healthy volun-
teers, caffeine intake was associated with a different hemodynamic
response in men and women with consequential differences in the
stress MBF and MFR assessments. Men were found more sensi-
tive to caffeine concentration, where plasma caffeine concentra-
tions as low as 1.2mg/L might affect the perfusion estimates
compared with 7.1mg/L in women.
Baseline rest and stress MBF (plasma caffeine concentrations

, 1mg/L) were increased in women, which might be explained by

TABLE 3
Diastolic Blood Pressure Obtained During Scans Using 4 Levels of Plasma Caffeine Concentration

Plasma caffeine concentration (mg/L)

PCC #1 1 , x # 3 3 , x # 5 .5

Rest

Women 60.966.5 (31) 62.36 4.6 (8) 60.56 8.3 (6) 64.266.4 (29)

Men 57.969.1 (38) 61.26 7.3 (12) 60.46 5.7 (14) 62.265.7 (14)

Stress

Women 60.869.0 68.46 10.2 60.46 5.7 66.368.8*

Men 54.769.0† 61.06 9.8* 58.76 8.1 59.566.8†

*Significant variations in the diastolic blood pressure between the baseline scans (plasma caffeine concentration , 1 mg/L) and
studies with increased plasma caffeine concentrations.

†Intersex differences in the diastolic blood pressure observed for the respective plasma caffeine concentrations.
Numbers given in parentheses for the rest scans indicate the number of MPI sessions fulfilling the criteria. Differences were

considered significant for P , 0.05.
PCC 5 plasma caffeine concentration.

TABLE 4
Systolic Blood Pressure Obtained During Scans Using 4 Plasma Caffeine Concentration

Plasma caffeine concentration (mg/L)

PCC #1 1 , x # 3 3 , x # 5 .5

Rest

Women 102.66 9.9 (31) 103.96 8.1 (8) 99.26 17.3 (6) 108.7613.6 (29)

Men 108.96 10.7 (38) 112.66 10.0 (12) 112.56 10.7 (14) 114.969.3 (14)

Stress

Women 92.56 14.4 96.56 17.7 102.36 6.4 105.9612.3

Men 107.06 12.7† 110.66 13.5 112.16 10.1† 111.5612.1

*Within-sex variations in the systolic blood pressure between the baseline scans (plasma caffeine concentration , 1 mg/L) and studies
with increased plasma caffeine concentrations.

†Intersex differences in the systolic blood pressure observed for the respective plasma caffeine concentrations.
Numbers given in parentheses for the rest scans indicate the number of MPI sessions fulfilling the criteria. Differences were

considered significant for P , 0.05.
PCC 5 plasma caffeine concentration.
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the estrogenic effect on the vascular tone (17). Several studies
have shown an evident trend for higher plasma caffeine and lower
plasma paraxanthine (the most active caffeine metabolite) concen-
trations in women as compared with men, suggesting that women
metabolize caffeine slower than men. Women with higher estrogen
levels have been reported to have decreased cytochrome P450
1A2 enzyme activity and decreased caffeine clearance (18). Fur-
thermore, a study has reported that women have 25% higher aden-
osine A1A (at messenger RNA level) receptor and 40% lower A2A

receptor expression (at messenger RNA level) than men and ovari-
ectomized women (19). Thus, one can speculate that the differ-
ences in antagonistic potency of caffeine observed between men
and women in our study is partially attributed to sex-related
expression, adenosine receptor reserve, and intracellular signaling.
However, the mechanism(s) involved are likely to be more com-
plex and need to be scrutinized in future studies.
Stress MBF and MFR were observed to fluctuate for the women

at different plasma caffeine concentrations. These effects may
be caused by the low number of measurements obtained for the

plasma caffeine concentrations ranging between 1 and 5mg/L and,
thus, statistical noise. The general reduction in stress MBF for
scans obtained after caffeine consumption reported for the male
volunteers was in concurrence with previous studies (5,7,16).
Test–retest repeatability was tested for the baseline scans for all
subjects with concurrent plasma caffeine concentrations, 1mg/L.
In this context, test–retest repeatability was found in concordance
with previous studies evaluating the short-term variation in rest
MBF (15). The concurrent test–retest repeatability measures,
therefore, suggest that reductions in the MBF and MFR assess-
ments observed for high plasma caffeine concentrations were
introduced by the ingestion of caffeine. This finding is supported
by the observed physiologic responses to caffeine ingestion. In
concordance with previous studies, women had greater increases
in diastolic blood pressure after caffeine administration than men
(Table 3) (20,21). One explanation for this effect may be men
have a more sensitive baroreflex than women (20,21). Further,
sex differences in hemodynamic response to caffeine may be
related to sex steroid hormone concentrations (22–24). When

TABLE 5
RPP Stratified for the 2 Sexes at 4 Levels of Plasma Caffeine Concentration

Plasma caffeine concentration (mg/L)

PCC #1 1 , x # 3 3 , x # 5 .5

Rest

Women 6,4226 1,381 (31) 5,3296 797* (8) 6,62661,253 (6) 6,62761,475 (29)

Men 6,5046 1,381 (38) 6,1006 1,739 (12) 6,42961,075 (14) 6,78661,447 (14)

Stress

Women 9,6246 2,013 7,4806 2,093* 9,3286702 8,33362,105*

Men 8,7426 2,350 8,2086 2,757 8,27961,666 7,77061,703

*Sex-specific differences between the baseline scan (0 mg) and the respective plasma caffeine concentrations.
Numbers given in parentheses for the rest scans indicate the number of MPI sessions fulfilling the criteria. Differences were

considered significant for P , 0.05.
PCC 5 plasma caffeine concentration.

TABLE 6
CVR Obtained for Rest and Stress Using 4 Levels of Plasma Caffeine Concentration

Plasma caffeine concentration (mg/L)

PCC #1 1 , x # 3 3 , x # 5 .5

Rest

Women 82.9 6 19.4 (31) 85.7 6 16.8 (8) 77.0 6 18.5 (6) 92.6 6 21.1 (29)

Men 105.5 6 30.7* (38) 101.3 6 26.5 (12) 102.1 6 27.6 (14) 152.9 6 25.9*† (14)

Stress

Women 25.8 6 5.9 23.0 6 7.2 21.8 6 1.4 23.6 6 8.8

Men 27.5 6 8.2 33.0 6 15.2 45.2 6 25.6*† 51.8 6 14.8*†

*Significant differences for men and women.
†Sex-specific differences between the baseline scan (0 mg) and the respective plasma caffeine concentrations.
Numbers given in parentheses for the rest scans indicate the number of MPI sessions fulfilling the criteria. Differences were

considered significant for P , 0.05.
PCC 5 plasma caffeine concentration.
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taken together, these studies suggest that men are more responsive
to caffeine than women, a hypothesis supported by the findings in
this study since caffeine had a greater potency in reducing stress
MBF in men than women (Fig. 5). Caffeine competitively blocks
all adenosine receptors (A1, A2A, A2B, A3), resulting in a compen-
satory increase in adenosine concentration, which in turn stimu-
lates circulating chemoreceptors and other receptors (25). In adult
mammals, it has been suggested that A2A receptors are implicated
in O2 sensing by carotid glomus cells (chemoreceptors) and are
involved in the transduction mechanisms of O2 sensing in carotid
bodies. Therefore, excessive adenosine can activate chemorecep-
tors via binding to A2A receptors located in carotid bodies, thereby
increasing sympathetic outflow of catecholamines leading to an
increase in vascular resistance, and renin secretion (26). In this
study, CVR was found to increase in men when the plasma caf-
feine concentration increased, whereas women had no significant
changes in the CVR after ingestion of caffeine (Table 6). Sex dif-
ferences in the clearance of plasma-protein-binding and differences

in the volume of distribution may also
explain some of the differences in the perfu-
sion response to caffeine between sexes
(27). Regional conditions favor regadenoson
and dipyridamole over adenosine as the
drugs of choice. Although only adenosine
was evaluated in this study, it is likely
that our findings can also apply to rega-
denoson and dipyridamole.

Study Limitations
This study was conducted in healthy

young volunteers with normal cardiac per-
fusion without perfusion defects, and we
cannot rule out that results would have
differed in the typical patient population
undergoing cardiac 82Rb PET testing.
Patient populations are often elderly and
have an intermediate likelihood of ische-
mic heart disease in addition to lower sex
hormone concentrations, caffeine phar-

macokinetics, and pharmacodynamics. Combined, these differ-
ences might cause different hemodynamic responses than those
reported in this study. However, we find that an establishment of
sex-specific data in young normal volunteers is important before
investigating the impact of caffeine consumption in an elderly
cohort in whom comorbidities and coronary artery disease are
common. Another limitation is that our study was conducted in
a single center using only 1 imaging system, which might affect
the overall MBF and MFR assessments.

CONCLUSION

In healthy volunteers, we found that caffeine consumption
before MPI affected men and women differently. Associations
between plasma caffeine and significant reductions in stress MBF
and MFR were found at lower plasma caffeine concentrations in
men than in women.

FIGURE 3. Stress MBF obtained in the volunteers sorted by sex and plasma caffeine concentration,
with and without RPP correction. W 5 women; M 5 men; RPP 5 rate pressure product; N 5 number
of MPI sessions fulfilling the criteria.

FIGURE 4. Relationship between ingested caffeine (mg) and the corre-
sponding plasma caffeine concentrations (mg/L). The plasma caffeine
concentrations obtained at 75 and 90 min are given as mean 6 SEM in
both men (closed blue triangles, n5 9–20) and women (closed red circles,
n5 9–18).

FIGURE 5. Relationship between average plasma concentration of caf-
feine [mg/L] (log) and stress MBF. Points represent mean values, and verti-
cal lines indicate SEM. MBF values were normalized to the maximum
stress MBF obtained for the individual volunteers (men, closed blue trian-
gles, n5 9–20, and women, closed red circles, n5 9–18, respectively).
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KEY POINTS

QUESTION: Does caffeine before stress MPI affect the hemody-
namic response differently in women and men?

PERTINENT FINDINGS: Caffeine consumption affects the hemo-
dynamic response at a lower plasma caffeine concentration in
men than women, with the stress MBF being affected with plasma
concentrations of 1.2mg/L in men as compared with 7.4mg/L in
women. The dose–response of caffeine plasma concentration and
obtained stress MBF assessments revealed significantly increased
sensitivity to caffeine in men when compared with women.

IMPLICATIONS FOR PATIENT CARE: Caffeine consumption less
than 12 h before MPI sessions might lower the stress MBF
assessments. At comparable plasma caffeine concentrations, men
seem to be particularly affected and should be encouraged to
abstain from caffeine for longer times than women before MPI.
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Previous studies of animal models of Parkinson disease (PD) suggest
an imbalance between striatal acetylcholine and dopamine, although
other studies have questioned this. To our knowledge, there are no
previous in vivo neuroimaging studies examining striatal acetylcholine–
dopamine imbalance in PD patients. Using cholinergic and dopa-
minergic PET (18F-fluoroethoxybenzovesamicol [18F-FEOBV] and
11C-dihydrotetrabenazine [11C-DTBZ], respectively) and correlational
tractography, our aim was to investigate the acetylcholine–dopamine
interaction at 2 levels of dopaminergic loss in PD subjects: integrity
loss of the nigrostriatal dopaminergic white matter tract and loss at
the presynaptic-terminal level. Methods: The study involved 45 sub-
jects with mild to moderate PD (36 men, 9 women; mean age, 66.36

6.3 y, disease duration, 5.86 3.6 y; Hoehn and Yahr stage, 2.26 0.6)
and 15 control subjects (9 men, 6 women; mean age, 69.1 6 8.6 y).
PET imaging was performed using standard protocols. We first esti-
mated the integrity of the dopaminergic nigrostriatal white matter
tracts in PD subjects by incorporating molecular information from
striatal 11C-DTBZ PET into the fiber tracking process using correla-
tional tractography (based on quantitative anisotropy [QA], a measure
of tract integrity). Subsequently, we used voxel-based correlation to
test the association of the mean QA of the nigrostriatal tract of each
cerebral hemisphere with the striatal 18F-FEOBV distribution volume
ratio (DVR) in PD subjects. The same analysis was performed for
11C-DTBZ DVR in 12 striatal subregions (presynaptic-terminal level).
Results: Unlike 11C-DTBZ DVR in striatal subregions, the mean QA
of the nigrostriatal tract of the most affected hemisphere showed a
negative correlation with a striatal cluster of 18F-FEOBV DVR in PD
subjects (corrected P 5 0.039). We also found that the mean
18F-FEOBV DVR within this cluster was higher in the PD group than in
the control group (P 5 0.01). Cross-validation analyses confirmed
these findings. We also found an increase in bradykinesia ratings
associated with increased acetylcholine–dopamine imbalance in the
most affected hemisphere (r 5 0.41, P 5 0.006). Conclusion: Our
results provide evidence for the existence of striatal acetylcholine–
dopamine imbalance in early PD and may provide an avenue for test-
ing in vivo effects of therapeutic strategies aimed at restoring striatal
acetylcholine–dopamine balance in PD.

Key Words: Parkinson disease; acetylcholine–dopamine imbalance;
dopaminergic nigrostriatal connectivity; 18F-FEOBV PET; 11C-DTBZ
PET
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Striatal cholinergic interneurons are the main source of cholin-
ergic innervation in the striatum (1,2). Although these interneurons
represent a small percentage of all striatal neurons, they are dis-
tributed throughout the striatum and their presynaptic terminals
overlap with dopaminergic axonal projections originating in the
substantia nigra pars compacta (2). A prevailing view is that the
acetylcholine and dopamine signaling systems must be in dynamic
balance in the striatum for optimal movement control (3,4).

Parkinson disease (PD) is a neurodegenerative movement disor-
der characterized by nigrostriatal dopaminergic losses (5,6). These
losses may result in a striatal acetylcholine–dopamine imbalance
(3), at least in the early disease stages. Although several animal
model studies support this concept (7–9), other studies have ques-
tioned the acetylcholine–dopamine imbalance model (10–12). For
example, Herrera-Marschitz et al. found that striatal acetylcholine
levels were not modified by unilateral dopaminergic deafferenta-
tion in a rat model (10). In a subsequent study, they suggested that
striatal dopamine and acetylcholine release is modulated by inde-
pendent mechanisms (11). A more recent study suggested that
striatal dopamine deficiency decreased acetylcholine production
and inhibited normal striatal cholinergic interneuron spike timing
in Parkinsonian mice (12). They also found that acetylcholine
decreased to a lesser extent than dopamine, resulting in an
increased acetylcholine-to-dopamine ratio (12) suggestive of the
acetylcholine–dopamine imbalance in PD.
To the best of our knowledge, there are no prior in vivo studies

on humans with PD that examine changes in striatal cholinergic
interneuron activity in response to nigrostriatal dopaminergic
losses. A better understanding of striatal dopaminergic and cholin-
ergic system interaction may have implications for the develop-
ment of new therapeutic strategies in PD.

18F-fluoroethoxybenzovesamicol (18F-FEOBV) is a PET radioli-
gand that selectively binds to the vesicular acetylcholine trans-
porter and allows for binding quantification in brain regions with
high presynaptic cholinergic activity, such as the striatum (13).
11C-dihydrotetrabenazine (11C-DTBZ) selectively binds to the
vesicular monoamine transporter type 2 and is useful as a marker

Received Jan. 13, 2021; revision accepted May 27, 2021.
For correspondence or reprints, contact Martijn L.T.M. M€uller (mmuller@

c-path.org).
Published online Jul. 16, 2021.
COPYRIGHT! 2022 by the Society of Nuclear Medicine andMolecular Imaging.

438 THE JOURNAL OF NUCLEAR MEDICINE ' Vol. 63 ' No. 3 ' March 2022



of the nigrostriatal dopaminergic presynaptic terminal because of
the high specificity in the striatum (14). However, like other PET
dopaminergic presynaptic markers, 11C-DTBZ may be influenced
by pharmacologic compensation or regulation (15–17). These pro-
cesses might obscure the striatal acetylcholine–dopamine interac-
tion at the presynaptic-terminal level; therefore, more robust
approaches may be required to capture dopaminergic transmission.
We recently introduced a methodology to estimate dopaminer-

gic nigrostriatal white matter tract integrity (i.e., dopaminergic
nigrostriatal connectivity) in subjects with early PD (18). This
methodology integrates striatal 11C-DTBZ PET information into
the fiber-tracking process using diffusion MRI (dMRI)–based cor-
relational tractography. Tract integrity is measured as the mean
quantitative anisotropy (QA) across the estimated tract. QA meas-
ures the density of anisotropic water diffusion (19) and provides a
more reliable integrity metric than do standard diffusion measures
(18,20,21). Furthermore, the dopaminergic nigrostriatal white mat-
ter tract should be less influenced by compensatory mechanisms
than is the presynaptic-terminal level.
Using in vivo cholinergic and dopaminergic PET and dopami-

nergic PET–informed correlational tractography, our aim was to
examine the striatal acetylcholine–dopamine imbalance hypothesis
in patients with early PD while considering the integrity loss of
the nigrostriatal dopaminergic pathway at 2 levels: dopaminergic
nigrostriatal connectivity (i.e., loss of mean QA of the nigrostriatal
tract) and the presynaptic-terminal level (i.e., loss of striatal
11C-DTBZ binding). We also examined differences in striatal cho-
linergic binding between PD subjects and healthy controls.

MATERIALS AND METHODS

Subjects
The study included 45 subjects with mild to moderate PD (36 men

and 9 women; mean age, 66.3 6 6.3 y), of whom 30 were previously
reported (18). The study also included 15 age- and sex-matched healthy
control subjects (9 men and 6 women; mean age, 69.1 6 8.6 y) with
available cholinergic 18F-FEOBV PET results.

Similar to our previous report (18), selection of PD subjects was
based on 3 criteria: first, only subjects with mild to moderate PD
(Hoehn and Yahr stage # 3) were included to avoid a floor effect
associated with severe nigrostriatal dopaminergic denervation in more
advanced stages; second, high-quality dMRI reconstruction had to be
available; and third, an interval of no more than 2 months (mo) had to
have passed between clinical examinations and neuroimaging assess-
ments to ensure no significant clinical changes. Table 1 summarizes
the main demographic and clinical characteristics of all participants.

All patients met the U.K. Parkinson Disease Society Brain Bank
clinical diagnostic criteria for PD (22) and showed the typical pattern
of striatal dopaminergic denervation on 11C-DTBZ PET congruent
with this diagnosis (14). The Movement Disorder Society revised uni-
fied Parkinson disease rating scale examination (23), the Hoehn and
Yahr scale (24), and Montreal cognitive assessment (25) were per-
formed on PD subjects for clinical assessments. The motor examina-
tion was performed in the dopaminergic medication–off state, except
for 2 de novo patients. No subjects were treated with anticholinergic
or cholinesterase inhibitor drugs. Motor symptoms were predomi-
nantly on the right side of the body in 29 patients and on the left side
in the other 16 patients.

The study was approved by the Institutional Review Boards of the
University of Michigan School of Medicine and the Veterans Affairs
Ann Arbor Health Care System. Written informed consent was obtained
from all subjects before any research procedures took place.

Imaging Procedures
We realigned (right to left) image data of the 16 patients with a left

predominance of clinical symptoms in order to create a uniform sam-
ple, given the asymmetry in early PD for the typical motor symptoms
and striatal 11C-DTBZ (14). Thus, the left hemisphere represented the
clinically most affected (MA) hemisphere in all patients, and the right
hemisphere the clinically least affected.
PET Imaging. All subjects underwent both PET scans during the

same visit, except for control subjects, on whom dopaminergic PET
was not performed. Dynamic PET imaging was performed in
3-dimensional mode using an ECAT Exact HR tomograph (Siemens
Molecular Imaging, Inc.). Preprocessing parameters for both PET sets
of data can be found in detail elsewhere (26,27). 11C-DTBZ (555
MBq) and 18F-FEOBV (256 MBq) radioligands were prepared as pre-
viously described and injected following standard routines (28,29).
Dopaminergic PET was performed in the dopaminergic-off state,
whereas cholinergic PET was performed in the dopaminergic-on state
in PD subjects.

For both PET tracers, dynamic frames were spatially coregistered
within subjects with a rigid body transformation to reduce the motion
effect during the imaging session (30). Motion-corrected PET frames
were spatially coregistered to high-resolution MR images using
SPM12 software (Wellcome Trust Centre for Neuroimaging, https://
www.fil.ion.ucl.ac.uk/spm). Distribution volume ratio (DVR) images
were then calculated for the 2 PET tracers following previously
reported methodologies (31,32).

For MRI-coregistered 11C-DTBZ DVR images, we manually traced
the volumes corresponding to 6 striatal subregions in each brain hemi-
sphere on the MR image following a methodology described previ-
ously (33). The striatal subregions included the anteroventral striatum,
middle caudate, caudate head, ventral putamen, anterior putamen, and
posterior putamen. These striatal subregions encompass the typical
ventral-to-dorsal and anterior-to-posterior gradient of striatal dopami-
nergic denervation in early PD (33) and were used as striatal dopami-
nergic variables of interest at the presynaptic-terminal level in the
voxel-based correlation analysis with striatal 18F-FEOBV DVR. Sup-
plemental Figure 1 shows the histograms, mean (6SD), median, and
range of 11C-DTBZ DVR for these subregions (supplemental materials
are available at http://jnm.snmjournals.org). The analysis was also per-
formed with the whole striatum as a variable of interest.

For voxel-based correlation analysis, 18F-FEOBV DVR images were
spatially standardized to the Montreal Neurologic Institute space based on
the DARTEL (Diffeomorphic Anatomic Registration Through Exponenti-
ated Lie Algebra) procedure (SPM12). DARTEL transformations were
estimated on the basis of T1-weighted MR images and subsequently
applied to PET images coregistered with the MR images. 18F-FEOBV
DVR images of control subjects were transformed in the same way to per-
form a voxel-based group comparison. Spatially normalized 18F-FEOBV
DVR images were smoothed with the SPM12 default gaussian isotropic
kernel of 8 mm in full width at half maximum to reduce the anatomic var-
iability between individual brains and enhance the signal-to-noise ratio.
MRI. All subjects underwent high-resolution structural brain MRI

(T1-weighted) for anatomic coregistration with the corresponding PET
scans. MRI was performed on a 3-T Achieva system (Philips). A
detailed description of the structural brain MRI acquisition parameters
can be found elsewhere (26).

During the same visit, dMRI was performed for dopaminergic PET-
informed correlational tractography. The acquisition parameters and
preprocessing of the MR images have been described in detail previ-
ously (18). Quality control of the preprocessed dMRI image data was
performed using the DSI Studio toolbox (http://dsi-studio.labsolver.
org). The neighboring correlation was high and similar across all
dMRI volumes (0.88 6 0.02), indicating a good quality of prepro-
cessed dMRI data relative to motion artifacts and signal-to-noise ratio.
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Dopaminergic PET-Informed Correlational Tractography. Cor-
relational tractography was performed as previously described (18) for a
larger sample of PD participants. In brief, dMRI preprocessed data in the
PD group were reconstructed in the Montreal Neurologic Institute space
using q-space diffeomorphic reconstruction (34) implemented in the DSI
Studio toolbox. Our correlational tractography-based approach first con-
structs a group-based tract template in each brain hemisphere by tracking
QA in white matter fibers that correlate with 11C-DTBZ DVR correspond-
ing to anteroventral striatum to optimally guide tract reconstruction with
dopaminergic specificity (18). The procedure uses a deterministic fiber
tracking (35), with the substantia nigra as the seed region and the whole
striatum as the terminating region corresponding to each brain hemi-
sphere. In a second step, the mean QA extracted from each subject across
the template (from each hemisphere) was used as a measure of the whole-
tract integrity at the individual level.

The individual mean QA values of each PD subject in each hemi-
sphere, in the striatal subregions described above, and in the whole
striatum were used as dopaminergic variables of interest in the voxel-
based correlation analysis with striatal 18F-FEOBV DVR.

Statistical Analysis
Voxel-based correlation analysis was performed using SPM12 to

test the association of the mean QA of the dopaminergic nigrostriatal
tract or striatal subregional presynaptic-terminal 11C-DTBZ DVR (and
the whole striatum) of each hemisphere with striatal 18F-FEOBV
DVR in PD subjects. An explicit bilateral mask was used to exclude
nonstriatal voxels. Age and sex were modeled as standard nuisance
covariates. Positive and negative correlations were tested. The results

of this analysis were then used to create a volume of interest (VOI),
based on significant clusters, to evaluate the Pearson correlation of the
VOI mean values of 18F-FEOBV DVR with the corresponding dopa-
minergic variables of interest, and for comparison between groups
(PD vs. control) within that VOI using the Student t test for indepen-
dent samples.

In a second analysis, the levodopa equivalent dose and the duration
and stage of the disease (defined as a binary variable according to the
Hoehn and Yahr scale: mild 5 0 for Hoehn and Yahr # 2; moderate
5 1 for 2 , Hoehn and Yahr # 3) were considered as additional nui-
sance covariates to test their possible confounding effects on the first
voxel-based correlation analysis.

Since the presence of outliers in the data can affect the correla-
tion analysis, we repeated voxel-based correlation analysis for
dopaminergic variables of interest that showed potential outliers.
For outlier detection, we used the Grubbs test. In the event that a
variable was significant for the Grubbs test and did not have a nor-
mal distribution (significant Shapiro–Wilk test; Supplemental
Fig. 1), we also used the interquartile rule to find outliers as fol-
lows: first, calculation of the interquartile range of the data of each
subregion; second, calculation of the lower boundary by subtracting
1.5 3 (interquartile range) from the first quartile; and third, calcula-
tion of the upper boundary by adding 1.5 3 (interquartile range) to
the third quartile. Any value outside the upper and lower bound-
aries was considered a potential outlier.

Additionally, a voxel-based group comparison was performed between
the control and PD groups for striatal 18F-FEOBV DVR, controlling for
age and sex.

TABLE 1
Demographic and Clinical Characteristics of PD and Control Subjects

Characteristic PD (n 5 45) Control (n 5 15) Statistical significance

Age (y) 66.3 6 6.3 69.1 6 8.6 t 5 1.3; P 5 0.19

Sex x2 5 2.4; P 5 0.12

Male 36 9

Female 9 6

Handedness x2 5 0.25; P 5 0.62

Right 41 13

Left 4 2

MoCA 27.0 6 2.6 27.6 6 1.8 t 5 0.87; P 5 0.39

MDS-UPDRS

Part I 5.1 6 4.5

Part II 5.5 6 3.5

Part III 34.3 6 13.2

Bradykinesia subscore* 11.6 6 5.9

Tremor subscore* 8.8 6 4.4

Rigidity subscore* 7.5 6 2.9

PIGD subscore* 2.5 6 2

MDS-UPDRS (I–III) total score 44.9 6 16.8

Hoehn and Yahr stage 2.2 6 0.6 (median, 2.5; range, 1–3)

Disease duration (y) 5.8 6 3.6

Levodopa equivalent dose (mg) 636.6 6 374.5

*Derived from MDS-UPDRS (part III).
MoCA 5 Montreal cognitive assessment; MDS-UPDRS 5 Movement Disorder Society revised unified Parkinson disease rating scale;

PIGD 5 postural instability and gait difficulties.
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In all SPM analyses, we applied threshold P values of 0.001 (uncor-
rected) at the voxel level and 0.05 corrected for multiple comparisons
at the cluster level by using the familywise error approach.
Cross Validation. To assess the generalizability of our main find-

ings, cross validation was performed using the leave-one-out (LOO)
methodology. Since the mean QA of the dopaminergic nigrostriatal
tract in the MA hemisphere (Fig. 1A) was the only dopaminergic vari-
able of interest that showed a significant correlation with the striatal
18F-FEOBV DVR, the cross validation was applied to this model
(MA-tract model) and to the VOI model derived from the voxel-based
correlation analysis (Fig. 1B).

In the MA-tract model, the training set was defined as the mean QA
extracted in each PD subject from the group-based tract template in the
MA hemisphere. To get the validation element of a single PD subject,
we constructed a new tract template that left that specific PD subject out.
This new tract template was used to extract the mean QA from that PD
subject (mean QA-LOO). This process was repeated for each of the 45
PD subjects.

In the VOI model, the training set was defined as the mean
18F-FEOBV DVR of each PD subject within the VOI based on SPM
voxel-based correlation analysis (mean VOI). To get the validation ele-
ment of a single PD subject, we repeated the SPM analysis while leaving
that specific PD subject out. The new VOI (the significant cluster) was
used to extract the mean 18F-FEOBV DVR from that PD subject (mean
VOI-LOO). This process was repeated for each of the 45 PD subjects.

To summarize the error between the predicted and observed values
for the 2 models, the normalized root-mean-square error was used.
Pearson correlation was then used to assess the association of mean
QA-LOO and mean VOI-LOO.
Clinical Correlate. To assess the clinical relevance of our main find-

ings, we examined whether the cardinal motor features (subscores of bra-
dykinesia, tremor, rigidity, and postural instability and gait difficulties)

and cognitive function (Montreal cognitive assessment score) of PD sub-
jects correlated with the following ratio in the MA hemisphere (a proxy
measure of acetylcholine–dopamine imbalance in this hemisphere):

mean 18F-FEOBVDVRwithin the putaminal SPM-basedVOI
meanQAof the nigrostriatal whiteMAmatter tract

To show the robustness of the dopaminergic PET-informed correla-
tional tractography, we also repeated the previous analyses in this
larger sample of PD participants.

Non–voxel-based statistical analyses were performed using STA-
TISTICA software (Stat Soft, Inc., version 8.0). The significance level
was set at a P value of less than 0.05. For the correlation tests, we
used Pearson correlation for normally distributed variables based on
the Shapiro–Wilk test (mean QA [least affected and MA], mean
QA-LOO [MA], mean VOI, mean VOI-LOO, imbalance proxy,
imbalance proxy LOO, bradykinesia, and tremor subscores); other-
wise, we used Spearman correlation. For significant results, we also
computed 95% percentile bootstrap CIs.

RESULTS

Association Between Integrity of Dopaminergic Nigrostriatal
White Matter Tracts and Striatal Cholinergic Binding in
PD Subjects
The mean QA of the MA tract (Fig. 1A) showed a negative cor-

relation with striatal 18F-FEOBV DVR (Fig. 1B), which com-
prised a cluster in the posterior putamen of the MA hemisphere
(P corrected at the cluster level 5 0.039; cluster size, 226 voxels;
Montreal Neurologic Institute coordinates [x, y, z] of the maximum
peak, 227, 29, 11; t value at the peak level, 4.05). Figure 1C
shows the negative correlation found between mean QA and mean
18F-FEOBV DVR within the VOI derived from this significant

cluster. Figure 1D shows that the mean
18F-FEOBV DVR within that VOI was
also significantly higher (9.3%; P5 0.01,
t522.55) in the PD group (3.64 6
0.46) than in the control group (3.33 6
0.26). The mean QA of the least affected
tract showed no significant association.

Levodopa equivalent dose, duration,
and stage of disease had no significant
effects on these results.

Cross Validation
Figures 2A and 2B show the relation-

ship between predicted and observed val-
ues for the MA-tract and VOI models,
respectively. The normalized root-mean-
square error was 10.36% for the MA-tract
model and 4.07% for the VOI model, indi-
cating a lower residual variance for the
VOI model. The results of the LOO analy-
sis mirror those of the main analysis. Fig-
ure 2C (compare with Fig. 1C) shows a
significant negative correlation between
the observed mean QA (mean QA-LOO)
of the MA tract and the mean 18F-FEOBV
DVR within the observed VOI (VOI-
LOO). Figure 2D (compare with Fig. 1D)
shows that the mean 18F-FEOBV DVR
within VOI-LOO was significantly higher
(P 5 0.04, t 5 22.14) in the PD group
(3.58 6 0.49) than in the control group

FIGURE 1. (A) Nigrostriatal dopaminergic white matter tracts identified in PD group in MA
and least affected hemispheres (overlaid on T1-weighted MR image in Montreal Neurologic
Institute space). (B) Voxel-based correlation analysis showing negative correlation between
mean QA of MA tract and 18F-FEOBV DVR in posterior putamen of same hemisphere. (C) Neg-
ative correlation between mean QA of MA tract and mean 18F-FEOBV DVR within putaminal
SPM-based VOI (95% CI, 20.76 to 20.2). (D) Significantly higher mean 18F-FEOBV DVR within
that putaminal VOI in PD group than in healthy control (NC) group.
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(3.33 6 0.26). These findings cross-validate our observations, sug-
gesting their generalizability to independent datasets of PD sub-
jects with similar clinical characteristics.

Association Between Dopaminergic and Cholinergic Binding
at Presynaptic-Terminal Level or Striatal-Terminal Level in
PD Subjects

11C-DTBZ DVR for each of the striatal subregions and for the
whole striatum showed no significant association with striatal
18F-FEOBV DVR in voxel-based analysis. The same results were
found after outlier removal (bilateral putaminal subregions and
whole striatum in the MA hemisphere; Supplemental Tables 1 and
2; Supplemental Fig. 1).
To further investigate the association between dopaminergic and

cholinergic binding at the presynaptic-terminal level, we performed a
post hoc correlation analysis between mean 18F-FEOBV DVR within
the significant cluster that correlated with mean QA in the MA hemi-
sphere (Fig. 1B) and the ipsilateral whole striatum 11C DTBZ DVR.
The rationale for this post hoc analysis was that whole-striatum 11C
DTBZ DVR and mean QA correlate with each other (Supplemental
Fig. 2A). The same analysis was performed for 11C-DTBZ DVR in
each striatal subregion of that hemisphere. We found that only the
whole-striatum 11C DTBZ DVR showed a significant negative corre-
lation (Fig. 3; Supplemental Table 3), although weaker than that
observed with the mean QA (Fig. 1C). This correlation remained sig-
nificant after outlier removal (Supplemental Table 3).

Striatal Cholinergic Binding in PD Group Versus Healthy
Control Group
We found a bilateral increase in putaminal 18F-FEOBV DVR in

the PD group compared with the control group, more extensive in

the MA hemisphere (Fig. 4; Table 2). The
maximum peak in each cluster was located
in the posterior putamen in each hemi-
sphere. There was a partial overlap with
the findings shown in Figure 1B. No sig-
nificant decrease was found.

Clinical Correlates
Bradykinesia ratings positively correlated

with our proxy measure of acetylcholine–
dopamine imbalance (Fig. 5A), as well as
with the proxy using the measures derived
from the LOO analysis (Fig. 5B). Bradykine-
sia ratings also correlated negatively with the
mean QA of the MA tract (Fig. 5C) and pos-
itively with the mean 18F-FEOBV DVR
within the putaminal VOI (Fig. 5D). The
other cardinal motor features and cognitive
ratings (Montreal cognitive assessment) did
not show significant associations with our
proxy measure of imbalance (tremor: r5
20.08, P5 0.6; rigidity: Spearman r5 0.13,
P5 0.4; postural instability and gait difficul-
ties: Spearman r5 0.13, P5 0.42; and Mon-
treal cognitive assessment: Spearman r5
0.01, P5 0.9).

Complementary Findings of Correlational
Tractography

Supplemental Figures 2A and 2B show
the significant positive correlation found

between the mean QA and the striatal 11C-DTBZ DVR in both
brain hemispheres. Likewise, the comparison between the 2
hemispheric tracts showed a significant reduction in the mean
QA of the MA tract (Supplemental Fig. 2C). The mean
QA-LOO in the MA hemisphere also showed a positive corre-
lation with the striatal 11C-DTBZ DVR of that hemisphere
(Supplemental Fig. 2D). The nigrostriatal dopaminergic white
matter tracts followed anatomic paths similar to those observed
in our previous study (18).

FIGURE 2. (A) Relation between training (predicted values) and cross-validation (observed values)
sets using LOO approach (mean QA and mean QA-LOO, respectively) in MA hemisphere of PD sub-
jects. (B) Same as shown in A, but for VOI model derived from SPM voxel-based correlation analysis
(VOI and VOI-LOO, respectively). (C) Negative correlation between mean QA-LOO of MA tract and
mean 18F-FEOBV DVR within VOI-LOO (95% CI, 20.75 to 20.09). (D) Significantly higher mean
18F-FEOBV DVR within VOI-LOO in PD group than in healthy control (NC) group. NRMSE5 normalized
root-mean-square error.

FIGURE 3. Negative correlation between mean 18F-FEOBV DVR within
significant cluster correlated with mean QA in MA hemisphere (Fig. 1B)
and ipsilateral whole striatum11C-DTBZ DVR (95% CI,20.55 to20.02).
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DISCUSSION

In this study, we examined the striatal acetylcholine–dopamine
imbalance hypothesis in patients with early PD. Our results
showed an increase in cholinergic binding in the posterior putamen
of the MA brain hemisphere, associated with an ipsilateral reduc-
tion in the integrity of the nigrostriatal dopaminergic white matter
tract in PD patients. In addition, cholinergic binding in this striatal
region was increased in PD patients compared with healthy con-
trols. These results were cross-validated. We also showed that bra-
dykinesia clinical subscores positively correlated with a proxy
measure of acetylcholine–dopamine imbalance in the MA hemi-
sphere. Taken together, our results provide evidence for the striatal
acetylcholine–dopamine imbalance in early PD and may provide
an avenue for testing in vivo effects of therapeutic strategies aimed
at restoring striatal acetylcholine–dopamine balance in PD.
Our observations are in line with previous studies on animal

models of PD showing that reduced striatal dopamine signaling
leads to increased excitability and synaptic reorganization of stria-
tal cholinergic interneurons and increased acetylcholine release (9).
Our findings suggest that the association between acetylcholine

(18F-FEOBV binding) and the integrity loss of the nigrostriatal dopa-
minergic pathway is stronger and more robust at the level of dopami-
nergic nigrostriatal connectivity (i.e., loss of mean QA of the
nigrostriatal tract, Fig. 1C) than at the presynaptic-terminal level (i.e.,
loss of striatal 11C-DTBZ binding, Fig. 3). This finding is probably

due to several factors: first, 11C-DTBZ binding may underestimate
the severity of damage to the nigrostriatal end-terminal in PD because
of compensatory changes (17). In contrast, the mean QA of the
MA hemispheric tract fibers is probably less influenced by the
11C-DTBZ’s compensation mechanism. The estimation of the mean
QA uses not only the information derived from the 11C-DTBZ PET
but also white matter fibers derived from dMRI. Second, striatal neu-
rotransmission involves not only acetylcholine and dopamine but also
other extrinsic (e.g., glutamatergic projections from the thalamus and
cortex) and intrinsic (e.g., g-aminobutyric acid–ergic interneurons)
determinants, which may have interacting effects with striatal dopami-
nergic neurons and cholinergic interneurons at the level of presynaptic
nerve terminals (7–9). In contrast, the dopaminergic nigrostriatal tract
includes structural connectivity information specific for dopaminergic
neurotransmission and thus less affected by other neurotransmitter
interactions. It is also possible that cholinergic upregulation may be
more prominent in the prodromal stage but becomes less so in the
symptomatic stage of PD, thus diluting the possible one-to-one rela-
tionship between striatal acetylcholine and dopamine at the level of
presynaptic nerve terminals (36). Therefore, the dopaminergic nigros-
triatal tract may be a more precise marker of the integrity of the nigral
dopaminergic cells than is the more downstream distal degeneration
of the nerve terminals. The observed decrease in the tract integrity
could be the result of the distal-to-proximal axonal degenerative
“dying back” process in PD (37).

FIGURE 4. Voxel-based group comparison showing asymmetric bilateral putaminal 18F-FEOBV DVR increases (more extensive in MA hemisphere
[left]), compared with control group (Table 2). There is partial topographic overlap of MA side with results of voxel-based correlation analysis in PD group
(Fig. 1B, z5 6–4 mm [left]).

TABLE 2
Striatal Cholinergic Binding Increase in PD Group Compared with Control Group

Striatal region P Cluster size
Montreal Neurologic Institute coordinates

(x, y, z) of maximum peak Peak-level t value

MA putamen 0.028 369 voxels 232, 28, 5 3.93

Least affected putamen 0.043 188 voxels 32, 29, 6 4.15

P value is corrected for multiple comparisons at cluster level by using familywise error approach.
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Our proxy measure for acetylcholine–dopamine imbalance was
positively correlated with clinical bradykinesia ratings. This finding
may be explained by the fact that bradykinesia has a closer associa-
tion with striatal dopaminergic activity than do the other cardinal
motor symptoms (38). This observation also agrees with a previous
study on a PD mouse model showing that photoinhibition of striatal
cholinergic interneurons reduces bradykinesia (39). Other cardinal
symptoms and cognitive function did not show an association with
our imbalance proxy. These other impairments are likely caused by
more expanded brain networks that extend beyond the striatum
(40–42). Our study focused only on the striatum to reduce the com-
plexity of the acetylcholine–dopamine interactions and to be con-
sistent with the existing literature on the acetylcholine–dopamine
imbalance in PD.
The discrepant findings between some previous animal studies

(10–12) and our current in vivo human PD results may be related
to differences between the generally more uniform toxic or
lesioning animal PD models and the natural history of the insidi-
ous and long duration of dopaminergic degeneration, as well as
interindividual variability in patients with PD. Moreover, our pre-
synaptic vesicular transporter PET measures may reflect a more
relative steady state of the integrity of nerve terminals rather than
the typical more dynamic signaling changes observed in animal
models.
A strength of this study was the use of 11C-DTBZ

PET–informed correlational tractography (18). We also repli-
cated and extended this methodology in a larger sample of
patients with early PD. Unlike our previous study, we were
able to also cross-validate the tract in the MA hemisphere,
probably because of the larger sample that allowed a more
robust estimate of the tract template in that hemisphere.

Our study had several limitations.
First, dopaminergic PET was performed in
the dopaminergic medication–off state,
whereas cholinergic PET was performed on
dopaminergic medications. Nevertheless, it
is possible that the imbalance between
the acetylcholine and dopamine markers
would have been even greater than that
observed in this study if both PET scans
had been performed in the off state. Second,
our study was cross sectional, preventing
us from evaluating the evolution of the
acetylcholine–dopamine interaction in PD
over time. Third, the effect of sex or clinical
phenotype on the acetylcholine–dopamine
interaction was not assessed, as larger
samples of PD subjects would be needed
for this purpose. Fourth, we were unable
to investigate the acetylcholine–dopamine
interaction in healthy controls because of
the lack of 11C-DTBZ PET in these subjects.
However, a lower putaminal 18F-FEOBV
DVR found in healthy controls than in PD
patients may be consistent with the prevail-
ing view that acetylcholine and dopamine
are balanced in healthy conditions. Other
limitations were related to the methodology
for estimating the nigrostriatal dop-
aminergic tracts (18). For example, we

cannot rule out that the identified tracts also included some
nondopaminergic fibers, and the identified tracts extended
slightly below the substantia nigra, as may be due to limitations in
the spatial resolution of dMRI. Nonetheless, the use of 11C-DTBZ
PET–informed correlational tractography has higher dopaminergic
specificity than does tract definition using dMRI alone. Finally,
future neuroimaging studies should take into account more
expanded brain networks and other key players that could shed
more light on the complexity of acetylcholine–dopamine interaction
(e.g., dopaminergic and cholinergic receptors as well as other
neurotransmitters).

CONCLUSION

Using dual-tracer PET and dopaminergic PET–informed corre-
lational tractography, we provided in vivo evidence of imbalance
between acetylcholine and dopamine signaling systems in the stri-
atum in early PD. These observations may provide a future avenue
for testing in vivo effects of therapeutic strategies aimed at restor-
ing striatal acetylcholine–dopamine balance in PD.
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FIGURE 5. (A) Positive correlation between bradykinesia subscore and proxy measure of
acetylcholine–dopamine imbalance in MA hemisphere in subjects with PD (95% CI, 0.15–0.62). (B)
Same as shown in A, but using measures derived from LOO cross-validation analysis (95% CI,
0.07–0.59). (C) Negative correlation between bradykinesia subscore and mean QA in MA hemisphere
(95% CI, 20.63 to 20.01). (D) Positive correlation between bradykinesia subscore and mean
18F-FEOBV DVR within putaminal SPM-based VOI in MA hemisphere (95% CI, 0.1–0.58).
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KEY POINTS

QUESTION: Is there an imbalance between the acetylcholine and
dopamine signaling systems in the striatum in early PD?

PERTINENT FINDINGS: In a cohort study using cholinergic and
dopaminergic PET and correlational tractography, an imbalance
was found between the acetylcholine and dopamine signaling sys-
tems in the striatum of 45 patients with mild to moderate PD. This
imbalance was evidenced by an increase in cholinergic binding in
the posterior putamen in the MA brain hemisphere—an increase
that correlated with the ipsilateral reduction in the integrity of the
dopaminergic nigrostriatal white matter tract and clinically with
more severe bradykinesia.

IMPLICATIONS FOR PATIENT CARE: Assessment of the striatal
acetylcholine–dopamine imbalance may provide a method for
in vivo testing of the effects of therapeutic strategies aimed at
reducing this imbalance in early PD.
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A Longitudinal PET/MRI Study of Colony-Stimulating
Factor 1 Receptor–Mediated Microglia Depletion in
Experimental Stroke
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Microglia-induced neuroinflammation after stroke contributes to the
exacerbation of postischemic damage but also supports neurorestor-
ative events. Longitudinal molecular imaging of microglia-targeted
therapies will support the assessment of target engagement, therapy
efficacy, and deciphering of the mode of action. We investigated the
effects of chronic colony-stimulating factor 1 receptor (CSF-1R)
inhibitor–mediated microglia depletion on translocator protein
(TSPO)–dependent neuroinflammation and cerebrovascular parame-
ters using PET/MRI. Methods: Forty C57BL/6 mice underwent a
30-min transient occlusion of the middle cerebral artery and were
randomly assigned to either a control group or a group treated
with CSF-1R inhibitor (PLX5622). Eight mice per group were used for
N,N-diethyl-2-(2-(4-(2-18F-fluoroethoxy) phenyl)5,7dimethylpyrazolo[1,
5a]pyrimidin-3-yl)acetamide (18F-DPA-714) (TSPO) PET imaging on
days 7, 14, 21, and 30 after ischemia and behavioral tests before and
after surgery. An extra group of 8 mice underwent MRI, including
T2-weighted (infarct), perfusion-weighted (cerebral blood flow), and
diffusion-weighted (water diffusion, cellular density) sequences, on
days 1, 3, 7, 14, 21, and 30. Ex vivo analysis (immunoreactivity,
gene expression) was performed to characterize the inflammatory
environment. Results: We demonstrated that long-term CSF-1R inhi-
bition transiently decreased the TSPO PET signal within the
infarct. Residual TSPO activity was partly due to a potentially
resistant Iba-1–positive cell populations with low CSF-1R and
transmembrane 119 expression. The decrease in selected pro-
and antiinflammatory marker expression suggested an apparent
global dampening of the neuroinflammatory response. Further-
more, the temporal changes in the MRI parameters highlighted
treatment-induced effects on reperfusion and tissue homeostasis,
associated with impaired motor function at late stages. Conclu-
sion: Longitudinal TSPO PET/MRI allows the assessment of target
engagement and optimization of drug efficiency. PLX5622 has
promising immunomodulatory effects, and the optimal therapeutic
time window for its application needs to be defined.

Key Words: colony stimulating factor-1 receptor; microglia; stroke;
18F-DPA-714; MRI
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Neuroinflammation and microglial activity are key contributors
to stroke pathogenesis (1). Microglia are essential in brain immuno-
surveillance, homeostasis monitoring, and synaptic landscape shaping
at steady state. In pathological conditions such as cerebral ischemia,
microglia undergo transcriptomic alterations resulting in an early pro-
tective antiinflammatory phenotype within the first week, quickly
switching to a detrimental proinflammatory phenotype at around days
10–14 after ischemia, thus worsening inflammation and causing tis-
sue damage (2). Therefore, modulating microglia reactivity may offer
a new approach in the treatment of cerebral ischemia.
The colony-stimulating factor 1 receptor (CSF-1R) is a well-

described tyrosine kinase involved in differentiation, proliferation,
and survival of resident microglial cells but also perivascular and
bone marrow-derived macrophages and other cell types (osteoclasts,
dendritic cells) (3). Recently, the selective CSF-1R inhibitor
PLX5622 was reported as an efficient treatment to deplete micro-
glial cells in healthy (4,5) and pathological (6,7) conditions. In a
healthy brain, CSF-1R inhibition leads to 50% depletion of Iba-
1–positive microglial cells after 3 d and near-complete depletion
within 7 d, with few side effects. In an inflammatory environment,
PLX5622 treatment led to beneficial outcomes: it efficiently
depleted microglial cells, shifted the remaining cells toward a more
antiinflammatory phenotype, and alleviated or improved symptoms
(6–10). The use of PLX5622 offers the opportunity to assess the
contribution of microglial activity to the neuroinflammatory reac-
tion and potentially represents a new therapeutic approach in stroke.
The first preclinical preconditioning studies have shown PLX5622
treatment to worsen disease outcomes within the first days
(4,11,12), increasing infarct size and promoting primary inflamma-
tion. However, none of these studies assessed its potential effect as
a long-term treatment. Thus, there is interest in performing a longi-
tudinal study using various imaging, functional, and ex vivo assess-
ments to characterize changes induced by the CSF-1R inhibitor
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PLX5622 on stroke-relevant parameters such as inflammation, on
cerebrovascular parameters, and on functional outcomes.
We performed such a longitudinal study, using PET/MRI to nonin-

vasively monitor therapy response, including N,N-diethyl-2-(2-(4-
(2-18F-fluoroethoxy)phenyl)5,7dimethylpyrazolo[1,5a]pyrimidin-3-yl)
acetamide (18F-DPA-714) (translocator protein [TSPO], neuroinflam-
mation) PET imaging, T2-weighted (T2w, lesion) MRI, diffusion-
weighted (water diffusion) MRI, and perfusion-weighted (cerebral
blood flow [CBF]) MRI. In addition, we performed behavioral tests,
including open-field (locomotion), pole test (global motor functions),
grip test (limb strength), and rotarod test (coordination), to assess sen-
sorimotor functions.
We hypothesized that CSF-1R inhibition might represent a new

therapeutic intervention in modulating microglia-induced posti-
schemic inflammation. Long-term CSF-1R inhibition may reduce
microglial activity and therefore decrease the expression of inflam-
matory markers and improve recovery. The potential impact of
CSF-1R inhibition may be noninvasively assessed by combining
an extensive multiparameter PET/MRI paradigm with behavioral
tests and ex vivo analysis.

MATERIALS AND METHODS

Study Approval
All experiments were conducted in accordance with the German

Law on the Care and Use of Laboratory Animals and approved by the
Landesamt f€ur Natur, Umwelt, und Verbraucherschutz of North
Rhine-Westphalia according to the ARRIVE guidelines (https://www.
nc3rs.org.uk/arrive-guidelines).

Study
In total, 48 male C57BL6/6J mice 3–4 mo old were housed under a

standard 12-h:12-h light:dark cycle with free access to food and water.
Forty mice underwent a 30-min transient occlusion of the middle

cerebral artery on day 0 (Fig. 1); right after surgery, they were ran-
domized—by a person other than the experimenters—into either a
control group or a group receiving dietary PLX5622 treatment. The
experimenters did not know the group assignment. All mice under-
went T2w MRI on day 1 to select animals on the basis of the infarct
size. Exclusion criteria were a lack of reperfusion (,50% baseline
CBF recovery) as assessed by laser Doppler, an infarct exceeding the
striatal and cortical regions, and extreme weight loss (.20% of the
initial body weight). The dropout rate was 4%.

Eight wild-type (nonstroke) mice were used for additionally ex vivo
analysis on day 35 after ischemia. Those mice received either a control
diet (n5 4) or the PLX5622 diet (n5 8) for 35 d and were killed for
gene expression analysis. The animal groups and numbers are detailed
in Supplemental Table 1 (supplemental materials are available at http://
jnm.snmjournals.org).

Experimental Design
Eight mice per group were used for in vivo PET imaging and behav-

ioral tests. 18F-DPA-714 PET imaging was conducted on days 7, 14, 21,
and 30 after surgery. Another 2 groups of 8 mice underwent MRI on
days 1, 3, 7, 14, 21, and 30 after surgery, including T2w, diffusion-
weighted, and perfusion-weighted sequences. PET/MRI sessions were
performed 12 h apart. All animals were continuously anesthetized during
surgery and image acquisition. The mice underwent behavioral tests
before and at around days 7, 14, and 30 after surgery to assess motor
function recovery using open-field, rotarod, pole, and grip testing.

On day 35, all animals were anesthetized and killed by transcardiac
perfusion. The brains were harvested for immunohistochemistry and
immunofluorescence analysis to assess the long-term effects of
PLX5622 therapy on the neuroinflammatory response. In addition, 4
groups of 4 mice that did not undergo imaging were added for real-
time quantitative polymerase chain reaction analysis of tissues har-
vested on day 35 after ischemia.

The experimental time line is summarized in Figure 1.

Surgery
The mice underwent a 30-min transient occlusion of the middle

cerebral artery (MCA) of the right hemisphere using an intraluminal
occlusion model as previously described, with minor modifications
(13). Briefly, the mice received 0.04 mg of fentanyl (RotexMedica)
and 4 mg of midazolam (Ratiopharm) per 1 g of body weight before
surgery. Transient focal cerebral ischemia was induced by introducing
a silicone-coated 7–0 monofilament (diameter with coating, 0.19 6

0.01 mm) (Doccol Corp.), which was withdrawn after 30 min. The
mice received a subcutaneous injection of buprenorphine after surgery
(0.05–0.1 mg/kg) (Indivior).

Treatment
PLX5622 was provided by Plexxikon Inc. and formulated in AIN-

76A standard chow by Research Diets Inc. at 1,200 ppm chow. Body
weight was tracked as an index of food intake (Supplemental Fig. 1).

18F-DPA-714 PET/CT Imaging
18F-DPA-714 was prepared as previously described with more than

99% radiochemical purity (14). PET imaging was performed with a
high-resolution small-animal PET scanner (32-module quadHIDAC
[Oxford Positron Systems Ltd.]; spatial resolution, ,1 mm in full
width at half maximum) (15).

The 18F-DPA-714 PET scan was acquired from 45 to 65 min after
injection of 12.1 6 2.0 MBq (specific activity, 40–80 GBq/mmol).
Immediately afterward, a CT scan was acquired using an Inveon CT
scanner (Siemens Medical Solutions; spatial resolution, 80 mm).

MR Neuroimaging
T2w MRI (repetition time, 7,700 ms; effective echo time, 100 ms;

RARE [rapid acquisition with relaxation enhancement] factor, 30; matrix,
192 3 192; averages, 8), diffusion-weighted MRI (repetition time,
2,500 ms; echo time, 31.30 ms; b-values, 100, 200, 400, 600, 800, 1,000,
1,200, 1,600, and 2,400 s/mm2; matrix, 128 3 128; averages, 8), and
perfusion-weighted MRI (repetition time, 10,000 ms; echo time, 5.01 ms;
slices, 1; matrix, 64 3 64) were performed using a 9.4-T small-animal
MRI scanner (Biospec 94/20; Bruker Biospin GmbH) with a 2-mm sur-
face coil (Bruker) as previously described (16).

Image Analysis
Image data were analyzed using the in-house–developed software

MEDgical, allowing analysis of multidimensional, multiscale biomedi-
cal image data, as previously described (16).

All MR images were manually superimposed on the corresponding
PET/CT images of the same animal. An atlas-based thresholding
approach was used to delineate the infarct volume on day 1 after

FIGURE 1. Study design. tMCAo 5 transient middle cerebral artery
occlusion.
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ischemia (17). Regional 18F-DPA-714 uptake (percentage injected
dose [%ID]/cm3) was assessed within the T2w MRI-based infarct and
the contralateral atlas-based striatum.

Similarly, the T2w MRI-based infarct and its mirrored image were
superimposed on the apparent diffusion coefficient (ADC) and arterial
spin labeling (ASL) maps to assess water ADC and CBF, respectively.
The infarct-to-contralateral ratio was also calculated to account for
intraindividual variability.

Immunoreactivity and Quantification
To assess the TSPO cellular source, we performed immunofluores-

cent TSPO/ionized calcium binding adaptor molecule 1 (Iba-1) and
TSPO/glial fibrillary acidic protein (GFAP) costaining as previously
described (16). Additionally, Iba-1/CSF-1R and Iba-1/transmembrane
119 (TMEM119) staining were performed to further characterize the
Iba-1–positive cell population.

For image validation and semiquantification, we performed
TSPO, Iba-1, and GFAP immunostaining as previously described (16).
Antibodies are reported in Supplemental Table 2.

Sections were viewed with a combined fluorescent–light micro-
scope (Eclipse NI-E; Nikon), and images were analyzed using ImageJ
software (version 1.51j; National Institutes of Health).

Behavioral Tests
Open-field, grip, rotarod, and pole testing was performed to evalu-

ate the therapeutic effects of CSF-1R inhibition on motor function
recovery during the postischemic period, as previously detailed (16).
The 4 behavioral tests were performed before and after surgery, as
indicated in Figure 1.

Gene Expression
Total RNA was isolated from snap-frozen half-brain tissues (RNeasy

mini kit; Qiagen), and DNase I treatment (Roche) was used to avoid
contamination from genomic DNA. One microgram of total RNA was
reverse-transcribed into first-strand complementary DNA using the
Transcriptor First Strand complementary DNA synthesis kit (Roche).

The forward and reverse primer sequences
(Sigma-Aldrich) are reported in Supplemental
Table 3. Real-time quantitative polymerase
chain reaction testing was performed using the
Rotor-Gene SYBR Green Master mix with the
Rotor-Gene Q device (Qiagen). Relative gene
expression was assessed using the DDCt
method, with Gapdh (Biomol Gmbh) as a
housekeeping gene.

Statistics
Statistical analysis was performed using

SigmaPlot (Systat Software GmbH). All data
were tested for normality and equal variance
using the Shapiro–Wilk and Brown–Forsythe
tests, respectively. Nonparametric tests were
used when assumptions of normality or equal
variance were not met. In all statistical tests,
differences were considered significant when
P values were less than 0.05.

Repeated measures (RM) ANOVA, fol-
lowed by the Holm–#S$ıd$ak post hoc test, was
performed for multiple comparisons. Data
were expressed as mean 6 SEM. For gene
expression data analysis, RM ANOVA with
Tukey multiple comparisons was used. For
percentage of stained area, data were displayed
as box plots and reported as mean 6 SD.

The sample sizes were calculated a priori during the animal ethics
dossier application. They were based on effect size (P5 0.05; statisti-
cal power, 0.80), mortality rates, and a previous stroke study (18) in
which we investigated the therapeutic effect of a dietary approach on
brain inflammation as assessed by an 18F-DPA-714 PET imaging
study on ischemic mice. We set the minimal detectable difference in
means to 0.2 and the expected SD of residuals to 0.1.

RESULTS

For all stroke mice, T2w MRI infarct volume significantly
decreased over time (P, 0.001). No treatment effect was
observed (P5 0.54) (Supplemental Fig. 2).
First, we performed longitudinal 18F-DPA-714 PET/CT on both

control and PLX5622-treated mice to assess the potential immuno-
modulatory effect of PLX5622 (Fig. 2A). Individual data are shown
in Supplemental Fig. 3. Two-way RM ANOVA indicated treatment
(P5 0.014; power, 0.80) and treatment 3 time (P5 0.011) effects
but no time effect (P5 0.412) on tracer uptake within the infarct
(Fig. 2B). A significant reduction in tracer uptake was observed in
PLX5622-treated mice on day 14 after ischemia compared with
control mice (control, 2.04 6 0.09 %ID/cm3; PLX5622, 1.60 6

0.10 %ID/cm3; P5 0.009). Additionally, two-way RM ANOVA
indicated a significant effect of treatment (P5 0.003; power, 0.89)
but not of time (P5 0.227) or time 3 treatment (P5 0.084) in the
contralateral striatum (Fig. 2C). 18F-DPA-714 uptake was signifi-
cantly decreased in PLX5622-treated mice compared with control
mice on days 14 (P, 0.005), 21 (P5 0.013), and 30 (P5 0.006)
after ischemia, indicative of a permanent drug effect on TSPO lev-
els in noninfarcted tissue. 18F-DPA-714 uptake correlated with
TSPO immunoreactivity on brain tissue collected on day 35 after
ischemia (Supplemental Figs. 4–5, R25 0.91). No treatment effect
was observed on 18F-DPA-714 uptake in spleen (P5 0.20) or
manubrium sternebra (P5 0.16) over time (Supplemental Fig. 6).

FIGURE 2. (A) Representative 18F-DPA-714 (TSPO) PET/CT images and corresponding day 1 T2w
MR image. (B and C) Quantification of 18F-DPA-714 uptake (%ID/mL) within infarct (B) and contralat-
eral striatum (C). *P , 0.05 vs. day 30. #P , 0.05 vs. treatment. ##P , 0.01 vs. treatment. ###P ,

0.005 vs. treatment.
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Furthermore, we tracked therapy response on 2 stroke-
associated MRI parameters, ADC and CBF. Representative
diffusion-weighted images and the respective ADC maps from
control and PLX5622-treated mice are shown in Figure 3A. RM
ANOVA indicated main effects of treatment (P5 0.011; power,
0.55) and time (P, 0.001) but not of time 3 treatment (P5 0.2)
on ADC within the infarct. In control mice, ADC significantly
increased on days 21 (P5 0.022) and 30 (P5 0.006) compared
with day 1 after ischemia. Similarly, ADC significantly increased
on days 21 (P5 0.10) and 30 (P5 0.003) compared with day 3
(Fig. 3B). In PLX5622-treated mice, the ADC within the infarct
was significantly increased on days 7 (P5 0.011), 14 (P5 0.10),
21 (P, 0.001), and 30 (P, 0.001) compared with day 1. Addi-
tionally, ADCs were significantly increased on days 21
(P5 0.016) and 30 (P, 0.001) compared with day 3. A treatment
effect was observed on day 30 after ischemia, with the ADC of
PLX5622-treated mice within the infarct being significantly higher
than that of control mice (P5 0.028) (Fig. 3B). No treatment
effect was observed on ADCs in the contralateral region
(P5 0.10). The intraindividual follow-up of the infarct-to-contra-
lateral ratio indicated comparable temporal recovery between
groups (Supplemental Fig. 7).
Representative ASL maps from control and PLX5622-treated

mice are shown in Figure 4A. To account for intraindividual

variability, we reported the temporal dynamic of the infarct-to-con-
tralateral ratio for both groups (Fig. 4B). Two-way RM ANOVA
indicated a significant effect of time (P5 0.045), treatment
(P5 0.042; power, 0.49), and time 3 treatment (P5 0.019). In
control mice, the infarct-to-contralateral ratio significantly
increased on day 21 compared with day 1 (P5 0.028), whereas
PLX5622-treated mice did not show any significant difference over
time (P5 0.15). A therapy effect was observed on day 21, with
control mice showing an increased infarct-to-contralateral ratio
(1.00 6 0.03) compared with PLX5622-treated mice (0.89 6 0.03)
(P5 0.048). Mean CBFs are reported in Supplemental Fig. 8.
We quantified the number of Iba-1–positive cells within the

infarct, at the periphery of the infarct, and in the contralateral stria-
tum of both groups as an index of therapy efficiency (Supplemental
Fig. 9A). Two-way RM ANOVA indicated treatment (P, 0.001)
and region (P, 0.001) effects. Treatment effects were detected at
the periphery (P5 0.035) and contralateral side (P, 0.001), with
the percentage of Iba-1–positive area being higher in control mice
than in PLX5622-treated mice (Supplemental Fig. 9B).
Qualitative assessment of Iba-1–positive cells indicated that

microglia and macrophages showed elongated thin processes in
control mice, indicative of a resting state, whereas they showed
shorter, thicker processes with large soma in PLX5622-treated
mice, indicative of a reactive state (Fig. 5; Supplemental Fig. 9B).
Additionally, the number of ramifications at the periphery and
contralateral striatum was higher in control than in PLX5622-
treated mice.
Increased astrogliosis was observed in the contralateral striatum

of PLX5622-treated mice (Supplemental Fig. 10).
We further characterized the Iba-1–positive cell population by

immunofluorescence. Brain slices from day 35 were costained with
TSPO, CSF-1R, and TMEM119 (Fig. 5). Both control and
PLX5622-treated mice showed a strong population of Iba-
1–positive TSPO-positive cells within the infarct, indicating that
microglia and macrophages are a TSPO cellular source whereas
most of the glial fibrillary acidic protein–positive cells (astrocytes)
were TSPO-negative (Supplemental Fig. 11). However, we
observed many Iba-1–positive CSF-1R–positive and Iba-1–positive
TMEM119–positive cells in control mice, whereas none or few
were observed in PLX5622-treated mice. Immunoreactivity was
cross-validated by looking at messenger RNA expression of tspo,
csf-1r, and tmem119 in wild-type and stroke animals (Fig. 6A).
Tspo, csf-1r, and tmem119 were downregulated after 35 d of treat-
ment (P, 0.005) in both wild-type and stroke mice, with no signif-
icant difference between the left and right hemispheres.
Long-term PLX5622 treatment globally reduced proinflammatory

Cx3cr1 and Ccl2 and antiinflammatory Cd4 expression (Fig. 6B).
Nos2 was downregulated in the contralateral hemisphere but was
unaffected in the infarct hemisphere. On the other hand, PLX5622
treatment did not change messenger RNA expression of proinflamma-
tory Il-1b and tnf and antiinflammatory Arg1 and Il-6 (P . 0.05).
Additionally, PLX5622 significantly downregulated the phagocytosis-
related trem2 gene marker in both hemispheres.
Motor deficit recovery was used as an index of treatment effi-

ciency (Supplemental Figs. 12–15). Overall, 3 of the 4 tests indi-
cated a treatment effect on day 30 after ischemia. Although no
significant effect was observed on traveled distance and velocity
in the open test (P5 0.75), PLX5622-treated mice walked a
shorter distance in the rotarod test (P5 0.023), showed less fore-
limb strength in the grip test (P5 0.028), and moved more slowly
during the pole test (P5 0.041) than control mice.

FIGURE 3. (A) Representative diffusion-weighted images (for b 5 2,400
s/mm2) and respective ADC maps. (B) Time course of ADCs, indicating
homeostatic imbalance within infarct at day 30 with treatment. DWI 5
diffusion-weighted imaging. *P , 0.05 vs. day 1. **P , 0.01 vs. day 1.
***P, 0.005 vs. day 1. #P, 0.05 vs. treatment. &P, 0.05 vs. day 3. &&P
, 0.01 vs. day 3. &&&P, 0.005 vs. day 3.
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DISCUSSION

CSF-1R inhibition–induced microglia depletion represents a
valuable tool to investigate the contribution of microglia
activity to postischemic brain injury. For the first time, our study
showed the potential of 18F-DPA-714 PET imaging to track the
immunomodulatory effect of PLX5622 in stroke. We found that
CSF-1R inhibition transiently decreased radiotracer uptake within
the infarct whereas a sustained decrease was observed in the con-
tralateral healthy tissue. Ex vivo characterization suggested that
one of the major cellular sources of TSPO expression was a poten-
tially therapy-resistant Iba-1–positive cell population. Further
characterization indicated that those cells were mostly CSF-
1R–negative and TMEM119-negative, in line with the significant
decrease in csf-1r and tmem119 gene expression. We concluded
that PLX5622 efficiently inhibited CSF-1R and affected at least
the main population of Iba-1–positive CSF-1R–positive cells,
including (TMEM119-positive) resident microglia, and dampened
the expression of some inflammatory markers. Moreover, the con-
tribution from peripheral immune subpopulations to the immune
cell pool may be reduced, as indicated by the decrease in cx3cr1,
ccl2, and cd4 gene expression. Long-term CSF-1R inhibition also
affected homeostatic balance and tissue reperfusion, albeit tran-
sient, as indicated by our MRI data.
Altogether, our study highlighted a PLX5622 immunomodula-

tory effect in stroke, which can be noninvasively assessed by
18F-DPA-714 PET imaging. PLX5622 affected subpopulations of
microglial cells but did not reduce the total number of Iba-
1–positive cells. MRI data supported vascular and homeostasis
impairment after long-term treatment.
TSPO PET is currently the most studied method for spatial

measurement and visualization of neuroinflammation, with a
bench-to-bed translational value, and other non-TSPO tracers are
currently being developed (19). TSPO is markedly upregulated by
immune cells such as inner brain glial cells (microglia, astrocytes)

and peripheral immune cells during inflam-
matory conditions, making TSPO a suitable
biomarker for tracking neuroinflammation
and immune cell activation. Because of the
improved bioavailability, specificity, and
signal-to-noise ratio of 18F-DPA-714 com-
pared with other TSPO tracers, 18F-DPA-
714 was used in target validation studies on
preclinical and clinical stroke and to track
the response to immunomodulatory treat-
ment (20). In humans, image quantification
requires patient stratification because the
rs6971 polymorphism causes inter - and
intraindividual variability in binding affin-
ity. In rodents, the established temporal
dynamics of 18F-DPA-714 in stroke indi-
cate that the number of CD11b–positive
TSPO–positive/Iba-1–positive TSPO–positive
cells peaks at around days 11–14, correlating
with the peak of radiotracer uptake (21,22).
Here, we showed a transient decrease in
TSPO expression within the infarct in
PLX5622-treated mice but a continuous
decrease in healthy tissue from day 14 after

FIGURE 4. (A) Representative arterial spin labeling maps and corresponding day 1 T2wMR image.
(B) PLX5622-treated mice showing significantly lower infarct-to-contralateral ratio than in control
mice on day 21, indicative of impaired tissue reperfusion within infarct. ASL 5 arterial spin labeling.
*P, 0.05 vs. day 1. #P, 0.05 vs. treatment.

FIGURE 5. Immunofluorescent staining for TSPO, CSF-1R, and
TMEM119 in Iba-1–positive cell population within infarct in both control
and PLX5622-treated mice on day 35 after ischemia. DAPI 5 49,6-diami-
dino-2-phenylindole. Scale bar5 15 mm.
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ischemia. Therefore, we hypothesized that the decrease in 18F-DPA-714
signal at around day 14 was potentially caused by the depletion of
microglia and macrophages.
Ex vivo characterization revealed a mixed population of Iba-

1–positive/CSF-1R–negative and Iba-1–positive/TMEM119-negative
cells within the infarct, with no significant therapy effect on the total
number of Iba-1–positive cells. This result indicated that PLX5622
may affect subpopulations of Iba-1–positive cells, including resident
homeostatic TMEM119-positive microglial cells (23), in line with
the significantly decreased csf-1r, tmem119, and Cx3cr1 (myeloid
lineage) gene expression. As previously reported (24), PLX5622-
treated mice also displayed reactive or dystrophic Iba-1–positive cell
morphology in perilesional areas compared with control mice, indic-
ative of a nonresting state. Altogether, changes in protein or gene
expression and morphology might indicate a shift in cell functional-
ity, as supported by our gene expression data.
Additionally, the decrease in cx3cr1 (myeloid lineage), ccl2

(monocytes), and cd4 (T cells) gene expression indicated that the
peripheral response may be dampened. Similarly, Lei et al.
observed a significant reduction in monocytes, dendritic cells, and
T cells of the myeloid or lymphoid compartment in bone marrow,
spleen, and blood (25) after long-term treatment. Therefore, further
research must consider the role of invading immune cell in the dis-
ease phenotype, focusing on (Iba-1–positive) perivascular, dendritic,
and monocytic cells that were not fully depleted with treatment.
Our MRI data indicated that long-term PLX5622 treatment pro-

motes homeostatic imbalance and impairs vascular integrity,
which might partly explain the late functional decline. We propose
that the absence of CSF-1R–positive cells, including parenchymal

and perivascular microglial cells, might transiently impair reperfu-
sion because of increased vascular leakage (26) or atrophy (27).
The therapeutic effects of dietary interventions depend on food

intake. The mice showed a significant body weight loss within the
first days, indicating that a therapeutic drug concentration may
have been reached only after a few days; this delay may poten-
tially have acted as a confounding factor.

CONCLUSION

We demonstrated that long-term CSF-1R inhibition during the
postischemic phase represents an attractive pharmacologic tool
allowing timely modulation of the inflammatory microenviron-
ment. The potential of PLX5622 as an immunomodulatory treat-
ment is supported by our longitudinal DPA-714 PET/MRI data.
We demonstrated its therapy effect on global TSPO-related
inflammation but also detrimental side effects on reperfusion and
homeostasis. Further investigations are needed to determine the
treatment time window that maximizes therapeutic effect and
avoids a potential negative impact. Noninvasive imaging techni-
ques allowing intraindividual and longitudinal assessments support
the identification of specific treatment time intervals.

DISCLOSURE

This work was partly funded by the Horizon 2020 Programme
under grant agreement 675417 (PET3D), the “Cells-in-Motion”
Cluster of Excellence (DFG EXC1003-CiM), the Herbert-Worch-
Stiftung, and the Interdisciplinary Center for Clinical Research
(IZKF core unit PIX), M€unster. No other potential conflict of
interest relevant to this article was reported.

ACKNOWLEDGMENTS

We thank Dirk Reinhardt, Sarah K€oster, Christine B€atza, Roman
Priebe, Stefanie Bouma, Imgard Hoppe, Christa M€ollmann, Nina Knu-
bel, and Florian Breuer for their excellent technical support and Fran-
ziska Albers and Henriette Lambers for their help with data analysis.

KEY POINTS

QUESTION: Is PET/MRI a valuable tool to assess therapeutic
microglia modulation after cerebral ischemia?

PERTINENT FINDINGS: Long-term PLX5622 treatment has
immunomodulatory and detrimental effects on stroke as assessed
by multiparametric PET/MRI.

IMPLICATIONS FOR PATIENT CARE: PET/MRI may allow track-
ing of target engagement and of the efficiency of microglia-
targeting therapies and refinement of the treatment algorithm.
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Lessons Learned from Post–COVID-19 Vaccination
PET/CT Studies

Marina Orevi1,2, Alexandre Chicheportiche1, and Simona Ben Haim1–3

1Department of Nuclear Medicine and Biophysics, Hadassah Medical Organization, Jerusalem, Israel; 2Faculty of Medicine, Hebrew
University of Jerusalem, Jerusalem, Israel; and 3Institute of Nuclear Medicine, University College London and UCL Hospitals, NHS
Trust, London, United Kingdom

Vaccination against coronavirus 2019 (COVID-19) has created new
challenges. Lymphadenopathy with increased uptake in patients
undergoing PET/CT may mislead to unnecessary further evaluation.
We have analyzed routinely performed PET/CT studies after Pfizer-
BioNTech vaccination to familiarize ourselves with the PET/CT
appearance of various PET tracers and to prevent the consequences
of misinterpretation. Methods: We analyzed 1,018 PET/CT studies
performed between January 1, 2021, and February 15, 2021. Informa-
tion about the dates and sites of vaccination was collected. Visual and
semiquantitative analysis of axillary–neck lymphadenopathy and arm
uptake was correlated with immunization data. Results: Increased
uptake in axillary lymphadenopathy was observed unilaterally in 66%
of vaccinated patients, in 55% of patients vaccinated once, and in
69% of those vaccinated twice. The intensity of uptake decreased
over time. Fifty-four of 274 patients (20%) had simultaneous increased
activity in the posterior arm and ipsilateral axillary lymphadenopathy
(double sign [DS]). The sensitivity, specificity, positive predictive value,
and negative predictive value were 55.4%, 83.6%, 86.7%, 49.2%,
respectively, for axillary lymphadenopathy and 38.6%, 100%, 100%,
and 66.1%, respectively, for DS. No DS was observed later than 10
and 21d after the first and the second vaccinations, respectively.
None of the nonvaccinated patients had arm uptake or DS. Conclu-
sion: Vaccination against COVID-19 frequently causes nonspecific
axillary lymphadenopathy with increased PET tracer activity. In one
fifth of our study population, this lymphadenopathy was associated
with increased uptake at the vaccination site, DS. DS was 100% spe-
cific, with a 100% positive predictive value for postvaccination lymph-
adenopathy, hence enabling avoidance of misinterpretation of PET/
CT studies and further unnecessary evaluation.

Key Words: COVID-19; vaccination; PET/CT; lymphadenopathy;
pattern
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The coronavirus 2019 (COVID-19) pandemic has changed our
personal and professional life (1). It has affected the workflow in

nuclear medicine departments (2). Imaging findings of COVID-19
in the acute or residual stages of the disease have been detected on
PET/CT (3,4).
Since December 2020, mass vaccination against COVID-19 has

taken place, starting in Israel, which became one of the first coun-
tries with a high percentage of the population vaccinated. Cancer
patients, routinely referred for PET/CT studies, comprise a signifi-
cant subgroup of vaccinated individuals.
Lymph nodes (LNs) that house T, B, and antigen-presenting

cells have an important role in the immune response to vaccina-
tion. Once injected into the muscle, the vaccine is transported to
the regional LNs, and in some cases it may proceed to the next
nearest lymphatic chain stations, with further activation of the
T and B cells in these LNs (5). Incidental lymphadenopathy on
physical examination, mammography, breast MRI, or PET/CT
challenged interpretation of these studies (6–8). Several studies
recently published demonstrated increased 18F-FDG uptake in
post–COVID-19 vaccination lymphadenopathy (9–12).
The aim of present study was to describe the characteristics and

distinctive features of the post–COVID-19 vaccination PET/CT
studies with routinely used PET tracers in order to improve the
confidence of PET/CT readers and to prevent unnecessary diag-
nostic and interventional procedures.

MATERIALS AND METHODS

Study Design and Participants
This retrospective study was approved by the institutional ethics

committee. The need for informed consent was waived.
All PET/CT studies performed at our center between January 1,

2021, and February 15, 2021, were included. Data collected from
PET/CT studies were compared with vaccination-related information
and analyzed.

PET/CT Studies
Studies were performed on either a Discovery MI digital PET/CT

device or an MI-DR PET/CT device (GE Healthcare) 676 9 min after
injection of a 2.96 MBq/kg dose of 18F-FDG (n5 973), 68Ga-DOTA-
TATE (n5 14), 68Ga-prostate-specific membrane antigen (PSMA)
(n5 26), or 18F-PSMA (n5 5). The studies were performed according
to standard protocols. All patients received an oral contrast medium.
An intravenous contrast medium was administered before diagnostic
CT in 359 patients.

Vaccination
Vaccinations were administered as per manufacturer instructions in

the deltoid muscle of the nondominant arm. The second vaccination
was administered 216 6 d after the first one. Referrals to PET/CT
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were according to clinical indications, independent of vaccination
status.

Visual Interpretation and Semiquantitative Analysis
All studies were reviewed by 2 experienced nuclear medicine physi-

cians (one of whom was also a radiologist). After visual interpretation,
relevant areas of increased tracer accumulation were evaluated semi-
quantitatively by measuring SUVmax with an emphasis on the posterior
arm: the deltoid muscle and the axillary, supraclavicular, and cervical
LNs. Increased uptake was defined as an SUVmax of more than 1, not
compatible with anatomic or physiologic accumulation of the radio-
pharmaceutical. The short-axis diameter of LNs in the field of interest
was recorded. LNs were defined as benign, malignant, or equivocal
according to their radiologic appearance. Kidney-shaped LNs with a
preserved fat center, a short-axis diameter of less than 1.0 cm, and
peripheral contrast enhancement were defined as benign. O-shaped
LNs that had no central fat, were larger than 1.0 cm in short-axis
diameter, and showed diffuse enhancement were defined as malignant.
All others were defined as equivocal.

Simultaneously increased uptake at the injection site in the arm and
in ipsilateral axillary LNs was defined as the double sign (DS). Studies
were interpreted without knowledge of vaccination status but with full
knowledge of the clinical background.

Statistical Analysis
Sensitivity, specificity, positive predictive value (PPV), and negative

predictive value (NPV) were calculated for DS and for axillary lymph-
adenopathy for each of the PET tracers. Studies were considered true-
positive for DS when a vaccinated patient presented with increased
uptake in the ipsilateral arm and axillary LNs and true-negative when
there was no vaccination before the study and no uptake in the arm and
in the axilla. Vaccinated patients who showed no arm and no axillary
uptake were considered to have a false-negative result. Arm and axillary
uptake in nonvaccinated patients was considered a false-positive result.

For axillary lymphadenopathy, true-positive cases were defined as
increased uptake in axillary lymphadenopathy in vaccinated patients,
and true-negative cases were defined as lack of axillary uptake in non-
vaccinated patients.

Differences between LN SUVmax or size with or without ipsilateral
arm uptake were assessed with the Mann–Whitney U test. A P value
of less than 0.05 was considered statistically significant.

RESULTS

18F-FDG PET/CT
Between January 1, 2021, and February 15, 2021, 1,018 PET/CT

studies were performed in our department, 973 of which were 18F-
FDG PET/CT studies. Vaccination status was known for 458
patients (242 female and 216 male; age range, 8–98 y; mean6SD,
61.36 14.9 y), who made up the study group. There were 452
(99%) patients with known or suspected malignancy, and 6 (1%)
were referred for the assessment of infection or inflammation. The
most common clinical indications included breast cancer (n5 102),
lymphoma and myeloma (n5 88), lung cancer (n5 86), and gas-
trointestinal tumors (n5 73). The patients’ clinical characteristics
are summarized in Table 1.
At the time of PET/CT, 274 of the 458 patients (60%) were vac-

cinated. The control group comprised the 184 patients (40%) who
had not been vaccinated, 16 (3.5%) of whom had recovered from
COVID-19.

LN-Based Analysis
Axillary lymphadenopathy was present in 268 (59%) patients,

156 unilaterally and 112 bilaterally. Of these 268, 39 were

vaccinated once and 141 were vaccinated twice. The LN appear-
ance on CT was benign in 75%, malignant in 13%, and equivocal
in 12% (Table 2). LN size ranged between 0.2 and 5.3 cm (mean,
0.96 0.6 cm), and the SUVmax in the axillary LNs was 0.6–24.5
(mean, 3.56 3.3). Supraclavicular LNs, ipsilateral to the axillary
lymphadenopathy, with increased 18F-FDG activity were visual-
ized in 26 (5.7%) patients. The sensitivity, specificity, PPV, and
NPV for axillary lymphadenopathy with a benign appearance and
increased activity (SUVmax . 1.0) were 53.7%, 84.8%, 86.5%,
and 50.3%, respectively (Table 2).
In the control group, 88 nonvaccinated patients had unilateral axil-

lary lymphadenopathy. LN size ranged from 0.3 to 5 cm, SUVmax

ranged from 0.7 to 24.5, and the appearance was benign in 60
patients (68%), malignant in 18 patients (20%), and equivocal in 10
patients 12% (Table 2).

Vaccination-Based Analysis
Of the 274 vaccinated patients, 71 (26%) were vaccinated once

and 203 (74%) were vaccinated twice. The mean interval between
the first vaccination and PET/CT was 9 d (range, 0–34 d). In
patients who were vaccinated twice, PET/CT was performed at an
average of 15 d (range, 0–34 d) after the second vaccination.
Increased uptake in axillary lymphadenopathy was observed in

180 of the 274 patients (66%): 39 (55%) of the 71 vaccinated once
and (after the second vaccination) 141 (69%) of the 203 vacci-
nated twice. LN size ranged from 0.2 to 5.3 cm (mean,
0.86 0.6 cm), and SUVmax ranged from 0.6 to 17.8 (mean,
3.36 2.7). CT appearance and SUVs are summarized in Table 2.
There was no significant difference in SUVmax between the first
and second vaccinations. SUVmax in axillary lymphadenopathy
decreased over time. No increased 18F-FDG uptake was observed
22 and 32 d after the first and the second vaccinations,

TABLE 1
Patient Characteristics (n 5 458)

Characteristic Data

Age (y) 616 15

Sex

Male 216

Female 242

Indications for PET/CT

Breast cancer 102

Lymphoma and myeloma 88

Lung cancer 86

Gastrointestinal tumor 73

Urologic and gynecologic cancer 40

Skin cancer 22

Head and neck oncology 19

Tumor of unknown origin 6

Fever of unknown origin

Bacteremia 6

Infection or inflammation 2

Sarcoma 14

Qualitative data are number; continuous data are mean6SD.
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respectively. Figure 1A shows the frequency of increased LN
activity as a function of time after vaccination for patients who
received 1 or 2 vaccinations. The frequency of increased activity
was higher after the second vaccination and remained stable up to
32 d after vaccination.
Increased uptake at the vaccination site (posterior arm/deltoid

muscle) was visualized in 57 patients (12%) (left, 41; right, 16),
with an SUVmax of 1.86 0.7 (range, 0.9–4.4). There was focal
uptake at the vaccination site in 9 (16%) of the 57 patients after the
first vaccination and in 48 (84%) after the second vaccination. CT
showed mild subcutaneous fat stranding in 18 cases and no signifi-
cant morphologic changes in 39 others. There was no increased
uptake in the posterior arm/deltoid muscle in the control group.

DS-Based Analysis
In 54 (20%) of the 274 vaccinated patients and 95% of the

patients with increased arm uptake, there was DS (Fig. 2). DS was
observed in 9 of the 54 patients (17%) after the first vaccination
and in 45 (83%) after the second. The LN short-axis diameter was
0.2–5.3 cm (mean6SD, 0.86 0.7 cm), and SUVmax was 0.9–8.6
(mean6 SD, 3.16 2.1). Among these 54 patients, 49 had nodes
with a benign appearance, and in 5 patients the nodes were defined
as equivocal. In 3 of the 49 patients, there were LNs with a

malignant appearance adjacent to benign-
appearing LNs, including a patient with
lymphoma, a patient with ipsilateral breast
cancer, and a patient with metastatic lung
cancer.
The mean interval between the first and

second vaccinations and DS was 6 and 9 d,
respectively, compared with a mean of 9
and 15 d, respectively, for the entire lymph-
adenopathy group. DS frequency as a func-
tion of the time after vaccination in patients
who received 1 or 2 vaccination doses is
depicted in Figure 1B.
The highest frequency of DS was observed

during the first week after the first or second
vaccination (19% and 58%, respectively), with a lower frequency on
PET/CT studies performed during the second week (12% and 25%,
respectively) and third week (0% and 19%, respectively) after immu-
nization. Arm uptake and DS were seen up to 10d after the first vac-
cination and up to 21d after the second. The sensitivity, specificity,
PPV, and NPV of DS were 37.2%, 100%, 100%, and 66.9%,
respectively.
There was no significant correlation between intensity of uptake

in the arm and intensity of uptake in LNs.
There was no significant difference in LN size between the DS

group (0.2–5.3 cm) and the non-DS group (0.3–5.0 cm) (P5 0.74).
However, SUVmax was significantly higher in the DS group (P 5
0.001).

PET/CT with Tracers Other Than 18F-FDG
There were 31 PSMA PET/CT studies (2.4%; 26 68Ga-PSMA and

5 18F-PSMA) and 14 68Ga-DOTATATE PET/CT studies (1.1%). A
single 18F-FDOPA study was excluded. Vaccination data, axillary
lymphadenopathy prevalence and characteristics, and DS are pre-
sented in Tables 3 and 4. Lymphadenopathy was present on PSMA
studies in 26 patients (84%), 24 (92%) of whom had a benign appear-
ance on CT, and was associated with DS in 4 patients (13%) (Supple-
mental Fig. 1; supplemental materials are available at http://jnm.
snmjournals.org). Lymphadenopathy was present on 68Ga-DOTA-

TATE studies in 12 patients (86%), all with
a benign CT appearance, and DS was
observed in 3 patients (21%) (Supplemental
Fig. 2). The sensitivity, specificity, PPV, and
NPV of DS were 44.4%, 100%, 100%, and
37%, respectively, for PSMA and 75%,
100%, 100%, and 50%, respectively, for
68Ga-DOTATATE.

DISCUSSION

The aim of present study was to identify
the typical pattern on PET/CT studies after
COVID-19 vaccination in order to minimize
its influence on the routine workflow. We
have identified DS on PET/CT studies with
various radiotracers, showing increased up-
take at the vaccination site and in ipsilateral
axillary LNs. DS occurred with 100% PPV
and specificity in up to a fifth of the vacci-
nated patients. When present, this highly spe-
cific imaging pattern, first described here (to
our knowledge), enables avoidance of false

FIGURE 1. Axillary lymphadenopathy (A) and DS appearance frequency (B) as function of time
after vaccination in patients vaccinated once or twice. Ratio above bars represents proportion of
patients with LN or DS among vaccinated patients who underwent PET/CT at same time.

FIGURE 2. A 52-y-old woman with gastrointestinal tumor was referred for routine 18F-FDG PET/
CT follow-up study. Study was performed 2 d after second COVID-19 vaccination. Selected transax-
ial CT (A and D) and PET (B and E) slices at level of posterior arm uptake and axillary LNs, fused
image (C) at level of posterior arm uptake, and maximum-intensity projection (F) demonstrate
moderate-intensity uptake in left posterior arm (thin arrows) (SUVmax, 3.6) and high-grade activity in
left axillary nodes measuring 1.0 cm in short axis with benign appearance (thick arrows) (SUVmax,
7.1). Maximum-intensity projection also shows high-grade 18F-FDG activity in retroperitoneal nodes
and multiple implants.
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disease upstaging or further unnecessary evaluation. Eifer et al. (11)
showed increased uptake in the deltoid muscle and in axillary lymph-
adenopathy, with slightly different results for 18F-FDG and 68Ga-
DOTATATE (Table 5) and lack of PSMA uptake, probably because
of population heterogeneity. Interestingly, a similar pattern has been
described for 18F-FDG PET/CT studies after influenza vaccination,
with a prevalence of 5.1%–25% (13–16).
Stand-alone axillary lymphadenopathy can be challenging in cases

of lymphoma, breast cancer, melanoma, and other cutaneous malig-
nancies. In the present study, we have demonstrated 18F-FDG–avid
lymphadenopathy in 59% of patients after vaccination for COVID-19,
compared with 45%–46% in recent publications (9,10). The fre-
quency of 18F-FDG–avid lymphadenopathy was higher after the sec-
ond vaccination than after the first—69% versus 55%, respectively, in
the present study, compared with 53.9% and 36.4% (9), respectively,
and 43.3% and 14.5% (12), respectively, in recent publications. The
prevalence of lymphadenopathy with a benign CT appearance and
low-grade 18F-FDG accumulation was also similar, at 77% in the pre-
sent study, compared with 80.1% in a previous study (9). This per-
centage is significantly higher than that for axillary lymphadenopathy
after H1V1 influenza A virus vaccination (15), which was observed in
29.3% (13,15), or after papilloma virus vaccination (17), probably
because of the high immunogenicity of the COVID-19 vaccine.
The mechanism of 18F-FDG uptake has been addressed by Eifer

et al. (11). A strong inverse association was demonstrated between
axillary LN uptake, patient age, and immune status, with avid uptake
in 53% of immunocompetent patients, compared with 33% of
immunocompromised patients. Deltoid uptake was associated with
the time interval from the vaccine and with the number of vaccina-
tions. The authors suggested that the activity in LNs is associated
with immune system activation and that deltoid activity has an
inflammatory etiology or is due to trauma induced by the injection
(11). The mechanism of PSMA uptake in lymphadenopathy is likely
mediated by PSMA expression on immune cells. A non–PSMA-
related mechanism, similar to the accumulation in salivary glands,
has also been suggested (18,19). 68Ga-DOTATATE uptake in
lymphadenopathy is based on the expression of somatostatin recep-
tors 1 and 2 on monocytes and macrophages and its regulatory role
in interactions with the immune system (20).
The typical response to vaccination is restricted to the regional

draining LNs, consistent with axillary nodes when the injection is

administered in the proximal arm. Increased tracer accumulation
in supraclavicular lymphadenopathy, representing the next lym-
phatic drainage station, was observed in 5.7% in the present study.
In the present study, increased lymphadenopathy uptake and DS

was observed from day 1 after vaccination up to 22 and 32 d,
respectively, after the first vaccination and 10 and 21 d, respectively,
after the second vaccination. Cohen et al. have observed more signif-
icant 18F-FDG–avid lymphadenopathy from day 5 up to day 13 after
the first vaccination and significantly lower uptake after day 20 after
booster vaccination (9). Eshet et al. showed avid axillary lymphade-
nopathy 7–10 wk after the second vaccination (10). All studies have
reported regression in 18F-FDG activity in lymphadenopathy and at
the injection site. Table 5 summarizes the main PET/CT findings
after COVID-19 vaccination in recent publications (9–12).
In contrast to a few published case reports showing a systemic

inflammatory response syndrome after COVID-19 vaccination
(21), no systemic findings were noted in our cohort or in other
large cohorts. These differences are consistent with the published
vaccination-related reaction data (22,23).
Limitations of the present study are due to its retrospective

nature. In addition, for obvious reasons, none of LNs were biop-
sied. Positive studies were not repeated to follow up the lymph-
adenopathy or the arm uptake. One patient returned for evaluation
of treatment response 53 d after the first study and showed com-
plete resolution of all previously visualized findings (Fig. 3).
PSMA PET/CT studies with 68Ga and 18F, both routinely used

for the assessment of patients with prostate cancer, were analyzed
together because of the relatively small number of these studies in
the present cohort. Patients with diseases that have a predilection
to cause axillary lymphadenopathy, such as melanoma, breast can-
cer, and lymphoma, were not excluded, reflecting the routine
workflow. In these cases, the radiologic appearance of the lymph-
adenopathy plays a crucial role. In most cases, benign and malig-
nant LNs can be separated, with only 8% defined as equivocal in
the present study and 14.8% in another study (9).
Familiarity with postvaccination patterns on PET/CT is important

for the interpreting, as well as the referring, physicians. To prevent
erroneous interpretation of postvaccination lymphadenopathy, it has
been previously suggested that PET/CT be postponed until recovery
from postimmunization lymphadenopathy. However, lymphadenop-
athy may persist for up to 70 d (11) after vaccination, and such

TABLE 5
Comparison of PET/CT Postvaccination Studies

Days of increased lymphadenopathy uptake

Study Tracer
Vaccinated
patients (n)

After first or
only vaccination

After second
vaccination

Increased uptake
in deltoid muscle

Orevi (current study) 18F-FDG,
68Ga-DOTATATE,

PSMA

503 #22 #32 18F-FDG, 20%;
68Ga-DOTATATE, 21%;

PSMA, 13%

Cohen (9) 18F-FDG 728 $13 $20 NA

Eshet (10) 18F-FDG 169 NA #70 NA

Eifer (11) 18F-FDG,
68Ga-DOTATATE,

PSMA

426 NA NA 18F-FDG, 26%;
68Ga-DOTATATE, 9%;

PSMA 0%

Bernstine (12) 18F-FDG 650 22 22 NA

NA 5 not applicable.
There was no increased uptake after third vaccination.
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prolonged delays should be avoided, especially in cancer patients.
We recommend adding to the routine patient questionnaire the dates
and locations of vaccination and any history of COVID-19 infec-
tion. It is also advisable to actively look for DS in addition to rou-
tinely interpreting the LN appearance. Awareness of the different
patterns may help prevent false-positive interpretations of PET/CT
studies.

CONCLUSION

COVID-19 vaccination frequently causes axillary radiotracer-
avid lymphadenopathy and postinjection uptake in the arm. DS,
observed in the present study in 20% of postvaccination patients, is
highly specific for postvaccination lymphadenopathy and can reduce
misinterpretation of PET/CT and the consequences of that misinter-
pretation. The present study included a large patient population but
was a single-center study with only 1 type of vaccine. Further simi-
lar studies with other types of COVID-19 vaccine are needed.
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KEY POINTS

QUESTION: How does COVID-19 vaccine lymphadenopathy chal-
lenge the interpretation of PET/CT studies?

PERTINENT FINDINGS: Post–COVID-19 vaccination PET/CT
studies showed stand-alone axillary lymphadenopathy in 68% of
patients. A fifth of the patients had simultaneous tracer accumula-
tion at the injection site in the arm and in ipsilateral axillary LNs.

IMPLICATIONS FOR PATIENT CARE: The finding of simulta-
neous tracer accumulation at the injection site in the arm and in
ipsilateral axillary LNs was highly specific for postvaccination
lymphadenopathy, and awareness can prevent misinterpretation,
unnecessary further evaluation, and its consequences.
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FIGURE 3. A 57-y-old woman with vulvar melanoma was referred for
18F-FDG PET/CT for staging (A) and 53 d later for evaluation of treatment
response (B). Increased 18F-FDG uptake seen in right arm and in ipsilateral
axilla (arrows) on baseline PET maximum-intensity projection (A) has
completely resolved on second study.
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PET Tracing of Biodistribution for Orally Administered
64Cu-Labeled Polystyrene in Mice
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Plastics are used commonly in the world because of their convenience
and cost effectiveness. Microplastics, an environmental threat and
human health risk, are widely detected in food and consequently
ingested. However, degraded plastics are found everywhere, creating
an environmental threat and human health risk. Therefore, real-time
monitoring of orally administered microplastics to trace them in
thebody is tremendously important.Methods: In this study, tovisualize
their absorption path, we labeled polystyrenewith [64Cu]Cu-DOTA.We
prepared radiolabeled polystyrene with 64Cu. Afterward, [64Cu]Cu-
DOTA-polystyrene was orally administered to mice, and we evaluated
its transit and absorption using PET imaging. The absorption path and
distribution of [64Cu]Cu-DOTA-polystyrene were determined using
PET over 48 h. Ex vivo tissue radio–thin-layer chromatography (TLC)
was used to demonstrate the existence of [64Cu]Cu-DOTA-polystyrene
in tissue. Results: PET images demonstrated that [64Cu]Cu-DOTA-
polystyrene began to transit to the intestine within 1 h. Accumulation
of [64Cu]Cu-DOTA-polystyrene in the liver was also observed. The bio-
distributionof [64Cu]Cu-DOTA-polystyreneconfirmedthedistributionof
[64Cu]Cu-DOTA-polystyrene observed on the PET images. Ex vivo
radio-TLC demonstrated that the detected g-rays originated from
[64Cu]Cu-DOTA-polystyrene. Conclusion: This study provided PET
evidence of the existence and accumulation of microplastics in tissue
and cross-confirmed the PET findings by ex vivo radio-TLC. This infor-
mation may be used as the basis for future studies on the toxicity of
microplastics.

KeyWords:microplastic; polystyrene; 64Cu; [64Cu]Cu-labeledpolysty-
rene; PET

J Nucl Med 2022; 63:461–467
DOI: 10.2967/jnumed.120.256982

Microplastics with diameters of less than 5 mm are recognized
as a new environmental threat and human health risk (1). Microplas-
tics have been observed to accumulate in many different marine ani-
mals, including fish (2–5), copepods (6,7), mussels (8–10),
European flat oysters (11), and others (12–14). Fiber-type

microplastics have been found in mussels purchased at markets in
Belgium (15). Considering that microplastics are widely detected
in food, we can assume that microplastics are ingested along with
the contaminated food. Therefore, it is highly likely that human con-
sumption of microplastics is widespread. To understand the full sig-
nificance of microplastic ingestion, the absorption path for
microplastics ingested with foods needs to be visualized.
PET imaging is a powerful tool for observing absorption, distribu-

tion, metabolism, and excretion (16). PET can also be used to visualize
the in vivo distribution of toxic substances labeledwith radioactive iso-
topes, including diesel exhaust (17), and inhaled aerosols of toxic
household disinfectants (18). Figure 1 shows a schematic of the study.
We first identified the absorption path and distribution ofmicroplastics
using PET.Microplastic polystyrenewas labeledwith 64Cu ([64Cu]Cu,
to yield [64Cu]Cu-DOTA-polystyrene) and then was orally adminis-
tered to mice. In a separate experiment, 64Cu was orally administered
as a control to assess the effects of the harsh stomach conditions on
dechelated 64Cu. PET was performed to monitor the absorption and
distribution of [64Cu]Cu-DOTA-polystyrene or 64Cu over 48 h. The
ex vivo biodistributions of [64Cu]Cu-DOTA-polystyrene or 64Cu
was measured. Ex vivo tissue radio–thin-layer chromatography
(TLC) was performed to identify whether g-rays emitted from the tis-
sue originated from [64Cu]Cu-DOTA-polystyrene or from 64Cu.

MATERIALS AND METHODS

Synthesis and Radiolabeling
To 300 mL of 0.1 M sodium carbonate buffer (pH 9.0), 2.5 mg of

amino-polystyrene (0.2–0.3mm; Spherotech) were added. Then, 260
mg (471.70 nmol) of S-2-(4-isothiocyanatobenzyl)-1,4,7,10-tetraazacy-
clododecane tetraacetic acid (p-SCN-Bn-DOTA) in 50 mL of deionized
water were added, and the mixture (pH 9.0) was shaken at 1,000 rpm and
25!C for 20 h. Unconjugated p-SCN-Bn-DOTA was removed using an
Amicon centrifugalfilter (30-kDa cutoff;Millipore). DOTA conjugation
was confirmed using Fourier-transform infrared spectroscopy (Nicolet
iS5; Thermo Fisher Scientific), and the resulting spectra were analyzed
using Omnic software from Nicolet Instrument Corp. To determine
moles of DOTA per milligram of plastic, 50 mL of filtrate were analyzed
by high-performance liquid chromatography (Waters). The quantity of
DOTA in the filtrate was calculated from a standard curve (prepared
from an analysis of known concentrations of DOTA). The conjugated
moles of DOTA to polystyrene were then calculated by subtracting
the moles of DOTA in the filtrate from the total moles of DOTA for
the reaction. Physicochemical characterization of DOTA-polystyrene
was performed using a field-emission scanning electron microscopy
and dynamic light scattering. Concentrated DOTA-polystyrene was
subsequently buffer-exchanged to isotonic buffered saline for
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subsequent radiolabeling. The final concentration before radiolabeling
was 2.5mg/100 mL.

Cyclotron-produced [64Cu]CuCl2was dried and redissolved in 0.01N
HCl (final concentration, 9.25 MBq/mL). In a 1.5-mL tube, 155.4 MBq
of [64Cu]CuCl2 were added to 80 mL of 0.1 M NaOAc buffer (pH 5).
DOTA-polystyrene (2 mg in 80 mL) was added, and the mixture was
shaken in a Thermomixer C (Eppendorf AG) at 40!C and 1,000 rpm
for 30min. 64Cu-labeled DOTA-polystyrene was purified using anAmi-
con centrifugal filter at 25!C, 3,000 rpm, for 30 min. By repeating this
procedure, reaction buffer was exchanged to 1 3 phosphate-buffered
saline for further studies.

In Vitro Stability Study
[64Cu]Cu-DOTA-polystyrene in phosphate-buffered saline (1.85

MBq/30 mL) was diluted in 270 mL of phosphate-buffered saline, hydro-
chloric acid-potassium chloride buffer (pH 2), human serum, or mouse
serum. Each sample was incubated at 25!C (buffer) or 37!C (serum)
for 48 h. Percentage stability was analyzed using instant TLC (0.1M cit-
ric acid in water as a mobile phase).

PET/CT
All animal experiments were performed under the institutional guide-

lines of theKorea Institute of Radiological andMedical Sciences. BALB/
c nudemice (n5 5–7, 5 wk old; Shizuoka Laboratory Center) were used.

PET/CT images were acquired with an Inveon PET scanner (Siemens
Medical Solutions). [64Cu]CuCl2 (4.81 MBq/100 mL) or [64Cu]Cu-
DOTA-polystyrene (4.81MBq/57.8 mg/100mL)was orally administered
to the mice. PET was performed at 1, 6, 12, 24, and 48 h afterward. The
PET data were acquired for 15minwithin 350–650 keV and were recon-
structed using a maximum a priori with shifted Poisson distribution (SP-
MAP) algorithm (target resolution 3). The voxel size was 0.7763 0.776
3 0.796 mm. Regions of interest were drawn in the stomach, liver, and

intestine using ASIpro (Siemens Medical Sol-
utions) after coregistration of CT and PET
images. SUVmax was then calculated.

Biodistribution Study
The accumulated radioactivity concentra-

tion (percentage injected dose [%ID]/g) in
each organ was measured at corresponding
times after administration of [64Cu]Cu-
DOTA-polystyrene or 64Cu.

Ex Vivo Radio-TLC
Ex vivo radio-TLC assays were performed to

determine whether the detected g-rays emitted
from the tissues were emitted from 64Cu or
from [64Cu]Cu-DOTA-polystyrene at each
time point. Homogenized samples were lysed
in 10% sodium dodecyl sulfate phosphate-
buffered saline (pH 7.4) instead of strong acid
because low pH (#1) induces dechelation of
64Cu from DOTA within 1 min (19). Similarly,
a low pH in the stomach can disrupt stable che-
lation of [64Cu]Cu-DOTA, and this phenome-
non was identified from ex vivo radio-TLC of
the stomach at later time points.

Statistical Analysis
The data are presented as the mean with SD.

The Student t test was performed using Prism
(version 5.0; GraphPad).

RESULTS

Synthesis and Radiolabeling
DOTA was conjugated by high-performance liquid chromatogra-

phy and a Fourier-transform infrared spectrometer (Fig. 2A; Supple-
mental Fig. 1; supplemental materials are available at http://jnm.
snmjournals.org). Per milligram of polystyrene, 184.78 6 0.26
nmol of DOTA were conjugated. The particle size of polystyrene
and DOTA-polystyrene was 223–224 nm, and no aggregation was
observed (in either set of results) after the DOTA-conjugation reac-
tion (Figs. 2B and 2C). The radiochemical yield of [64Cu]Cu-
DOTA-polystyrene was 92.07%6 3.20%, and radiochemical purity
was 96.39% 6 1.66% (Supplemental Fig. 2A).

In Vitro Stability Study
No significant dechelation was observed after 48 h in phosphate-

buffered saline (96.34%), pH 2 (91.68%), human serum (93.23%),
or mouse serum (96.83%). The in vitro stability study demonstrated
that 64Cu-labeled polystyrene was stable for the period used in this
study (Supplemental Fig. 2B).

PET/CT
Figure 3 and Supplemental Figure 3 show the representative PET

data at 1, 6, 12, 24, and 48 h after oral administration of [64Cu]Cu-
DOTA-polystyrene or 64Cu. The corresponding time–activity curve
is shown for the stomach, liver, and intestine. PET images demon-
strate that [64Cu]Cu-DOTA-polystyrene remained in the stomach
for up to 24 h. The SUVmax of [64Cu]Cu-DOTA-polystyrene in
the stomach was 35.42 6 4.25 at 1 h, 36.22 6 3.91 at 6 h, 37.32
6 1.34 at 12 h, 22.686 4.81 at 24 h, and 0.206 0.03 at 48 h. Poly-
styrene began its transit to the intestine within 1 h. The SUVmax of
[64Cu]Cu-DOTA-polystyrene in the intestine was 41.93 6 22.59

FIGURE 1. Schematic of experiment. [64Cu]Cu-DOTA-polystyrene was synthesized and validated
using analytic instruments and radio-TLC. [64Cu]Cu-DOTA-polystyrene was orally administered to
mice, and PET/CT was performed at 1, 6, 12, 24, and 48 h afterward. Tissues were weighed and
countedat each timepoint for tissuedistribution. Exvivo radio-TLCassaywasperformed todetermine
whether detected g-rays emitted from tissue originated from 64Cu or from [64Cu]Cu-DOTA-polysty-
rene. PS5 polystyrene.
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at 1 h, 45.29 6 19.79 at 6 h, 33.84 6 7.10 at 12 h, 15.59 6 3.22 at
24 h, and 0.72 6 0.75 at 48 h.
The in vivo absorption and distribution pattern of 64Cu on PET was

statistically different at each PET measurement point (Fig. 3). The
SUVmax in the stomach was 35.426 4.25 for [64Cu]Cu-DOTA-poly-
styrene and 8.396 6.98 for 64Cu at 1 h after administration. Compared
with the SUVmaxof

64Cu, the SUVmaxof [
64Cu]Cu-DOTA-polystyrene

was 4.22-, 4.67-, 7.40-, and 7.83-fold greater in the stomach at 1, 6, 12,
and 24 h, respectively. Moreover, the area under the curve (AUC) for
[64Cu]Cu-DOTA-polystyrene was 6.03 times greater in the stomach
(AUC for [64Cu]Cu-DOTA-polystyrene, 1,034.0; AUC for 64Cu,
171.2).
The SUVmax in the intestine was 45.29 6 19.75 for [64Cu]

Cu-DOTA-polystyrene and 8.406 3.36 for 64Cu at 1 h after adminis-
tration. Compared with the SUVmax of

64Cu, the SUVmax of [
64Cu]Cu-

DOTA-polystyrene was 5.38-, 23.26-, and 19.43-fold greater in the
intestine at 6, 12, and 24 h, respectively. Moreover, the AUC for
[64Cu]Cu-DOTA-polystyrene was 4.95 times greater in the intestine
(AUC for [64Cu]Cu-DOTA-polystyrene, 933.1; AUC for 64Cu, 188.3).
TheSUVmax in the liverwas 0.046 0.03 for [64Cu]Cu-DOTA-poly-

styrene and 1.836 0.75 for 64Cu at 1 h after administration. Compared
with the SUVmaxof

64Cu, the SUVmaxof [
64Cu]Cu-DOTA-polystyrene

was 0.02-, 0.01-, 0.01-, and 0.04-fold lower in the liver at 1, 6, 12, and
24 h, respectively. Moreover, the AUC for [64Cu]Cu-DOTA-polysty-
renewas 0.07 times lower in the liver (AUCfor [64Cu]Cu-DOTA-poly-
styrene, 3.78; AUC for 64Cu, 53.16). PET showed a higher uptake of
64Cu in the liver because 64Cu was largely adsorbed by albumin and
transcuprein and then carried to the liver (20). Both [64Cu]Cu-
DOTA-polystyrene and 64Cu were partly excreted in feces.

Biodistribution Study
Figure 4 shows the biodistribution results for the organs of inter-

est. Overall, the accumulation pattern was similar to that of SUV in
the PET images. In the stomach, the %ID/g of [64Cu]Cu-DOTA-

polystyrene was 2.01-, 2.31-, 8.28-, 3.61-,
and 13.27-fold greater than that of 64Cu at
the 1-, 6-, 12-, 24-, and 48-h time points, res-
pectively. In the small intestine, the %ID/g
of [64Cu]Cu-DOTA-polystyrene was 6.89-,
0.92-, 3.44-, 2.50-, and 11.44-fold greater
than that of 64Cu at the 1-, 6-, 12-, 24-, and
48-h time points, respectively. In the large
intestine, the %ID/g of [64Cu]Cu-DOTA-
polystyrene was 0.36-, 3.95-, 2.28-, 3.11-,
and 13.75-fold greater in the stomach that
that of 64Cu at the 1-, 6-, 12-, 24-, and 48-
h time points, respectively. In the liver, the
%ID/g of [64Cu]Cu-DOTA-polystyrene
was 0.10-, 0.22-, 0.18-, 0.49-, and 0.10-fold
lower than that of 64Cu at the 1-, 6-, 12-,
24-,and48-h timepoints, respectively.Addi-
tionally, we observed transit of [64Cu]Cu-
DOTA-polystyreneto the liver,spleen,heart,
blood, lung, kidney, bladder, and testis.
In contrast, most of the 64Cu accumulated

in the large intestine, stomach, and small
intestine at 1 h after administration. 64Cu
then quickly transitioned to other organs,
including the liver. The %ID/g was greater
for 64Cu than for [64Cu]Cu-DOTA-polysty-
rene in all other organs, including the liver

(9.59-fold), spleen (12.0-fold), heart (7.85-fold), blood (5.83-fold),
lung (25.69-fold), kidney (26.92-fold), bladder (1.35-fold), brain
(1.36-fold), and testis (6.35-fold).

Ex Vivo Radio-TLC
The ex vivo radio-TLC assay results for other tissues (liver, small,

and large intestine) demonstrated that the radiation signal was from
[64Cu]Cu-DOTA-polystyrene, not from 64Cu (Supplemental Fig. 4).

DISCUSSION

We first identified the in vivo distribution of microplastics in mice
by labeling microplastic polystyrene with the radioisotope
64Cu, orally administering [64Cu]Cu-DOTA-polystyrene (radiola-
beled microplastic polystyrene) to mice, and using PET to trace its
absorption and distribution. Next, ex vivo biodistribution studies
confirmed [64Cu]Cu-DOTA-polystyrene accumulation in specific
organs. Ex vivo radio-TLC was used to confirm that the detected
g-rays originated from [64Cu]Cu-DOTA-polystyrene. Exposure to
microplastics in food and water through oral administration is a sig-
nificant environmental and health problem (21–23). However, it is
extremely likely that microplastics are widely distributed within
the food we eat.
The advantage of PET is that it is possible to observe the in vivo

absorption, distribution, metabolism, and excretion of substances
labeled with radioactive isotopes without killing the animal (16).
Although fluorescence is commonly used for in vivo exposure and
biodistribution studies, fluorescence in animal bodies can be
absorbed by bone and soft tissues, and prolonged exposure to ultra-
violet light can result in bleaching and loss of fluorescence intensity
(24). Therefore, quantification of fluorescent images is limited, com-
pared with PET images. In addition, when microplastic-conjugated
fluorescent dyes are used, animals must be killed to observe the
absorption and accumulation of the microplastics over time.

FIGURE 2. Synthesis of [64Cu]Cu-DOTA-polystyrene, and physicochemical validation of DOTA-
polystyrene using field emission scanning electron microscopy and dynamic light scattering. (A) p-
SCN-Bn-DOTA was conjugated to amine in polystyrene and labeled with 64Cu in pH 9 buffer. (B)
Polystyrene particles and DOTA-polystyrene particles show no difference in field emission scanning
electronmicroscopy results or dynamic light scattering. (C) No aggregation of DOTA-polystyrene par-
ticles occurred during conjugation. PS5 polystyrene.
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[64Cu]Cu-DOTA-polystyrene transit and absorption were observed
within the same animal using PET, without killing the animal.
In this study, we first observed the in vivo pathways (absorption,

distribution, metabolism, and excretion) of microplastics labeled
with a radioisotope using PET. To trace the polystyrene after oral
administration, we selected 64Cu and p-SCN-Bn-DOTA for the
radiolabeling of plastic particles. We subsequently confirmed
that the detected radiation was emitted from the [64Cu]Cu-DOTA-
polystyrene, not from 64Cu, using ex vivo radio-TLC. DOTA-N-
hydroxysuccinimide ester and p-SCN-Bn-DOTA are frequently
used chelators (19). DOTA conjugation was confirmed by Fourier-
transform infrared spectroscopy, because the functional groups of
DOTA show specific bands (Supplemental Fig. 1).
The biodistribution study also demonstrated that the distribution

of [64Cu]Cu-DOTA-polystyrene was different from that of 64Cu.
The biodistribution study provided quantification of [64Cu]Cu-
DOTA-polystyrene accumulation in each organ, even at low levels
of emitted g-rays. Using the biodistribution, we observed the transit
and accumulation of [64Cu]Cu-DOTA-polystyrene within the gas-
trointestinal tract (stomach, intestine, and liver), circulatory organs
(heart, lung, and blood), renal system (kidney and bladder), and
even brain, at 1 h after oral administration.

In contrast, orally administered 64Cu was rapidly removed from
the stomach, small intestines, and large intestine, before transit to
the other organs, including the liver (Fig. 4). We also observed a
higher SUV in the liver on PET for the group that was orally admin-
istered 64Cu (Fig. 3). In a previous report, accumulation of 64Cu in
the liverwas observed on PET (20). For kidney and spleen, the levels
of ID/g (1 , %ID/g , 10) at 1 h were 3.47 and 1.08, respectively.
For bladder, testis, heart, lung, and blood, the levels of ID/g (%ID/
g , 1) at 1 h were 0.70, 0.22, 0.55, 0.92, and 0.21, respectively.
The rapid distribution of orally administered 64Cu to the other organs
may have occurred because digestive fluid may facilitate solubiliza-
tion of 64Cu in the stomach. 64Cu was partly cleared in feces after
transit through the gastrointestinal tract, and the remaining 64Cu
was distributed to other organs, including the liver.
In mice, the normal gastric pH is approximately 3.0 (25). During

transit through the stomach, [64Cu]Cu-DOTA-polystyrene may
encounter harsh conditions, possibly dechelating 64Cu. However,
our ex vivo radio-TLC assay—through comparison data between
64Cu and [64Cu]Cu-DOTA-polystyrene—ensured that there was
no dechelation of 64Cu in the stomach or liver at 1 h. According
to the data, the detected signal from PET and the biodistribution
at 1 h in all other organs, including the liver, was from

FIGURE 3. (A) Representative PET/CT of orally administered [64Cu]Cu-DOTA-polystyrene or 64Cu. [64Cu]Cu-DOTA-polystyrene accumulated in stomach
and intestine for 24h.Uptakeof [64Cu]Cu-DOTA-polystyrenewasobserved in liver at48hafteradministration.However, 64Cu instomachand intestinal track
was rapidly cleared and transported to liver. (B) SUVmaxof [

64Cu]Cu-DOTA-polystyrenewas significantly higher than that of 64Cu in stomachand intestine. In
contrast, SUVmax of [

64Cu]Cu-DOTA-polystyrenewassignificantly lower than that of 64Cu in liver. F5 feces; I5 intestine; L5 liver; S5 stomach. n5 5. *P,

0.05, Student t test. **P, 0.005, Student t test.
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[64Cu]Cu-DOTA-polystyrene, not from dechelated 64Cu. Although
the acidity of the stomach did affect dechelation at 6 h after admin-
istration, the other organswere not influenced by dechelation of 64Cu
from radio-TLC (Supplemental Fig. 4). Therefore, each data point
obtained from PET and biodistribution was confirmed with
[64Cu]Cu-DOTA-polystyrene. Consequently, the dechelation of
64Cu could be negligible (Fig. 4).
Recently, several animal studies have been published on the

effects of microplastics (26–29). Microplastic ingestion may induce
behavioral disorders in mice (30). Therefore, it is important to

observe how microplastics are distributed in the body after
ingestion. Remarkably, biodistribution demonstrated that
[64Cu]Cu-DOTA-polystyrene was distributed to all tested organs,
including the testis, even after a one-time single dose. Thus,
[64Cu]Cu-DOTA-polystyrene may transit and accumulate in all
organs even 1 h after oral administration. According to a recent
report, a 4-wk exposure to polystyrene (1.0% w/v, 10 mL) induced
male reproductive dysfunction in mice (31). On the basis of that
mouse study and our present results, we assumed that at least 4 wk
of polystyrene exposure may induce hazardous effects on

FIGURE4. Biodistribution results for 64Cuand [64Cu]Cu-DOTA-polystyrene ingastrointestinal tract (stomach, intestine,and liver), circulatoryorgans (heart,
lung, andblood), renalsystem (kidneyandbladder), andbrain.Overall, accumulationpatternofbiodistributionwassimilar to thatofSUV inPET images.%ID/
g of [64Cu]Cu-DOTA-polystyrene in stomach, small intestine, and large intestine was significantly higher than that of 64Cu. However, in liver, %ID/g of
[64Cu]Cu-DOTA-polystyrene was lower than that of 64Cu. Additionally, [64Cu]Cu-DOTA-polystyrene transited to gastrointestinal tract (liver and spleen), cir-
culatorysystem(heart, blood,and lung), renalsystem(kidneyandbladder), andeventobrainand testis. Incontrast,most 64Cuaccumulated in large intestine,
stomach, andsmall intestineat1hafter administration.Subsequently, 64Cu transitedquickly toother organs, including liver.%ID/g inall otherorgans tested,
including liver, spleen, heart, blood, lung, kidney, bladder, brain, and testis, was greater for 64Cu than for [64Cu]Cu-DOTA-polystyrene. n 5 5. *P , 0.05,
Student t test. **P, 0.005 Student t test. n.s.5 not statistically significant.
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individual organs such as digestive organs, circulatory organs, and
excretory organs.
We used BALB/c nude mice because we aimed to assess the

tumorigenesis after longitudinal polystyrene exposure for further
study.When different strains of mouse were used, possibly different
degrees of absorption, distribution, metabolism, and elimination of
polystyrene might be observed during PET.
The polystyrene used in these experiments was surface-coated

with amines, and it seems likely that this process might affect their
biodistribution. Polystyrene is a highly hydrophobic particle, and
the addition of multiple primary amines (hydrophilic and positively
charged at physiologic pH) and DOTA chelators (hydrophilic and
negatively charged at physiologic pH) on the surface may influence
biodistribution. Hydrophobic compounds and aggregates tend to
show uptake and retention in the liver, and uptake in the liver
may therefore be influenced by the surface modifications. Even if
radiotracers were prepared from the same material, differences in
size, shape, and surface charge can affect biodistribution and clear-
ance. Generally, small nanoparticles penetrate capillary walls more
easily than large nanoparticles, and positively charged nanoparticles
are cleared more quickly by macrophages (32–34). Smaller and
negatively charged silica nanoparticles have enhanced intestinal
permeation by opening tight junctions (35). In this study, we
selected a sphere-shaped and 0.2-mm–sized polystyrene and
observed no significant differences in size or shape after DOTA
conjugation. 64Cu-labeled DOTA-polystyrene contains uncoordi-
nated carboxylic acids, which have negative charges, and free
amines, which have positive charges at physiologic pH. These sur-
face charges may affect the permeability of the gastrointestinal tract
and distribution. Recent fluorescence-conjugated microplastic stud-
ies indicated that the biodistribution of microplastics was dependent
on the size of the particles (26,36). According to the result of Deng
et al. (26), the accumulation in the kidney and gut was greater for
5-mm microplastics than for 20-mm microplastics. Therefore, it is
possible that a smaller amount of radioisotope-labeled microplastics
might accumulate in mouse organs when larger microplastics are
used.

CONCLUSION

Our results demonstrate the utility of PET for visualizing the
absorption and distribution of polystyrene microplastics radiola-
beled with 64Cu. PET provides information on the accumulation
of microplastics in vivo and can provide information on how each
organ might be affected after continuous microplastic exposure.
The biologic effects of long-term exposure to microplastics in
each organ affected in this study will be evaluated in future studies.
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KEY POINTS

QUESTION: What is the absorption path for the microplastics
ingested with foods we eat?

PERTINENT FINDINGS: PET images demonstrated that [64Cu]Cu-
DOTA-polystyrene accumulated in the stomach and began to transit
to the intestine within 1 h. Accumulation of [64Cu]Cu-DOTA-poly-
styrene in the liver was also observed.

IMPLICATIONS FOR PATIENT CARE: On the basis of the
observed in vivo accumulation of [64Cu]Cu-DOTA-polystyrene, we
can assume that long-term exposure to polystyrene may be a
potential risk to human health.
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Evaluation of Deep Learning–Based Approaches to Segment
Bowel Air Pockets and Generate Pelvic Attenuation Maps
from CAIPIRINHA-Accelerated Dixon MR Images
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Attenuation correction remains a challenge in pelvic PET/MRI. In addi-
tion to the segmentation/model-based approaches, deep learning
methods have shown promise in synthesizing accurate pelvic attenua-
tion maps (m-maps). However, these methods often misclassify air
pockets in the digestive tract, potentially introducing bias in the recon-
structed PET images. The aims of this work were to develop deep
learning–based methods to automatically segment air pockets and
generate pseudo-CT images fromCAIPIRINHA-acceleratedMRDixon
images. Methods: A convolutional neural network (CNN) was trained
to segment air pockets using 3-dimensional CAIPIRINHA-accelerated
MR Dixon datasets from 35 subjects and was evaluated against semi-
automated segmentations. A separate CNN was trained to synthesize
pseudo-CT m-maps from the Dixon images. Its accuracy was evalu-
ated by comparing the deep learning–, model-, and CT-based
m-maps using data from 30 of the subjects. Finally, the impact of dif-
ferent m-maps and air pocket segmentation methods on the PET
quantification was investigated. Results: Air pockets segmented
using the CNN agreed well with semiautomated segmentations, with
a mean Dice similarity coefficient of 0.75. The volumetric similarity
score between 2 segmentations was 0.856 0.14. The mean absolute
relative changes with respect to the CT-based m-maps were 2.6%
and 5.1% in the whole pelvis for the deep learning–based and model-
based m-maps, respectively. The average relative change between PET
images reconstructed with deep learning–based and CT-based
m-maps was 2.6%.Conclusion:We developed a deep learning–based
method to automatically segment air pockets from CAIPIRINHA-
accelerated Dixon images, with accuracy comparable to that of semi-
automatic segmentations. The m-maps synthesized using a deep
learning–based method from CAIPIRINHA-accelerated Dixon images
were more accurate than those generated with the model-based
approach available on integrated PET/MRI scanners.

Key Words: attenuation correction; PET/MRI; PET quantification;
deep learning; pseudo-CT

J Nucl Med 2022; 63:468–475
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Accurately accounting for annihilation photon attenuation is
essential for quantitative PET. In integrated PET/CT scanners, CT
data are scaled to generate attenuation maps (m-mapCT) that are
used for PET attenuation correction. In integrated PET/MRI scan-
ners, attenuation correction has been a challenge, as MRI does not
directly provide information about tissue attenuation properties
(1). The method initially implemented on one of the commercially
available PET/MRI scanners, the Biograph mMR scanner (Sie-
mens Healthineers), segmented the Dixon MR images into 4 com-
partments (i.e., background, lung, fat, and soft tissue) and assigned
known linear attenuation coefficients to each of these classes to
generate 4-compartment segmented m-maps (m-mapMR4C) (2).
Because properly accounting for bone tissue attenuation is impor-
tant, particularly in the pelvis, a model-based approach was subse-
quently developed to add bone tissue to the m-mapMR4C. This
whole-body 5-compartment model-based m-map (m-mapMR5C)
generation approach uses a database of aligned MR images and
bone segmentations for major body bones and involves coregistra-
tion of the subject’s MR image to the MRI model (3,4). The cur-
rent method implemented on the Biograph mMR (software
version VE11P) leverages the CAIPIRINHA (Controlled Aliasing
in Parallel Imaging Results in Higher Acceleration)–accelerated
Dixon 3-dimensional volumetric interpolated breath-hold exami-
nation sequence to acquire diagnostic-quality images with
improved spatial resolution within the typical 18-s acquisition. In
addition to providing diagnostic-quality images, this sequence was
previously shown to improve the accuracy of the m-mapMR4C (5).
Although the 5-compartment approach reduces the bias in the

PET data quantification compared with the 4-compartment
approach, it has several limitations when imaging the pelvis, the
main focus in this work. First, air pockets (i.e., digestive tract gas)
are difficult to identify and segment on the basis of the MRI data,
leading to biased PET data quantification. Second, this attenuation
correction method is prone to registration errors and does not
account for the intra- and intersubject variability in bone density.
Deep learning–based methods are being rapidly adopted in the

medical imaging field, with many applications in image segmenta-
tion (6–8), image registration (9,10), and image classification
(11,12), among others. Such approaches that use convolutional
neural networks (CNNs) and generative adversarial networks have
also been implemented in PET and PET/MRI for various purposes,
including synthesis of CT images for PET attenuation correction
(or radiotherapy planning) (13–15). In the context of pelvic
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attenuation correction, deep learning–based methods have been
applied to create synthetic CT images using Dixon MR and
proton-density–weighted zero-echo time (16), standard Dixon
(17,18), and T1-weighted LAVA Flex (GE Healthcare) water-only
and T2-weighted MR images (19). All these studies reported
improvements in the accuracy of m-maps and reductions in bias in
the reconstructed PET images, compared with those obtained
using the standard segmentation-based m-maps.
Previously proposed deep learning–based methods cannot syn-

thesize accurate pseudo-CT images from pelvic MR images in the
presence of air pockets, as they have an intensity similar to that of
bone structures in the standard MR images. Furthermore, perfectly
matched CT and MR images required for training of CNNs are not
available since these images are acquired on separate scanners at
different times. Therefore, the locations and sizes of the air pock-
ets change between the 2 scans, leading to errors in both MRI–CT
coregistration and image synthesis tasks. As an initial solution,
Torrado-Carvajal et al. (17) filled the air pockets with values cor-
responding to soft tissue in the estimated m-map images. Leynes
et al. (16) filled the air pockets in the CT images with soft-tissue
Hounsfield units (HUs) before training the CNN model. They
reported artifacts in their pseudo-CT images due to assignment of
bone HUs to air pockets. Both groups excluded the air pocket vox-
els from the PET data bias analyses. Alternatively, Bradshaw et al.
(19) used a technique that involved an intensity-based threshold,
morphologic closing, and manual adjustments to localize air pock-
ets and place them on m-maps.
In this work, we trained and evaluated CNNs to automatically

segment air pockets from Dixon MR images and assessed the
quantitative impact on the reconstructed PET images. Further-
more, we used the higher-quality CAIPIRINHA-accelerated Dixon
images within a deep-learning framework to generate pelvic
pseudo-CT maps, compared them with the m-mapMR5C and
m-mapCT, and evaluated the impact of using these m-maps on
PET data quantification. Consideration of bowel gas positioning
during the PET data acquisition will likely significantly impact
accurate assessment of pelvic lesion uptake and have potential
impactful clinical ramifications in both staging and longitudinal
treatment assessment. Although outside the scope of the current
study, our work therefore provides the technical foundation for
future prospective studies to assess the impact of the proposed
techniques.

MATERIALS AND METHODS

This retrospective study included data from 30 oncologic patients
(age, 57 6 10 y; 19 women and 11 men; weight, 69 6 15 kg) who
underwent successive, same-day PET/CT (as part of standard care)
and PET/MRI (research) examinations. CAIPIRINHA-accelerated
MRI Dixon data acquired from 5 additional subjects (age, 57 6 5 y;
3 women and 2 men; weight, 72 6 8 kg) were also included in this
study and used only in the development and evaluation of the air
pocket segmentation method. All patients gave written informed con-
sent, and the local Institutional Review Board approved the study.

PET/MRI Data. Simultaneous PET/MRI data were acquired using
the Biograph mMR scanner. Whole-body 18F-FDG PET data were
acquired at 4 bed positions (injected dose, 568 6 78 MBq) for 20 min
approximately 2 h after radiotracer administration. Whole-body MRI
data were acquired at 4 bed positions using the CAIPIRINHA-
accelerated Dixon 3-dimensional volumetric interpolated breath-hold
examination sequence (repetition time, 3.96ms; first echo time,
1.23ms; second echo time, 2.46ms; flip angle, 9!; scan duration, 18 s)

approximately 10 min after injection of a gadolinium-based MRI con-
trast agent (gadoterate meglumine [Dotarem; Guerbet]). This sequence
provides in-phase and opposed-phase water and fat T1-weighted
images that are typically used in the model-based m-map estimation
method. MR images were reconstructed with a voxel size of 2.1 3 2.6
3 2.1 mm.
CT Data. Low-dose CT data were acquired as part of the PET/CT

acquisitions using Discovery 710 (GE Healthcare) (n 5 26) and Biog-
raph 64 (Siemens Healthineers) (n 5 4) PET/CT scanners (voltage,
120 kV; tube current, 150 mA). The CT images were reconstructed
with a voxel size of 0.98 3 0.98 3 5 mm. The CT data obtained from
the 2 scanners were considered equivalent for the purpose of
this study.
Image Processing. MR images were first corrected for low-

frequency intensity nonuniformity using N4 bias correction (20). The
scanner bed was removed from the whole-body CT images using
intensity thresholding and morphologic operations. Subsequently, the
pelvic region was manually cropped from the whole-body images. CT/
MRI pairs were coregistered using affine and nonrigid transformations
using NiftyReg (21). Finally, the images were resampled to generate a
volume with 256 3 256 3 n voxels. The voxel size of each volume
was approximately 2.0 3 1.6 3 2.0 mm.

Air Pocket Segmentation
Air pockets present in the CT images were segmented using an

image-thresholding algorithm (HUs , 2700). Air pockets in the MR
images were segmented using a region-growing algorithm imple-
mented in ITK SNAP software (22). This semiautomatic procedure
required manual placement of seeds on air pockets and editing of the

FIGURE 1. Overview of methodology. OSEM5 ordered-subsets expec-
tation maximization.
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resulting segmentations by experienced radi-
ologists. These air pockets were used to train
a CNN. A UNet (6,23) architecture with
residual units, consisting of 4 down-sampling
and 4 up-sampling layers, with rectified lin-
ear units used as the activation function, was
chosen for this task. Three-dimensional MRI
Dixon in-phase volumes were used as input
data. The acquired images were resampled to
an isotropic volume with a voxel size of
1mm3, and multiple patches with a fixed
matrix size of 96 3 96 3 96 voxels were
extracted. To avoid overfitting during the
training, data were augmented by applying
610% image scaling and a random rotation
with a 610! angle. The MRI volumes were
normalized to zero mean and unity variance.
The network was trained and evaluated on a
dataset of 35 subjects using a 5-fold cross-
validation, where for each fold, the data were
split into 80% training data (28 subjects) and
20% validation/testing data (7 subjects). The
Dice similarity coefficient (DSC) was used as
the loss function, and the network was trained
using an Nvidia Tesla V100 graphics proc-
essing unit.

The accuracy of the segmentation network
was evaluated by computing segmented air
pocket volumes, DSC, and Hausdorff dis-
tance (24) at the 95th percentile between the
segmentations obtained using the CNN and
the semiautomatic methods. The DSC and
Hausdorff distance are 2 metrics commonly
used in evaluating image segmentation meth-
ods and are measures of similarity and largest
segmentation error between 2 segmented
regions. Volumetric similarity (25) was also
computed using Equation 1:

Volumetric similarity512
j V2Vref j
V1Vref

Eq. 1

where V is the test volume and Vref is the
volume of semiautomatically segmented
air pockets.

Pelvic Attenuation Map Synthesis
A separate network also based on the

UNet (6) architecture was trained to synthe-
size pseudo-CT images from the 4 Dixon
2-dimensional axial images (17). Mean abso-
lute error was used as the loss function. Dur-
ing the training, data were augmented by
applying random displacements of 5 voxels
and a random flip in the slices. The Dixon
volumes were normalized to have zero mean
and unity variance. A 5-fold cross-validation
was performed where data were split to 80%
training data (24 subjects) and 20% valida-
tion/testing data (6 subjects).

The HUs of the output pseudo-CT images
were scaled to obtain the m-maps (26). Vox-
els belonging to air pockets were assigned a

FIGURE 2. Air pocket segmentation for representative subject (subject 21). Axial, coronal, and sag-
ittal views of Dixon in-phase MRI are shown with semiautomatic segmentations of air pockets (red)
and segmentation predicted by CNN (blue).

B

A

FIGURE 3. (A) DSCs between CNN-predicted and semiautomatic segmentations for 35 subjects.
Horizontal line represents mean coefficient. (B) Volume of air in segmented regions obtained using
semiautomatic and CNN approaches.

470 THE JOURNAL OF NUCLEAR MEDICINE ' Vol. 63 ' No. 3 ' March 2022



linear attenuation coefficient of zero. m-mapMR5C and m-mapCT were
also generated. All m-maps were smoothed using a gaussian filter of
4mm in full width at half maximum to match the resolution of the
PET images. The percentage absolute and nonabsolute relative change
(RC) were computed using Equation 2:

RC %ð Þ5100
j I2Iref j

Iref
Eq. 2

where I is the test image and Iref is the reference image. CT-based
m-maps with CNN-derived air pockets were used as the reference
image. Absolute and nonabsolute RCs were evaluated voxelwise
in the whole pelvis and within 3 regions of interest (ROIs): bone,
fat-based soft tissue, and water-based soft tissue. These ROIs were
segmented using a thresholding algorithm on the ground truth

m-mapCT. Bones were obtained by exclud-
ing voxels with linear attenuation coeffi-
cients of less than 0.105 cm21 and applying
a flood-fill operation to capture the bone
marrow. A water-based soft-tissue ROI was
obtained by keeping only nonbone voxels
within the 0.090–0.105 cm21 range, and a
fat-based soft-tissue ROI was obtained by
selecting only voxels with linear attenuation
coefficients in the 0.080–0.090 cm21 range.

Impact on PET Data Quantification
To evaluate the effects of using different

m-map generation methods on PET images,
PET image reconstruction was performed
using, first, a model-based m-map with no
added air pockets, as generated and used on
the BiographmMR scanner (m-mapMR5C), and,
second,MRI andCT-basedm-mapswithCNN-
predicted air pockets from MR Dixon images
(m-mapMR5C-CNNAIR, m-mapMRDL-CNNAIR, and
m-mapCT-CNNAIR, respectively) (Fig. 1).

The PET images were reconstructed with
the Siemens e7-tools (version VE11P) using
the ordered-subsets expectation maximization
algorithm (3 iterations and 21 subsets), with a
voxel size of 2.132.132.0mm, and smoothed
using a postreconstruction gaussian filter with
a full width at half maximum of 4mm. Abso-
lute and nonabsolute percentage RCs between
the PET images attenuation-corrected using
the m-maps generated with the different meth-
ods were computed and reported for the whole
pelvis and the ROIs listed above. To further
study the effects of misclassified air pockets
on the PET estimates in adjacent structures, a
fourth ROI was obtained by dilating the semi-
automatically segmented air pocket masks in
all directions by 3 cm and subtracting the air
pocket voxels from the dilated region.

RESULTS

Example Dixon in-phase MR images
with air pockets semiautomatically seg-
mented and predicted by the CNN algo-
rithm are shown in Figure 2. The proposed
method was able to segment both large-

and small-volume air pockets and to distinguish between air pock-
ets and other structures with low signal intensity on MR Dixon
in-phase images, particularly bladder and bones, achieving a DSC
of 0.75 6 0.15, averaged across the testing/validation folds (Fig.
3A). Segmented air pocket volumes for each subject are shown in
Figure 3B. The volumetric similarity between the 2 segmentations
was 0.85 6 0.14. Overall, there was no statistically significant dif-
ference between the air pocket volumes obtained using the 2 meth-
ods (paired t test, P 5 0.30). Subject 30 had a significantly lower
DSC and volumetric similarity than other subjects. This subject
had one of the smallest volumes of air pockets, and the CNN mis-
classified the bladder as air, causing a large difference in seg-
mented volumes (Supplemental Fig. 1; supplemental materials
are available at http://jnm.snmjournals.org). The average 95th

FIGURE 4. CT- and MRI-derived attenuation maps for representative subject (upper panels).
CT-derived attenuation map with air pockets predicted by CNN was used as reference to compute
corresponding RCmaps shown in lower panels.
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percentile Hausdorff distance between segmentations obtained
with each method was 51.0 6 52.4 mm.
The m-maps generated using model-based methods without

(m-mapMR5C) and with (m-mapMR5C-CNNAIR) added air pockets,
CT (m-mapCT-CNNAIR), and the deep learning–based method
(m-mapMRDL-CNNAIR) are shown in Figure 4 for a representative
subject. Qualitatively, the deep learning–based method appears to
distinguish fat- and water-based soft tissue more accurately than
the model-based method. Better representation of bone structures
was also seen in m-maps generated using the proposed method.
As shown in Table 1, the quantitative assessment confirmed

these findings, m-mapMRDL-CNNAIR being more similar to
m-mapCT-CNNAIR than was m-mapMR5C-CNNAIR, with lower global
and regional RCs. When all the voxels in the pelvis were com-
pared, absolute RC was decreased from 5.1% to 2.6% when
m-maps were generated using the deep learning–based method
rather than the 5-compartment model–based method. This differ-
ence was statistically significant (P , 0.001). The largest improve-
ment was seen in the fat soft tissue, where the absolute RC was
reduced by a factor of 2.6. The difference between absolute and
nonabsolute RCs was statistically significant in fat-based soft-tis-
sue ROIs and water-based soft-tissue ROIs. Although there were
no significant group differences in the RCs obtained in the bones,
the 5-compartment model-based approach failed to assign bone
linear attenuation coefficients in most bones in 2 subjects (Supple-
mental Fig. 2).
PET images obtained using each m-map and air pocket segmen-

tation method and the corresponding RC maps with respect to
PETCT-CNNAIR are shown for a representative subject in Figure 5.
PETMRDL-CNNAIR had lower global RCs than did PETMR5C-CNNAIR.
It can also be seen that PETMR5C had an area under the bladder
with significantly increased 18F-FDG uptake, compared with the
other PET reconstructions. This area corresponds to an air pocket
misclassified as soft tissue in the m-mapMR5C.
Averaged across all subjects, PETMR5C and PETMR5C-CNNAIR had

larger nonabsolute and absolute RCs than did PETMRDL-CNNAIR,
compared with PETCT-CNNAIR, both globally and regionally. Glob-
ally, the mean absolute RCs decreased from 7.1% to 4.9% and to
2.6% for PETMR5C, PETMR5C-CNNAIR, and PETDL-CNNAIR, respec-
tively. As seen in Figure 6, improvements were also observed in all

ROIs. PETMR5C had an RC of 20% and 12% in bone regions for the
2 subjects for whom model-based m-maps did not include major
bone structures.
In the ROI surrounding air pockets, PETDL-CNNAIR had an abso-

lute RC of 3.0% 6 1.4% (range, 0.1%–6.2%), whereas PETMR5C

had an average absolute RC of 11.0% 6 6.5% (range, 0.7%–
31.6%). In this ROI, PETMR5C images of 2 subjects had an abso-
lute RC greater than 22%, as their m-maps had large volumes of
misclassified air pockets near the bladder.

DISCUSSION

Previous studies have highlighted the important role that PET
(combined with both CT and MRI) plays in staging pelvic malig-
nancies, planning chemoradiation, and assessing therapeutic
response using multiple different tracers. With the recent Food
and Drug Administration approval of PSMA-targeting agents, the
clinical need for a reliable depiction of pelvic uptake using PET/
MRI will only increase. In addition, PET/MRI is actively being
explored for evaluation of inflammatory bowel disease (27). For
all these applications, an accurate estimation of uptake will likely
impact prognosis, choice of therapy, and treatment response
assessment, therefore motivating our current study. First, misclas-
sifying the air pockets as soft tissue could lead to false-positives
due to overestimation of PET activity in these voxels. Second,
lesions with increased uptake near air pockets could be missed
because of the decreased lesion-to-background contrast. Third, the
bias introduced in adjacently located lesions could impact the
assessment of longitudinal changes. Finally, from a methodologic
perspective, completely separating the air pocket segmentation
from the pelvic attenuation map generation tasks when using deep
learning approaches might increase the performance of the latter
techniques because the related anatomic mismatches between the
MR and CT images used for training could be eliminated (i.e., by
filling the air pockets with soft tissue in both datasets).
The first aim of this work was to develop a deep learning–based

approach to automatically segment air pockets in the pelvic region
from high-resolution CAIPIRINHA-accelerated Dixon MR
images. Semiautomatic segmentation of air pockets is a laborious
and subjective process, especially when additional manual editing
is required. The proposed CNN trained using semiautomatically

TABLE 1
Average Regional Nonabsolute and Absolute RCs Between Model-Based and Deep Learning–Based m-Maps, Compared

with CT-Based m-Maps

Region Parameter m-mapMR5C-CNNAIR m-mapMRDL-CNNAIR P*

Pelvis RC 2.956 2.06 20.136 0.96 ,0.001

Absolute RC 5.106 1.41 2.606 0.63 ,0.001

Bones RC 23.216 3.41 23.076 2.79 0.81

Absolute RC 5.316 2.45 4.546 1.91 0.08

Fat-based soft tissue RC 6.206 2.46 1.286 0.79 ,0.001

Absolute RC 6.766 2.17 2.576 0.69 ,0.001

Water-based soft tissue RC 1.206 2.44 20.776 0.96 ,0.001

Absolute RC 3.206 1.50 2.026 0.60 ,0.001

*Paired t test.
Data are percentages.
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segmented air pockets was able to accurately predict air pockets in
new datasets with an average DSC of 0.75, suggesting it could be
used to minimize this source of bias in the reconstructed PET
images. Our results also showed that misclassifying air pockets as
soft tissue can introduce bias in the reconstructed PET images,
particularly in the adjacent structures, which could interfere with
clinical interpretations (28).
High-resolution CAIPIRINHA-accelerated Dixon in-phase

images were used in the delineation of air pockets to provide
ground-truth data. However, these images contain a similar signal in
air pockets and in some other structures such as bones, spinal cord,
and some ligaments. Moreover, some of the subjects had a high
number of small air pockets trapped between feces that were missed
in the semiautomatic segmentation step but correctly identified by
the CNN. Furthermore, CAIPIRINHA-accelerated Dixon in-phase
images were acquired approximately 10 min after administration of

gadolinium-based contrast agent, which
caused the bladder to be separated into
bright and dark areas, the latter being incor-
rectly classified as large air pockets in some
subjects by the CNN. Acquisition of
CAIPIRINHA-accelerated Dixon images
before contrast agent administration will
eliminate this issue and can potentially
improve the performance of the air pocket
segmentation method. Although these infre-
quent outliers could be corrected during the
quality control step, the performance of the
proposed method would likely increase if a
larger number of datasets were available for
training. In principle, this could be explored
in future studies using only MR data. The
segmentation method proposed could be
combined with any pelvic m-map generation
approach to create maps that accurately
reflect the physiologic state during the PET
data acquisition.
Finally, although PET and MR images

were acquired in a single scan using an
integrated PET/MRI scanner, air pockets
could have moved during the data acquisi-
tion because of peristalsis. In this study, we
segmented the air pockets from a single
CAIPIRINHA-accelerated Dixon acquisi-
tion and used the resulting m-maps to
attenuation-correct the PET data collected
over a longer duration. One way to address
this potential issue could be to repeat the
CAIPIRINHA-accelerated Dixon acquisi-
tions to detect potential air pocket move-
ments over the course of the PET/MRI scan.
A second aim of this work was to train

and test a separate CNN to generate more
accurate pelvic m-maps than those generated
using the approach currently available on the
Biograph mMR scanner (m-mapMR5C). Qual-
itative and quantitative analyses indicate
that a CNN trained with CAIPIRINHA-
accelerated Dixon MR images is able to
generate m-maps with a better resemblance
to m-mapCT than m-mapMR5C. We noticed

that the overall absolute RC in the pelvis was reduced by a factor of
2, which was an improvement similar to that reported by Leynes
et al. (16), Torrado-Carvajal et al. (17), and Pozaruk et al. (18).
Compared with previous findings, we observed reduced differences
in bony regions between the deep learning–based and model-based
m-maps. This reduction was due to the fact that the bone tissue is no
longer misclassified as soft tissue in the m-mapMR5C generated using
the most recent method available on the Biograph mMR scanner.
The proposed image synthesis method uses a supervised CNN

to perform a voxel-to-voxel regression of MRI intensities to CT
HUs. This approach assumes perfect registration between the MR
and CT images, which is hard to achieve. Our MRI and CT data
were acquired on different scanners with differences in patient
positioning, particularly in thigh flexion and rotation. Although we
have used a combination of affine and nonrigid transformations to
coregister the MRI and CT data of the training and validation

FIGURE 5. PET images reconstructed using CT- and MRI-based attenuation correction
approaches (upper panels). RCmaps for reconstructions performed using each method with respect
to CT-based approach are shown in lower panels. Arrow indicates air pocket region that was incor-
rectly assigned to soft-tissue linear attenuation coefficients in m-mapMR5C.
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datasets, some registration errors might still be present. Unsuper-
vised learning techniques, such as the CycleGAN network incor-
porating cycle consistency loss function (29–31), can be used to
alleviate the need for perfect alignment of MRI–CT pairs. How-
ever, these methods require access to larger pools of data for train-
ing, and they have to be properly validated for attenuation
correction of PET data.

CONCLUSION

We developed a deep learning–based method to automatically
segment air pockets from CAIPIRINHA-accelerated MR Dixon
images. We also showed that a deep learning–based method can
be used to synthesize m-maps more similar to reference CT based
m-maps than the ones generated with the 5-compartment model-
based approach as implemented commercially. Although our
results suggest that this method might improve the CIs in studies

requiring the use of quantitative PET met-
rics, additional studies on patients with
pathologic changes are required to demon-
strate its clinical utility.
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KEY POINTS

QUESTION: Can we use CAIPIRINHA-
accelerated Dixon MR images to auto-
matically segment air pockets in the
pelvic area and synthesize accurate
pseudo-CT images for attenuation cor-
rection of PET data?

PERTINENT FINDINGS: A convolutional
network to segment air pockets was
trained and evaluated using
CAIPIRINHA-accelerated Dixon images
of 35 subjects. A separate network to
synthesize pseudo-CT images was
trained and tested using the Dixon
images of 30 subjects who underwent
sequential PET/CT and PET/MRI exami-
nations. In a region surrounding the air
pockets, an improvement by a factor of
3.7 was observed when PET images
were reconstructed using deep
learning–based m-maps instead of stan-
dard model-based m-maps.

IMPLICATIONS FOR PATIENT CARE:
The proposed deep learning–based
method can be used to accurately gen-
erate m-maps with air pockets and can
reduce the PET estimation bias in
regions surrounding air pockets.
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Performance Characteristics of the Biograph Vision Quadra
PET/CT System with a Long Axial Field of View Using the
NEMA NU 2-2018 Standard
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Our purpose was to evaluate the performance of the Biograph Vision
Quadra PET/CT system. This new system is based on the Biograph
Vision 600, using the same silicon photomultiplier–based detectors
with 3.2 3 3.2 3 20 mm lutetium-oxoorthosilicate crystals. The 32
detector rings of the Quadra provide a 4-fold larger axial field of view
(AFOV) of 106 cm, enabling imaging of major organs in 1 bed position.
Methods: The physical performance of the scanner was evaluated
according to the National Electrical Manufacturers Association NU
2-2018 standard, with additional experiments to characterize energy
resolution. Image quality was assessed with foreground-to-back-
ground ratios of 4:1 and 8:1. Additionally, a clinical 18F-FDG PET study
was reconstructed with varying frame durations. In all experiments,
data were acquired using the maximum ring distance of 322 crystals
(MRD 322), whereas image reconstructions could be performed with a
maximum ring distance of only 85 crystals (MRD 85). Results: The
spatial resolution at full width at half maximum in the radial, tangential,
and axial directions was 3.3, 3.4, and 3.8 mm, respectively. The sensi-
tivity was 83 cps/kBq for MRD 85 and 176 cps/kBq for MRD 322. The
noise-equivalent count rates (NECRs) at peak were 1,613 kcps for
MRD 85 and 2,956 kcps for MRD 322, both at 27.49 kBq/mL. The
respective scatter fractions at peak NECR equaled 36% and 37%.
The time-of-flight resolution at peak NECR was 228ps for MRD 85
and 230ps for MRD 322. Image contrast recovery ranged from 69.6%
to 86.9% for 4:1 contrast ratios and from 77.7% to 92.6% for 8:1 con-
trast ratios reconstructed using point-spread function time of flight
with 8 iterations and 5 subsets. Thirty-second frames provided read-
able lesion detectability and acceptable noise levels in clinical images.
Conclusion: The Biograph Vision Quadra PET/CT device has spatial
and time resolution similar to those of the Biograph Vision 600 but
exhibits improved sensitivity and NECR because of its extended
AFOV. The reported spatial resolution, time resolution, and sensitivity
make it a competitive new device in the class of PET scanners with an
extended AFOV.

Key Words: acceptance test; long field of view; total-body; NEMA;
digital PET
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Over the last few decades, PET in combination with CT has
consolidated and expanded its role as a standard-of-care imaging
modality in many clinical fields. This growth in use went hand in
hand with technologic progress, such as the exploitation of faster
scintillators and improved time-of-flight (TOF) performance (1),
an extended field of view (FOV), and resolution recovery methods
for image reconstruction (2).
Recently, digital PET (3,4) replaced bulky photomultiplier tubes

with silicon photomultipliers (SiPM), using single-photon ava-
lanche diodes operating in Geiger mode to detect scintillation pho-
tons generated from transferring the energy of annihilation
photons in the scintillator. SiPMs not only are smaller than photo-
multiplier tubes but also provide a 1,000 times larger gain and
increased energy resolution (5). Thanks to high amplification, a
fast signal, and high light collection, SiPM-based PET systems
achieve a time resolution of as low as 214 ps (6), compared with
the 540 ps of PET systems using photomultiplier tubes (7,8).
When SiPMs are directly coupled to a fast scintillator such as
lutetium-oxyorthosilicate, the resulting excellent TOF increases
PET sensitivity and reduces noise; in conjunction with small-size
crystals, the TOF gain provides improved image resolution,
improved detectability, and reduced image noise (6,9). The sensi-
tivity gain can be used to reduce the administered radioactivity
dose or to shorten the acquisition duration (10,11).
Current clinical PET/CT systems typically cover an axial FOV

(AFOV) of about 15–26 cm. As a result, only about 1%–3% of
the possible positron/electron annihilation events produce coinci-
dence lines of response (LORs) that are actually detected. Further-
more, in many clinical scenarios, time-consuming multiple bed
positions must be imaged to cover the relevant portion of the
patient. Stretching the FOV by axially spacing out the detector
rings increases coverage of the patient body but not the overall
sensitivity (12). The viable solution is to increase the number of
detector rings, with the accompanying down side of increased
costs (13). The Explorer consortium and United Imaging Health-
care Shanghai, in collaboration with the University of California
Davis team (14–16), the University of Pennsylvania (17), and Sie-
mens Healthineers (18,19), all developed systems with long
AFOVs, covering an axial length spanning from 64 to 194 cm.
The Biograph Vision Quadra from Siemens Healthineers is a com-
mercially available PET/CT system that combines SiPM detector
technology with an optimal (13,15,18) nearly total-body coverage
(106-cm AFOV). Essentially, the Biograph Vision Quadra com-
prises the equivalent of 4 axially concatenated PET subsystems of
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Biograph Vision 600 PET/CT systems, building on proven high-
spatial-resolution and high-time-resolution technology (6,20).
The development of long-AFOV PET/CT scanners offers a great

opportunity to improve clinical workflow and explore new applica-
tions (13,15,18). The high sensitivity allows for a very low dose or
very fast scans (21) (with higher throughput, better patient comfort,
and fewer motion artifacts) in today’s clinical routine. In terms of
new applications, a high sensitivity and simultaneous coverage of
multiple organs enables, among other new research topics, low-
count imaging (monoclonal antibody imaging or cell tracking),
multiorgan interaction studies (e.g., brain–gut or brain–spine), para-
metric imaging, and pharmaceutical kinetics investigations.
Even though human imaging studies had been performed earlier

on a total-body PET device (16,21), comparable standardized per-
formance data for the uEXPLORER (United Imaging Healthcare)
with an AFOV of 194 cm (22) and the PennPET Explorer with an
AFOV of 64 cm (17) were published only very recently.
Published first in 1994 (23) by the National Electrical Manufac-

turers Association (NEMA), the NEMA NU 2 standards quickly
became the accepted set of measurements for benchmarking com-
mercial PET/CT systems. The aim of this study was therefore
to evaluate the performance of the new commercially available
long-AFOV Biograph Vision Quadra PET/CT system according to
the latest NEMA NU 2-2018 standard (24). The measurements
included spatial resolution, scatter fraction, noise-equivalent count
rate (NECR), sensitivity, correction accuracy, PET and CT core-
gistration accuracy, image quality, and TOF resolution. Further-
more, the energy resolution of the scanner is reported, and clinical
images from one of the initial patient studies are illustrated.

MATERIALS AND METHODS

Biograph Vision Quadra PET/CT System Specifications
The Biograph Vision Quadra uses the technology previously

developed for the Biograph Vision 600 PET/CT system (6,20). The
lutetium-oxoorthosilicate crystals are directly coupled to an SiPM
array with 16 output channels. Eight mini blocks form a detector
block, with 2 adjacent detector blocks always sharing a common elec-
tronic unit. The Biograph Vision Quadra has 4 times the number of
detector rings found in the Biograph Vision, with a total axial span of
320 crystals. This arrangement gives the Biograph Vision Quadra an
AFOV of 106 cm, versus 26.3 cm in the Biograph Vision 600 (7).
Table 1 details more system specifications.

The Biograph Vision Quadra records all possible LORs using its
maximum full-ring difference (MRD) of 322 crystal rings (MRD 322),
with an acceptance angle of 52!. In this first version of the reconstruc-
tion software (VR10), also named high-sensitivity mode, images are
reconstructed with LORs spanning an MRD of 85 crystal rings (MRD
85). This MRD is comparable to the Biograph Vision MRD of 79 (7),
corresponding to an acceptance angle for axial LOR of about 18!. The
MRD metric refers to the number of crystals in the LOR’s axial extent
and includes the gaps between blocks. In MRD 85 mode, the Vision
Quadra does not use all the possible LORs between scintillating crys-
tals for image reconstruction. In this work, all data were acquired
using MRD 322, whereas image reconstructions were performed using
only MRD 85. For experiments requiring no image reconstruction,
results for MRD 85 and MRD 322 are reported side by side. Although
currently unsuitable for clinical application, MRD 322 measurements
are still useful in a scientific context.

Performance Measurements
The performance of the Biograph Vision Quadra PET/CT system

installed at the nuclear medicine department of the Inselspital Bern

was benchmarked according to the NEMA NU 2-2018 standard (24).
Additionally, we measured the system’s energy resolution, which is
not part of the NEMA 2018 measurement set. Data were analyzed
using the NEMA tools software (Siemens Healthineers).

In addition, PET images from a human study are presented to illus-
trate image quality together with some initial quantification results.
All PET images in this work were reconstructed into a matrix of
440 3 440 3 645 with an isotropic voxel spacing of 1.65 mm. This is
also the innate sampling resolution of the Quadra PET/CT.

Spatial Resolution. Spatial resolution was measured at 6 different
positions (Table 2; Supplemental Fig. 1; supplemental materials are
available at http://jnm.snmjournals.org) using a point source with a 0.
25-mm diameter containing 393 kBq of 22Na (Eckert and Ziegler).

After acquiring at least 4 3 106 true counts for every position,
images were reconstructed in MRD 85, without the use of a postrecon-
struction filter, and with 3-dimensional TOF direct inversion Fourier
transform backprojection, an analytic backprojection reconstruction
method (18). Corrections were applied for detector normalization,
dead time, radial-arc-correction decay, and randoms, but no scatter or
attenuation correction was used.

Resolution was reported as the full width at half maximum and full
width at tenth maximum of the point source’s spread in the radial, tan-
gential, and axial directions. For each direction, average values over
the 2 axial positions were calculated.
Count Rates: Trues, Randoms, Scatters, and NECRs. For count

rate measurements, we used a solid polyethylene cylinder with an
outside diameter of 20.3 cm and a 700-cm length. A 3-mm-wide and
70-cm-long polyethylene capillary was filled with 894 MBq of 18F
and inserted into a 6.4-mm-wide hole running parallel to the central
axis of the cylinder at a radial offset of 45 mm.

TABLE 1
Biograph Vision Quadra System Specifications

Parameter Specification

Crystal size 3.2 3 3.2 3 20 mm

Crystals per SiPM (mini block) 5 3 5

Detector blocks per ring 38

Detector ring diameter 82 cm

Energy window 435 keV–585 keV

PET AFOV 106 cm

CT model Siemens Definition Edge

CT slices 128

Bore length with CT 230 cm

Maximal patient weight 227 kg

Cooling water temperature 4!C–12!C

SiPM array size 16 3 16 mm

Mini blocks per detector block 2 3 4

Detector rings 32

Image plane spacing 1.65 mm

Coincidence time window 4.7 ns

PET transaxial FOV 78 cm

CT generator power 100 kW

CT minimal slice spacing 0.5 mm

Total system length 611 cm

System weight 5934 kg

Operating room temperature 18!C–28!C

BIOGRAPH QUADRA PERFORMANCE MEASUREMENTS ' Prenosil et al. 477



The cylinder phantom was placed onto the patient table in the cen-
ter of the FOV and axially aligned with the PET/CT system. The line
source insert was positioned close to the patient table, and foam blocks
were used to elevate the phantom above the table to an axially aligned
position. Data acquisitions in list mode were performed over the
course of 700 min. However, the NEMA NU 2 criterion of waiting
until true-event losses are less than 1.0% could not be achieved
because of the intrinsic radioactivity of lutetium-oxoorthosilicate.
Therefore, a previously described different methodology had to be
used (25): count rates were measured using delayed coincidence
windows, and the scatter fraction was calculated as a function of
count rate.

Every 20 min, data were acquired for 240 s, and the acquisitions
were binned into 35 individual sinograms of equal duration. Data were
not corrected for variations in detector sensitivity, randoms, scatter,
dead time, or attenuation effects.

Rates of total, true, scatter, and noise-equivalent counts were calcu-
lated as specified by section 4 of the NEMA NU 2-2018 protocol.
Prompt and random sinograms were generated for each acquisition
and each slice. Because of the extended AFOV of the Quadra, only sli-
ces within the central 65 cm of the AFOV were used for histogram
generation.
Sensitivity. For sensitivity measurements, we used the same

70-cm-long polyethylene capillary as described above and filled it
over a total length of 68 cm with an aqueous solution of 4.56 MBq of
18F. The line source was surrounded by 5 concentric aluminum sleeves
of matching length and with known radiation attenuation. The setup
was bedded on foam holders with negligible attenuation. One sensitiv-
ity measurement series was performed with the capillary axially
aligned at the center of the AFOV, and the other series was performed
with a 10-cm radial offset added to the first placement. The supports
for the capillary stayed outside the FOV. By measuring the count rate
while consecutively removing sleeves, we extrapolated the
attenuation-free count rate, for example, the count rate of the naked
line source (26). Data were acquired for 300 s for each sleeve.
Accuracy: Correction for Count Losses and Randoms. Data

acquired for count rate measurements were used to estimate the accu-
racy of the correction of count losses due to detector dead time and
due to random counts (randoms). Corrections for randoms, scatter,
dead time, and attenuation were applied. For attenuation correction, a
low-dose CT scan of the phantom was acquired with a 120-keV tube
voltage, a 80-mAs tube current, and a pitch of 0.8. The CT image was

reconstructed into a 512 3 512 matrix. Scatter was corrected for as
described by Watson (27).

The PET image was reconstructed from MRD 85 data using
ordered-subsets expectation maximization (OSEM)-TOF with 4 itera-
tions, 5 subsets, and 2-mm gaussian postreconstruction filtering.

Image Quality, Accuracy of Corrections. A NEMA International
Electrotechnical Commission body phantom (28) of 180-mm interior
length was used for assessing image quality and the accuracy of atten-
uation and scatter corrections. The gravimetrically determined volume
of the background compartment was 9,742 mL, and the fillable
6 spheres had internal diameters of 10, 13, 17, 22, 28, and 37 mm.
The central lung insert filled with polystyrene beads was void of
any activity.

The background activity concentration of 18F was 5.3 kBq/mL at
the start of image acquisition, constituting our low-activity-concentra-
tion benchmark. A first measurement was taken with all spheres filled
with a concentration 4 times that of the background as stated in the
NEMA NU 2-2018 protocol (24). A second measurement was taken
with a concentration 8 times that of the background. The phantom was
axially aligned, with the spheres positioned around the center of the
FOV. The cylindric scatter phantom was positioned adjacent to the
sphere-containing phantom, and its line source was filled with 100
MBq of 18F at the start of the acquisition.

A single bed position was acquired for 30 min in list mode. Data
were corrected for decay, normalization, scatter, randoms, and attenua-
tion. The required attenuation CT scan was acquired before the PET
measurements as described above. Images were reconstructed in MRD
85 using OSEM-TOF and point-spread function (PSF)-TOF with
8 iterations and 5 subsets. Both reconstructions were also performed
using 4 iterations and 5 subsets. No postreconstruction filtering was
applied. Activity spill-in into the cold lung insert was used to calculate
an average residual error.
TOF and Energy Resolution. To measure the positional uncer-

tainty of the coincidence event localization, we used the same CT and
PET data as previously acquired for the NECR experiment, without
corrections applied.

To determine the position of the line source, the first frame with
activity below the peak NECR was reconstructed in MRD 85 using
OSEM with 10 iterations and 5 subsets, with scatter, random, and
attenuation correction but without decay correction. The method to
calculate TOF resolution is described in section 8 of the NEMA NU-2
2018 standard and was also described by Wang et al. (29).

TABLE 2
Spatial Resolution in MRD 85 Mode

Radial
position (cm)

Full width at half-maximum (mm) Full width at tenth maximum (mm)

Axial position (cm) Radial Tangential Axial Radial Tangential Axial

13.3 (1=8 of FOV)) 1 3.19 3.58 3.78 6.49 7.15 7.63

13.3 (1=8 of FOV) 10 4.38 3.47 3.84 8.22 6.88 7.74

13.3 (1=8 of FOV) 20 5.82 3.12 4.21 10.71 6.25 8.87

53.0 (1=2 of FOV) 1 3.35 3.31 3.77 6.47 6.33 7.62

53.0 (1=2 of FOV) 10 4.38 3.53 3.90 8.19 6.81 7.80

53.0 (1=2 of FOV) 20 5.84 3.33 4.27 10.82 6.24 9.06

Average 1=2 and 1=8 1 3.27 3.44 3.77 6.48 6.74 7.63

Average 1=2 and 1=8 10 4.38 3.50 3.87 8.20 6.85 7.77

Average 1=2 and 1=8 20 5.83 3.22 4.24 10.77 6.25 8.96
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For measuring the energy resolution of the scanner, we used the
same data but without any corrections applied. This measurement is
not part of the NEMA NU 2-2018 standard, but it is based on the
same method as for the TOF resolution and was previously described
(30). An image reconstruction was performed for determining the line
source centroid, with scatter, random, and attenuation correction but
without decay correction. Trues were assumed to be within a perpen-
dicular distance of 620 mm of line source data, and thus counts at
620 mm were assumed to come from scatter, randoms, and back-
ground. For each crystal, an energy histogram was generated using all
events within a distance of 220 and 120 mm. The weighted combina-
tion of counts at 220 mm and 120 mm, as done in NEMA count-rate

studies, was used to estimate the background (scatter and randoms).
All crystal peaks were aligned and added in a common energy histo-
gram (Supplemental Fig. 2). The energy resolution was defined as the
full width at half maximum of the energy spectrum so obtained. For
comparison, the energy resolution was also measured using a more
conventional method, by placing a 19-cm-long line source containing
19.19 MBq of 68Ge without a scattering medium at the center of
the FOV.
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FIGURE 1. (A and B) Plots of prompts, randoms, trues, scatter, and
NECRs for MRD 85 (A) and MRD 322 (B). (C) NECR and scatter
fractions (SF).

TABLE 3
Count Rates, TOF Resolution, Energy Resolution 3 100%

5 511 keV

Parameter MRD 85 MRD 322

Peak NECR
(kcps @ kBq/mL)

1,613 @ 27.49 2,956 @ 27.49

Peak true rate
(kcps @ kBq/mL)

4,501 @ 27.49 8,633 @ 27.49

Scatter fraction @ peak
NECR (%)

36 37

TOF resolution @ peak
NECR (ps)

228 230

TOF resolution @
5.3 kBq/mL (ps)

225 228

TABLE 4
Sensitivity

Sensitivity (cps/kBq)

Radial offset (cm) MRD 85 MRD 322

0 82.6 175.3

10 84.1 176.7

0 and 10 average 83.4 176.0
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FIGURE 2. Axial sensitivity profiles for 0- and 10-cm radial offset posi-
tions and for both MRD modes.
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TABLE 5
Image Quality Measurements Reconstructed with OSEM-TOF Using 8 Iterations and 5 Subsets or Using 4 Iterations and 5

Subsets

4: 1 sphere-to-background ratio 8: 1 sphere-to-background ratio

Sphere diameter Contrast
recovery (%)

Background
variability (%)

Contrast
recovery (%)

Background
variability (%)

8 iterations, 5 subsets

10 60.11 3.19 64.07 2.73

13 64.52 2.58 70.88 2.37

17 74.33 1.87 82.60 1.85

22 78.02 1.52 84.45 1.41

28 82.83 1.27 87.88 1.01

37 85.23 0.99 91.05 0.87

Average lung residual error (%) 2.41 2.55

4 iterations, 5 subsets

10 56.35 2.46 61.95 2.14

13 61.52 2.04 68.99 1.88

17 72.26 1.54 80.94 1.51

22 76.33 1.28 83.09 1.2

28 81.35 1.1 86.69 0.91

37 84.24 0.9 90.16 0.81

Average lung residual error (%) 4.89 5.13

TABLE 6
Image Quality Measurements Reconstructed with PSF-TOF Using 8 Iterations and 5 Subsets or Using 4 Iterations and 5

Subsets

4: 1 sphere-to-background ratio 8: 1 sphere-to-background ratio

Sphere diameter Contrast
recovery (%)

Background
variability (%)

Contrast
recovery (%)

Background
variability (%)

8 iterations, 5 subsets

10 74.44 2.38 77.65 2.24

13 69.56 1.93 74.81 1.90

17 76.98 1.52 86.37 1.52

22 80.56 1.23 87.88 1.21

28 84.44 0.99 90.18 0.91

37 86.86 0.82 92.59 0.84

Average lung residual error (%) 2.34 2.48

4 iterations, 5 subsets

10 64.25 1.67 74.40 1.49

13 67.88 1.4 74.73 1.34

17 74.6 1.15 82.73 1.15

22 77.66 0.97 85.37 0.96

28 82.38 0.83 88.54 0.80

37 85.47 0.76 91.19 0.80

Average lung residual error (%) 4.84 5.09
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PET/CT Coregistration Accuracy. Coregistration accuracy
between the PET and the CT images was measured with a vial of
13.3-mm diameter and conical bottom and filled with an aqueous solu-
tion of 0.2 mL of 370-MBq 18F and 1 mL of CT contrast medium
(Ultravist 370; Bayer Vital) according to the NEMA NU 2-2018 docu-
ment (24). CT images were reconstructed into a 512 3 512 matrix and
slice thickness of 0.6 mm, and PET images were reconstructed using
OSEM-TOF with 10 iterations and 5 subsets, without attenuation cor-
rection or postreconstruction filtering.
Human Studies. An oncologic female patient (age, 81 y; height,

160 cm; weight, 57 kg) participating in a clinical study (31) was
scanned 60 min after administration of 191 MBq of 18F-FDG. A single
bed position was acquired for 10 min. Eight images were recon-
structed by binning the list-mode data into 10-min, 6-min, 4-min,
3-min, 2-min, 1-min, 30-s, and 15-s frames. Images were recon-
structed using PSF-TOF with 4 iterations, 5 subsets, and a gaussian
postprocessing filter of 2 mm in full width at half maximum.

An isocontour threshold of 40% delineated the volume of interest
of an 18F-FDG–avid lesion in the 10-min frame, and a spheric volume
of interest with a diameter of 5.1 cm was placed in the center of the
liver in the same frame. Both volumes of interest were then copied
into the remaining frames. SUVs and coefficients of variation were
computed for each volume of interest in every frame.

The human study (31) had been approved by the regional ethics
committee, and the patient had signed an informed consent form.

RESULTS

Spatial Resolution
Table 2 reports the full width at half maximum and full width at

tenth maximum for the 6 different positions in MRD 85 mode.

Count Rates: Trues, Randoms, Scatters, and Noise-
Equivalent Counts
Figure 1 shows count rate plots for trues, randoms, scatter, and

noise-equivalent counts measured at MRD 85 and MRD 322, as
well as for scatter fractions at peak NECR. Table 3 summarizes
the count rate findings. As all events were recorded regardless of
the MRD setting, the peak NECR of 1,613 kcps for MRD 85 and
of 2,956 kcps for MRD 322 were both observed at 27.49 kBq/mL.

Sensitivity
Table 4 reports total sensitivities mea-

sured for the Biograph Vision Quadra for
both MRD modes. The average system
sensitivities are 83.4 cps/kBq for MRD 85
and 176.0 cps/kBq for MRD 322.
Figure 2 exhibits the axial sensitivity

profiles. Although MRD 85 provides for
homogeneous sensitivity of around 200
cps/MBq over the measured AFOV, MRD
322 shows a peak of 549 cps/MBq in the
middle of the AFOV. As expected, the
MRD 85 mode gives the Biograph Vision
Quadra a flat sensitivity similar to the peak
sensitivity of the Biograph Vision 600 (6).
In MRD 322 mode, the axial peak sensitiv-
ity of the Biograph Vision Quadra is 2.75
times higher than the axial peak sensitivity
of the Biograph Vision 600 (6).

Accuracy: Correction for Count Losses
and Randoms

Accuracy measurements were obtained from the difference
between expected and measured activity concentration on the PET
data as previously acquired for the NECR in MRD 85. Figure 3
shows the minimum and maximum error in the PET image plotted
against activity concentration. The count rate errors were below
5% (maximum) and 10% (minimum), up to the peak NECR; after
this discontinuity, both error curves increased their negative slopes
by a factor of 20.

Image Quality, Accuracy of Corrections
Table 5 reports the contrast recovery, relative background vari-

ability, and lung residual error for images reconstructed with
OSEM-TOF for the 2 sphere-to-background ratios examined, and
Table 6 reports the same for images reconstructed with PSF-TOF.

TOF and Energy Resolution
The TOF resolution at peak NECR was 228 ps for MRD 85 and

230ps for MRD 322. At a low (background) activity concertation
of 5.3 kBq/mL, the TOF resolutions were 225 and 228 ps, respec-
tively (Table 3). Figure 4 shows the time resolution over the whole
activity range.
Calculated energy resolution in MRD 85 mode was 10.1% at

peak NECR and 9.8% at 5.30 kBq/mL (Fig. 4B). When measured
using the 68Ge line source, energy resolution was 8.9% at peak
NECR, slightly better because of the absence of scattered photons.
This value was almost identical to the 9.0% published for the
Biograph Vision 600 (20).

PET/CT Coregistration Accuracy
The maximum coregistration error was 11.38 mm. Supplemen-

tal Table 1 reports the 6 individual coregistration measurements.

Human Studies
Excellent quality was observed in 18F-FDG images recon-

structed with longer frame durations, with slightly higher noise
seen in frames reconstructed with 30 s and 15 s (Fig. 5). The eval-
uated lesion had a diameter of 1.58 cm and was detectable in all
8 frames. However, image noise started to become a problem in
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the 15-s frame, with a lesion coefficient of variation of 0.52 and a
liver coefficient of variation of 0.22.
Figure 6A shows the SUVs within the tumor and liver for each

frame duration. The coefficient-of-variation log–log plots show
the expected power law with respect to frame duration (Fig. 6B).

DISCUSSION

No significant difference in spatial resolution was found
between our data from the Biograph Vision Quadra and previously
published data from the Biograph Vision (paired Wilcoxon

signed-ranked test) (6). This similarity is to
be expected since crystal and detector size,
geometry, and readout are the same in both
scanners.
The NEMA NECRs at peak were 1,613

kcps for MRD 85 and 2,956 kcps for MRD
322, with both peaks occurring at 27.49
kBq/mL. The NECR curve (Fig. 1) has a
discontinuity and drops after the peak,
when the count rate reaches the maximum
total-event throughput supported by the
hardware (19), which is around 129 Mcps.
This occurs even far above actual clinical
(31) or even high-count regimes (20).
The NEMA sensitivities were 83.4 cps/

kBq and 176 cps/kBq for MRD 85 and
MRD 322, respectively. As a comparison,
the Biograph Vision 600 has a sensitivity
at the center of 16.4 cps/kBq and a peak
NECR of 306 kcps: the Biograph Quadra
provides a NEMA sensitivity that is about
5 times that of the Biograph Vision in
MRD 85 and about 10 times in MRD 322
mode (6). In fact, the NEMA sensitivity of
the Biograph Quadra for MRD 322 is on a
par with the uEXPLORER (22), a finding
that is not surprising, given the size of the
source and the 2 scanners’ similar accep-
tance angles for axial LORs.
The TOF resolution was 225 ps for

MRD 85 and 227 ps for MRD 322. The
measured time resolution on the Quadra
was slightly worse than the published value
for Vision 600 (6), possibly because of
nonuniformity of detector and signal sync
over a larger number of detectors and elec-
tronic modules and a time alignment
method that is not yet optimized. In fact,
both time and energy resolution of the
scanner are stable with count rate, exhibit-
ing a change of only 2%–3% over the
whole count rate range.
This high time resolution functions as

an additional equivalent-counts amplifier,
which allows the effective sensitivity to
increase by a TOF gain factor of about D/
(Dt 3 c/2), according to the standard TOF
gain model (where D is size of the patient,
Dt is the time resolution, and c is the speed

of light). Better TOF resolution translates into lower image noise at
an equal number of counts and a higher robustness of the recon-
struction (10,32,33) than for PET scanners with similar NEMA sen-
sitivity but poorer time resolution.
Because we followed the NEMA NU 2-2018 protocol and not

the NEMA NU 2-2012, only the results for the 4 smallest spheres
are comparable to those published for the Biograph Vision 600
(6). The contrast was comparable to those of the 4 spheres recon-
structed with PSF-TOF, but background variability was around 2.5
times lower for the Quadra (6). This finding can be explained by
the fact that the Quadra has a sensitivity 5 times higher at equal
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spatial resolution. As previously shown for the Biograph Vision
600 (6), Gibbs artifacts increase contrast in the smallest sphere, a
well-known characteristic of resolution recovery or PSF recon-
struction (34). All images were reconstructed with the MRD 85
mode’s low sensitivity, leading to a contrast-to-noise ratio that is
lower than possible. In a future software update, the ultra-high-
sensitivity mode will be available with MRD 322, in which all
LORs spanning the full AFOV will be used in image reconstruc-
tion. However, the impact of oblique LORs on image quality
remains to be examined.
From the patient images, we expect that clinical acquisitions

below 2 min will be able to provide acceptable image quality
when the Quadra is used. Besides exploiting the increased sensi-
tivity of the system for reductions in injected dose, delayed or pro-
longed imaging regimes are also conceivable (31). Additionally,
the Quadra is suited for temporally and spatially well-resolved
dynamic studies that cover the entire upper body.

CONCLUSION

The Biograph Vision Quadra PET/CT has spatial and time reso-
lution similar to those of the PET/CT Biograph Vision 600 but
exhibits improved sensitivity and NECR (35 or 310, depending
on MRD mode) because of the extended AFOV. The high time
resolution allows for state-of-the-art noise-reducing TOF recon-
structions. The combination of high spatial resolution, high time
resolution, and very high sensitivity makes the Quadra a high-
performance new device in the class of total-body PET scanners.

DISCLOSURE

Hasan Sari is a full-time employee of Siemens Healthcare AG,
Switzerland. No other potential conflict of interest relevant to this
article was reported.

ACKNOWLEDGMENTS

Thanks go to Kevin Lohmann and Colin Ward for assistance with
the PET measurements. We also thank Maurizio Conti and Bernard
Bendriem for their useful discussions.

KEY POINTS

QUESTION: What are the performance
characteristics of the Biograph Vision
Quadra total-body PET/CT system
according to the NEMA NU 2-2018
standard?

PERTINENT FINDINGS: The Biograph
Vision Quadra has a spatial resolution
similar to that of the Biograph Vision
600, but because of the extended AFOV,
has an NECR 5 to 10 times higher a
peak sensitivity up to 2.75 times higher.

IMPLICATIONS FOR PATIENT CARE:
The increased sensitivity of the Biograph
Vision Quadra allows for total-body
imaging with a reduced injected dose or
a reduced acquisition duration, and
dynamic studies can be conducted with
high spatial and high temporal
resolution.
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This paper presents standardized methods for performing dose calcu-
lations for radiopharmaceuticals. Various steps in the process are out-
lined, with some specific examples given. Special models for
calculating time–activity integrals (urinary bladder, intestines) are also
reviewed. This article can be used as a template for designing and
executing kinetic studies for calculating radiation dose estimates from
animal or human data.
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Currently, there is renewed interest in performing radiation
dosimetry for radiopharmaceuticals, particularly in therapy appli-
cations. To have any new radiopharmaceutical approved by the
U.S. Food and Drug Administration, whether for diagnostic or
therapeutic applications, human radiation doses must be estimated.
In 1999, Siegel et al. (1) published a guide for obtaining quantita-
tive data for use in radiopharmaceutical dosimetry. The current
article, and the companion article to it (2), updates that informa-
tion with practical guidance and worked examples.

METHODS FOR BIOKINETIC DATA ANALYSIS

Whether the investigator has a series of data extrapolated from
animals or a series of data from patient images, either planar or
tomographic, one must integrate the human time–activity curve
for each source region to get the area under the curve for all sour-
ces, which in each case is the number of disintegrations that
occurred in that region. A kinetic model must be derived that can
be used to estimate the number of disintegrations occurring in
each significant source region in the body. In general, there are 3
levels of complexity that analysis can take: direct integration,
least-squares analysis, and compartmental models.

Direct Integration
One can directly integrate under the actual measured values by sev-

eral methods. This does not give much information about the bioki-
netic system, but it does allow calculation of the number of
disintegrations rather easily. The most common method is the trapezoi-
dal method, which uses linear interpolation between the measured data
points and approximates the area under the time–activity curve as a
series of trapezoids. An important concern with this method is calcula-
tion of the integrated area under the curve after the last datum. If activ-
ity is clearing slowly near the end of the dataset, a significant portion
of the total decays may occur after the last time point and be repre-
sented by the area under the curve after that point. Several approaches
may be used to estimate this area. The most conservative is to assume
that activity is removed only by physical decay after the last point;
another approach is to calculate the slope of the line using the last 2 or
3 points and assume that this slope continues until the retention curve
crosses the time axis. No single approach is necessarily right or
wrong—several approaches may be acceptable under different circum-
stances. It is generally preferable to overestimate the cumulated activ-
ity rather than to underestimate it, as long as the overestimation is not
too severe. The important point is to calculate this area by an appropri-
ate method and to clearly document what was done.

Least-Squares Analysis
An alternative to simple, direct integration of a dataset is to

attempt to fit mathematic functions to the data; these functions
then can be analytically integrated. The most common approach is
to characterize a set of data by a series of exponential terms, as
many biologic processes are well represented by this form, and
exponential terms are easy to integrate. In general, the approach is
to minimize the sum of the squared distance of the data points
from the fitted curve. The curve will have the following form:

AðtÞ5a1e
2b1 t1a2e

2b2t1 " " " Eq. 1

The fitting minimizes the sum of the squared differences
between each point and the solution of the fitted curve at that
point, taking the partial derivative of this expression with respect
to each of the unknowns ai and bi and setting it equal to zero.
Once the ideal estimates of ai and bi are obtained, the integral of
A(t) from zero to infinity is simply…ð1

0
AðtÞdt5 a1

b1
1

a2
b2

1 " " " Eq. 2

If the coefficients ai are in units of activity, this integral
represents cumulated activity (the units of bi are time21). If
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the coefficients give fractions of the administered activity,
then the area represents the normalized cumulated activity (e.g.,
Bq-h/Bq).
Consider the dataset in Table 1. We will integrate it by the trap-

ezoidal and least-squares methods (3).
Trapezoidal Method. Each interval is treated separately, and

the parts are added, as shown in Table 2.
Least-Squares Method. A computer fit of the data yielded the

following fit (Fig. 1):

AðtÞ518:6 expð20:039tÞ181:4 expð21:23tÞ:
The cumulated activity for this system, integrating from zero to

infinity, then is…

~A518:6=0:039181:4=1:2354771665543Bq-h:

This does not agree well with the estimate from the trapezoidal
method. The reason is that in that calculation, we did not estimate
the area under the curve beyond 10 h. If we integrate the analytic
expression only to 10 h, the answer is…

~A518:6=0:039 " ½12expð20:039 " 10Þ%
1ð81:4=1:23 " ½12expð21:23 " 10Þ%
5220Bq-h

:

This does agree well with the trapezoidal estimate. The appropri-
ate calculation to apply to the trapezoidal case is that beyond
the last data point, activity decreases with either the radioactive
half-time or, if it can be estimated reliably, the half-time for the
last phase of clearance. In this case, the second phase has a half-
time of…

0:693=0:039517:8h:

The area under the curve beyond 10 h, assuming that this rate
continues, is…

1:443 " 12Bq " 17:8 h5308 Bq-h:

Adding this value to the previous estimate for the trapezoidal
method yields 540 Bq-h, in excellent agreement with the estimate
obtained by the least-squares method. Of course, the second half-
time was obtained by the least-squares method. If these data were
for, say, 131I, and if one did not feel that there was a good estimate
of this (effective) half-time, the remaining area would have to be
estimated as follows:

1:443 " 12Bq " 8:04 d " 24 h=d 5 3, 340 Bq-h:

This estimate is an order of magnitude higher than the previous
estimates and may be overly conservative. Many people, because

of the possibility that another, slower, clearance phase might exist,
will use this assumption even if a least-squares method has been
used to fit the existing data. In this case, this highly conservative
assumption may unrealistically increase the estimate of the nor-
malized cumulated activity (~A/A0) and thus the estimated dose to
this and other organs. But if a slower component did exist, the
assumption that the 17.8-h clearance rate continued beyond 10 h
could have resulted in a considerable underestimation of the num-
ber of disintegrations.

Compartmental Models
The situation may arise that either quite a bit about the biologic

system under investigation is available or more about how this
system is working is desired to be known. In this case, one may
describe the system as a group of compartments linked through
transfer rate coefficients. Solving for ~A of the various compart-
ments involves solving a system of coupled differential equations
describing transfers of the tracer between compartments and elimi-
nation from the system. The solution to the time–activity curve for
each compartment will usually be a sum of exponentials that are
obtained not by least-squares fitting of each compartment sepa-
rately but rather by varying the transfer rate coefficients between
compartments until the data are well fit by the model. Computer
programs such as SAAM II (The Epsilon Group; https://
tegvirginia.com/software/saam-ii/), Stella (Isee Systems; www.
iseesystems.com), PMOD (PMOD Technologies; https://www.
pmod.com/web/), Simple (4), and others have been used for these
purposes.

DOSIMETRIC METHODS

Basic Dose Calculations
A generic equation for the absorbed dose rate in an organ or

tumor in which radioactivity is uniformly distributed is given by
the following:

_DT5
kSS ASSi niEifiðT  SÞ

mT
, Eq. 3

where _DT is the absorbed dose rate in the target region T (rad/h or
Gy/s), AS is activity (mCi or MBq) in source region S, ni is the
number of radiations with energy Ei emitted per nuclear transition,
Ei is energy for the ith radiation emitted by the nuclide (MeV), fi

(T S) is the fraction of energy emitted that is absorbed in the tar-
get region T originating in source region S, mT is the mass of target
region T (g or kg), and k is a proportionality constant (rad-g/mCi-
h-MeV or Gy-kg/MBq-s-MeV).

TABLE 1
Theoretic Dataset

Time (h) Activity (Bq)

0 100

0.5 72

1 35

2 24

4 20

6 15

10 12

TABLE 2
Trapezoidal Integration

Parameter Data

A1 5 (100 1 72) " 0.5/2 43 Bq-h

A2 5 (72 1 35) " 0.5/2 26.75 Bq-h

A3 5 (35 1 24) " 1.0/2 29.5 Bq-h

A4 5 (24 1 20) " 2.0/2 44 Bq-h

A5 5 (20 1 15) " 2.0/2 35 Bq-h

A6 5 (15 1 12) " 4.0/2 54 Bq-h

Total 232 Bq-h
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It is essential that the proportionality constant be properly cal-
culated and applied for the unit system of choice. One may also
apply radiation weighting factors (once called quality factors) to
the result of this equation to calculate the equivalent dose rate.
For many years, this issue was not important because nuclear
medicine involved only b- and g-emitters (for which radiation
weighting factors are 1.0); the more recent introduction of some
a-emitters makes this consideration important. The value recom-
mended by the International Commission on Radiological Protec-
tion (ICRP) for the radiation weighting factor for a-emitters is
20, but this is believed to be too high for use in calculating doses
from nuclear medicine therapy agents (5). Some radiobiologic
evidence indicates that this value may be as low as 5 (6) or
even 1 (7).
We are usually interested in an estimate of the total absorbed

dose from an administration, rather than an initial dose rate. In
Equation 3, the activity (nuclear transitions per unit time) causes
the outcome of the equation to have a time dependence. To calcu-
late cumulative dose, the time integral of the dose equation must
be calculated. In most cases, the only term that has time depen-
dence is activity; the integral is therefore just the product of all
factors in the equation except for activity multiplied by the integral
of the time–activity curve.
Regardless of the shape of the time–activity curve, its integral,

however obtained, will have units of the number of total nuclear
transitions (i.e., activity, which is transitions per unit time, multi-
plied by time). Therefore, the equation for cumulative dose would
be given by the following:

_DT5
k SS NSSi niEifiðT  SÞ

mT
, Eq. 4

where DT is the absorbed dose in target region T (rad or Gy) and
NS is the number of disintegrations (cumulated activity) in source
region S (mCi-h or MBq-s). NS is the total area under the
time–activity curve, which may be due to contributions from one
or more exponential terms, with different effective half-times.

ANTHROPOMORPHIC PHANTOMS

The factors f and mT in the equation above are determined
using models of the human body referred to as phantoms. A very
simple, and not very anthropomorphic, phantom is the Interna-
tional Commission on Radiation Units and Measurements refer-
ence sphere (8). For many decades, there was only one set of

phantoms available for use in internal
dosimetry: the Oak Ridge phantom series
(3,9). These have now been replaced with
image-derived, realistic phantoms (10) that
are based on reference masses defined by
the ICRP (Fig. 2) (11).

SPECIAL CASES

The Dynamic Urinary Bladder
Developing the area under the curve for

most organs requires the acquisition of sev-
eral data points over the time of uptake and
elimination of the radiopharmaceutical. In
the case of the urinary bladder, however,
except for very short lived nuclides for
which no emptying of the bladder may
occur during the decay of the nuclide,

obtaining enough data points to characterize the complex filling
and voiding pattern is not possible (Fig. 3).
An ingenious solution to the integration of this complicated

curve was developed by Cloutier et al. (12) and is implemented in
the OLINDA/EXM computer code (13):

N5A0

X
i

fi
12e2liT

li
2
12e2ðli1lpÞT

li1lp

" #
1

12e2ðli1lPÞT

% #
: Eq. 5

Here, the number of disintegrations, N, is given knowing the
rate constants for clearance from the body, l, and the (assumed
regular) bladder voiding interval T. It should be noted, however,
that empiric evidence suggests that, in reality, people urinate when
their urinary bladders have filled to a particular volume, which
varies among individuals (14), and not at constant time intervals.

The Gastrointestinal Tract
Quantification of activity in the stomach and intestines is also

more difficult than in most body organs, because of the continuous
movement of material through the system. The ICRP has devel-
oped 2 models (Fig. 4) that facilitate calculation of the activity in
the stomach and intestines, given an input of the fraction of admin-
istered activity that enters at either the stomach or the small intes-
tine (15,16). These models have also been implemented in the
OLINDA/EXM software code (Fig. 5) (13).

Remainder of Body
The remainder of the body is a special source organ that con-

tains all the cumulated activity that is not assigned to any other
source organ. It depends on which organs are not included in it.
The challenge is that we do not have a dose factor (MIRD called
these S values) for each of the numerous possibilities for the
remainder of the body. Instead, we modify the total-body S factor
to compute the S factor for the remainder of the body (Eq. 12 and
Fig. 6) (13):

Sðrk  RBÞ5Sðrk  TBÞðmTB

mRB
Þ2

X
h

Sðrk  rhÞð mh

mRB
Þ,

Eq. 6

where rh denotes the source organ with index h, rk denotes the tar-
get organ with index k, and RB and TB denote the remainder of
the body and the total-body source organs, respectively. Recall
that the S value is the mean absorbed dose in the target organ per
disintegration in the source organ.
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FIGURE 1. Sample biokinetic dataset, showing 2-exponential fit.
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Blood Data and the Archaic Quantity Dose to Blood
Blood data are relatively easy to gather and analyze but gen-

erally are difficult to use in internal dose calculations. Activity
clears from the blood and is distributed into various organs.
Later, some activity reenters the blood and is excreted. We are
usually interested only in the dose to organs in the body; the
dose to the blood itself is not of direct interest biologically.
However, an early publication (19) suggested the use of dose
to blood as a surrogate for the dose to the bone marrow in the
safe administration of 131I in therapy. Blood is not a defined
source or target region in any anthropomorphic phantom. Aka-
bani (20) attempted to develop absorbed fractions for different-
sized blood vessels, but this has not been implemented in any

practical way. Because dose to blood is physiologically not
meaningful, it should be abandoned in practical internal dose
calculations. Very well developed models for the dose to the
bone marrow are available (e.g., 21) and are implemented in
the OLINDA/EXM computer code.

Patient-Individualized Target Organ Mass Corrections
It is common in cancer patients to encounter organs whose

masses are notably different from those in the standard models,
because of the disease or complications thereof. The reported dose
using a standard model may be adjusted for mass, scaling of the
electron, and photon dose contributions separately. For electrons,
the scaling is as follows:

DF25DF1
m1

m2
: Eq. 7

Here, DF1 and DF2 are the dose factors
appropriate for use with organ masses m1

and m2. For photons, the scaling is as fol-
lows:

f25f1
m2

m1

$ "1=3

F25F1
m1

m2

$ "2=3

,

Eq. 8

where phi (f) is the absorbed fraction and
Phi (F) is the specific absorbed fraction.
To perform this calculation, one must

isolate the emissions and frequencies for
penetrating and nonpenetrating emissions,
multiply them by these new absorbed frac-
tions, and then recalculate the total dose by

FIGURE 2. (A) Cristy–Eckerman stylized computational phantoms (8). (B) Realistic, voxel-based RADAR nonuniform rational B-splines phantoms.
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adding the 2 components together. The OLINDA/EXM code (13)
performs this calculation automatically for the user, given entry of
the new mass of the organ of interest. The correction for electrons
assumes that all electron energy is absorbed in the source region,
which is an approximation that is generally used in internal dose
calculations. Newer absorbed fractions for electrons include
explicit electron transport and possible losses at source region
surfaces.

Total-Body Dose and Effective Dose
Although complete dose tables give doses to all defined target

organs in the reference anthropomorphic phantoms, the 2 doses of
the greatest interest have traditionally been those to the critical
organ (i.e., the organ receiving the highest absorbed dose) and the
total body. For most radiopharmaceuticals, however, the dose to
the total body, which is the energy deposited in all target regions
divided by the mass of the whole body, is of no biologic
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FIGURE 4. ICRP 30 and ICRP 100 gastrointestinal tract models.

FIGURE 5. OLINDA/EXM data entry form for dynamic bladder and gastrointestinal models.
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relevance. If one receives a uniform dose to all tissues of the
body, this can predict biologic response, but for most radiophar-
maceuticals this is not a useful quantity because the actual dose
distribution is highly nonuniform by design and intention. Imag-
ine, for example, an administration of 131I sodium iodide for
which a large amount of b-energy is deposited in a 20-g thyroid
gland. Dividing this same energy into 70,000 g of body tissue
gives a vastly smaller dose number that has no clinical meaning.
Instead of the uniform whole-body dose, the ICRP developed a
quantity called effective dose, which gives a risk-based weighted
average dose for diagnostic radiopharmaceuticals.
Assume for a given compound that the liver receives 0.53 mGy,

the kidneys receive 0.37 mGy, the ovaries receive 0.19 mGy, the
testes receive 0.07 mGy, the red marrow receives 0.42 mGy, the
endosteal cells on bone surfaces receive 0.55 mGy, and the thyroid
receives 0.05 mGy (3). Because all radiation weighting factors are
1.0, these absorbed doses can be directly converted to equivalent
dose, that is, the absorbed radiation dose in grays times the radia-
tion weighting factor (wR) (Table 3).
Strictly speaking, radiation weighting factors are dimensionless.

Because Gy 5 1 J/kg and 1 Gy 3 wR 5 1 Sv, wR may be thought
of as having units of Sv/Bq. The tissue weighting factor (wT) for
the gonads may be applied to the higher of the values for the ova-
ries or testes. There is a little confusion on this point; ICRP 30
(22) used the higher of the two, whereas ICRP 53 (23,24) used the
average of the two. To use the remainder weighting factor in the
ICRP 30 system, one chooses the 5 organs that are not assigned an
explicit weighting factor and that have the highest dose equiva-
lents and assigns them each a weighting factor of 0.06 (although a
different scheme was applied to the remainder organs in the ICRP
60 system). In our example, we have only 2 organs to consider.
Assign each a factor of 0.06, and ignore the remaining weight of
0.18 (of 0.30). The doses delivered to breast and lung and the
other organs could be calculated and summed, but they will proba-
bly be of limited importance. To calculate the effective dose
equivalent (He), add up the weighted dose equivalents (Table 4).

So we would conclude that the He for this compound is 0.17
mSv (0.017 rem, or 17 mrem). This suggests that if the whole
body were uniformly irradiated to receive 0.17 mSv, the individual
would incur the same additional risk (of fatal cancer or genetic
defects) as from the combination of 0.53 mSv to the liver, 0.37
mSv to the kidneys, and so forth.
The same calculation can be performed using the tissue weight-

ing factors from ICRP 60 (Table 5) (25). The ICRP, which defined
the term effective dose, explicitly noted that in any given calcula-
tion, all weighting factors may not be used, and the sum of the
weighting factors does not always equal 1.0.
It is important to emphasize that effective dose must not be

used to evaluate the short-term effects in situations involving
radionuclide therapy. Effective dose is based on stochastic effects
of radiation, whereas because the intended effect of a therapeutic
administration is deterministic, effective dose must not be applied
to specific individuals. The tissue weighting factors are defined for
populations, not individuals, and should not be used to develop
numeric estimates of risks to populations in the low dose ranges—
for example, diagnostic radiology or nuclear medicine proce-
dures—as noted by the Health Physics Society in 2012 (17).

THE NEED FOR PATIENT-INDIVIDUALIZED DOSIMETRY FOR
THERAPEUTIC USES OF RADIOPHARMACEUTICALS

In 2008, Stabin (26) addressed all the main objections that
physicians and others cite for not performing patient-
individualized dosimetry for radiopharmaceutical therapy adminis-
tration, as is done for every cancer patient receiving external-beam
radiation, every day. The reasons addressed were that performing
such calculations is difficult and expensive, requiring too much
effort; that there are no standardized methods for performing indi-
vidualized dose calculations and that methods vary significantly
among institutions; that dose calculations performed to date have
had poor success in predicting tissue response; and that with the
level of difficulty involved, there must be some objective evidence
that the use of radiation dose calculations provides a positive bene-
fit that justifies extra effort and cost.
The current article thoroughly addresses the second point; all

other points will not be reargued here. But the conclusion remains
that “Treating all nuclear medicine patients with a single, uniform
method of activity administration amounts to consciously
choosing that these patients be treated with a lower standard of
care than patients who receive radiation externally for cancer
treatments.” (26).

FIGURE 6. Remainder-of-body method. Since remainder of body
depends on which source organs are identified, dose conversion factor
must be computed for each situation. The fundamental concept is to
apportion cumulated activity in each source organ into 2 parts. One part
has the same cumulated activity density as remainder of body, which
yields total body with uniform cumulated activity, and the second part of
the source organ has the remaining cumulated activity.

TABLE 3
Theoretic Organ Doses

Organ Dose equivalent (mSv)

Liver 0.53

Kidneys 0.37

Ovaries 0.19

Testes 0.07

Red marrow 0.42

Bone surfaces 0.55

Thyroid 0.05
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Patient-individualized medicine is being practiced in almost all
disciplines in the radiation sciences today except radiopharmaceu-
tical therapy. In the 2008 article (26), Stabin argued that “The
time has come for this reasonable paradigm shift in the practice of
nuclear medicine.” It was true then, and it is still true now.

CONCLUSION

Standardized methods for the quantification of animal data or
human image data to provide numeric estimates of radiation dose
from the use of radiopharmaceuticals are well established. They
are outlined, with many examples, in this article. Imaging methods
are improving and will continue to improve. The methods outlined
here are adequate to provide guidance on the design and execution
of preclinical or clinical studies to establish the radiation dosime-
try of any radiopharmaceutical for diagnostic or therapeutic use
with almost any technology. Medical professionals have been
reluctant to perform patient-individualized dose calculations for
nuclear medicine therapy patients, with one of the arguments
being that no standardized methods are available and reliable for
dose calculations. This article provides all the current methods and
models needed for standardized dose calculations. More advanced
methods are also currently in some commercial software pro-
grams, using image fusion methods to provide 3-dimensional dis-
tributions of dose at the individual-voxel level and dose–volume
histograms. Patient-individualized dosimetry for nuclear medicine
therapy should become standard practice. The only people in mod-
ern medicine who do not receive patient-individualized dosimetry
are nuclear medicine therapy patients. We generate dose estimates
for adults and children receiving CT scans, for airline crews, for

nuclear workers, and for nuclear medicine doctors and technolo-
gists, just not for nuclear medicine therapy patients. Not only is
this resulting in suboptimal therapy for the patients, but when
patients may need other therapies in the future, knowledge of pre-
vious therapy doses is essential to planning those treatments. It is
time to change the historical practice of using a one-dose-fits-all
approach to nuclear medicine therapy.
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L E T T E R S T O T H E E D I T O R

68Ga-NODAGA-Exendin-4 PET Scanning for
Focal Congenital Hyperinsulinism: Need for
Replication

TO THE EDITOR: 18F-6-fluoro-L-DOPA PET (18F-DOPA PET)
scanning has been themainstay in the diagnosis and localization of focal
lesions in patients with congenital hyperinsulinism (CHI) (1). Although
scan-to-lesion correlation is not completely perfect, the predictive value
of 18F-DOPA PET as a clinical tool has been clinically meaningful
and reliable, with sensitivity ranging from 75% to 100% (1,2), enabling
significant transformation in the surgical management of focal CHI
(3,4).

68Ga-NODAGA-exendin-4 PET (68Ga-exendin PET) is a new
imaging modality that has potential to replace 18F-DOPA PET (5).
68Ga-exendin PET has been shown to have greater sensitivity and
surgical preference in the localization of focal CHI. This exciting
development has the advantage of molecular specificity in targeting
glucagon-like peptide-1 receptor in pancreaticb-cells, as well as rel-
atively low radiation (estimated at 0.77mSV for a 1-y-old child) (6),
although the short half-life (68min) of 68Ga requires access to a local
production site.
However, our enthusiasm for this new diagnostic development in

CHI is tempered by a deeper examination of the data and a review of
the trial design to derive divergent conclusions from those reported pre-
maturely and optimistically by the authors (5). The prospective arm of
the study recruited only 8 patients, with no justification provided on the
sample size needed to demonstrate clinical benefit. In comparing 68Ga-
exendin PETwith 18F-DOPAPET, the order of scanningwas notmade
explicitly clear; considering the reporting and interpretation of noncon-
current scans (at an interval of 4–72 d) by nonmasked observers, results
were undoubtedly influenced by carry-over bias. Unusually, authors
added a retrospective arm to the study, citing real-world observations
to support doubtfulfindings fromprospective study data but reinforcing
observational bias in the process.
Although the authors provided clear descriptions of radiotracer

production and PET imaging techniques, the article ignored the
need to confirm focal CHI by correlating scan results with histopath-
ologic results on intraoperative pancreatic frozen sections. Further,
the authors did not discuss location specificity or the surgical com-
plexity in achieving complete resection of lesions to demonstrate
true benefit from shifting reliance on 68Ga-exendin PET as a surgical
navigational tool. Therefore, it remains unclear whether 68Ga-exen-
din PET offered real-world benefit to patients in either prospective or
retrospective arms of the study.
The combined experience of specialist CHI centers in the United

Kingdom, Germany, and the United States over 14 years has estab-
lished 18F-DOPA PET as a proven clinical tool in the diagnosis of
focal CHI. Notwithstanding this success, as a group we feel it is
important to investigate improved imaging techniques that are
more accessible, inexpensive, and reliable. However, the develop-
ment of an alternative imaging modality away from 18F-DOPA
PETwill require convincing strength of data, which the recently pub-
lished paper (5) does not provide. Clearly, this paper whets the appe-
tite with interesting preliminary information that needs to be

replicated in well-designed, prospective multicentered studies with
robust patient numbers to demonstrate clear clinical benefit.
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Reply: 68Ga NODAGA-Exendin-4 PET Scanning
for Focal Congenital Hyperinsulinism: Need for
Replication

REPLY: Science needs differences in opinions to ensure that facts
are presented in a truly reproducible way. That is why we welcome
the comments by Banerjee et al. (1), and we have to admit that we
actually agree with most of them.
Needless to say, the results of our study must be tested for repli-

cability—as every set of novel data must be tested. Having said
that, we would like to highlight that we have never claimed that
this study was a registration trial. In fact, we clearly state that these
are the first results of clinical imaging of congenital hyperinsulinism
with 68Ga NODAGA-exendin-4, and we did raise this issue in the
discussion and conclusion sections (2).

Pertaining to the comments on retrospectively including 11
patients outside the prospective study, we do agree that there is a pos-
sibility of extending the bias. However, as the nature of the studywas
proof of concept and considering the expertise of the Charit$e Berlin
Centre in treating congenital hyperinsulinism patients from all
around the world, we decided to include all available patient data.COPYRIGHT! 2022 by the Society of Nuclear Medicine andMolecular Imaging.
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We acknowledge the concern of Banerjee et al. (1), as it becomes
clear from our respective remarks concerning this limitation in the
introduction and discussion sections. In fact, we have concluded
that exendin PET has the potential to be an improvement over 18F-
DOPA PET, but that more work is needed to validate these prelim-
inary results (2).
To allay the concerns of bias spilling into the results of our study,

we would like to stress that our group did realize that PET readings
could be positively biased if the reporting was left only to the inven-
tors of the technique. That is why we chose 2 methods of reading—
that is, clinical reading at the respective site where imaging had been
performed and an independent, masked reading. Thereafter, to over-
come any discordant results, a joint reading was performed.
Although we took the joint reading as reference, knowing that the
gold standard for imaging findings can only be histopathology, spe-
cifically for new tracers and new indications, we did perform histo-
pathologic confirmation in all specimens operated on (Supplemental
Table 2 in (2)). Even the surgeons, trained on using 18F-DOPA
PET–directed surgical planning, clearly stated more confidence
in exendin PET in interpretation of the image results than in
18F-DOPA PET. These results are presented in the supplemental
materials using the validated Likert scale (2).
We are grateful for the comments from Banerjee et al. supporting

the conclusions we have drawn, as the points they raised are in line
with the arguments we have put forward in our paper. Also, we are
grateful that Banerjee et al. raise the issues forwhich the answers can
be found in the supplemental material, thus putting emphasis on this
part of the paper as well. In addition, we hope that our remarks with
respect to a potential bias have helped to allay such concerns.
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Adding Nontumor Radiomic Features to the
Prognostic Model Is Bothersome but Useful

TO THE EDITOR: We read with great interest the article by
Dr. Yusufaly and colleagues (1), who developed a radiomic model

incorporating tumor radiomic features, nontumor radiomic features,
and clinical variables to predict disease recurrence in patients with
cervical cancer. To the best of our knowledge, this was the first study
to suggest that nontumor radiomic biomarkers derived from the
whole body (including bone, fat, and muscle) could improve prog-
nostic modeling of cancer. Previous studies have proven that peritu-
moral radiomic features could improve the performance of radiomic
models (2–4). This study providesmore comprehensive insights into
the tumor and the immune state of the human body.

Despite the encouraging results, several methodologic issues
should be noted. First, we are concerned about the workflow of
the radiomic analysis. Although this study evaluated its radiomic
quality score of 18 points (total points of 36), 2 domains were not
truly conducted, that is, detection and discussion of biologic corre-
lates and potential clinical utility. Although this study hypothesized
that whole-body radiomic features may be associated with immune
system function and could reflect variation in patients’ global
inflammatory state, it did not investigate the biologic meaning
behind radiomic features by correlation with computational pathol-
ogy features, radiology–pathology coregistration, or analysis of bio-
logic pathways or genomic correlations (5). In addition, an assessment
of potential clinical utility through statistical methods such as decision
curve analysis was not performed. Second, the current feature selection
is not enough despite the fact that the authorsmanually excluded several
highly correlated features; more sophisticated and rigorous dimension-
ality reduction methods (such as intraclass correlation analysis and
Pearson correlation coefficient analysis)must be implemented to ensure
the reproducibility and independence of the identified radiomic features
(6). Third, this study applied onlyC-index as a discriminationmetric for
evaluating the predictive performance of radiomic models, but this
metric is not enough, as calibration is not fully captured by C-index.
Calibration statistics such as calibration plots, which reflect the consis-
tency between the true probability and the predicted probability, are
needed (7). Both discrimination and calibration statistics are recom-
mended when evaluating the performance of models. Fourth, use of
the cindex.comp package and net reclassification improvement is rec-
ommended for pairwise comparisons of model performance. Fifth,
given the distinct prognosis between early-stage and advanced-stage
tumors, the risk stratification determined by radiomics may be con-
founded by tumor stage; a subgroup analysis by stage can be consid-
ered to identify the true effect of radiomics. In addition, Figure 6
showed the same hazard ratios in the models based on stage plus
tumor-related biomarkers and the model based on all biomarkers, sug-
gesting that whole-body biomarkers failed to provide additional infor-
mation for risk stratification. Finally, as the authors acknowledged in
the limitations, the radiomic model was developed and validated at a
single small center; multiple external validations would be beneficial
for more generalizability to heterogeneous groups of patients regard-
less of the clinical setting.

Despite the above-mentioned limitations, we still appreciate Yusu-
faly and colleagues for their outstanding work on nontumor radiomic
biomarker analysis, which provides a more holistic model. We look
forward to further works to improve the validity and generalizability
of their radiomic models.
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Reply: Adding Nontumor Radiomic Features to
the Prognostic Model Is Bothersome but Useful

REPLY: We appreciate the comments (1) by Zhang and Zhang in
response to our manuscript (2). We thank them for their compliments
about our work overall. However, we would also like to clarify several
points of confusion for their sake and for readers generally.
First, our feature selection involved more than simply “manually

excludingseveralhighlycorrelated features.”Wealsoperformedfea-
ture reduction by individually assessing features for significant asso-
ciation with recurrence, using bootstrap resampling. We then
performed forward stepwise feature selection for model building,
carefully checking for nonredundancy of added features at each
step, using model stability testing based on bootstrap analysis of the
out-of-bag C-indices. Consequently, our stepwise selections termi-
nated after nomore than 5 rounds, instead of spuriously adding corre-
lated features. Additionally, to further test that these selected features
werenotoverfittingtonoise,weevaluatedourmodelonthetestsetand
calculatedC-indexCIs to ensure that training and test C-indices over-
lapped. This combination of procedures more than satisfies the
authors’demandfor“moresophisticatedand rigorousdimensionality
reductionmethods… to ensure the reproducibility and independence

of the identified radiomic features” (1).We also note that the rigorous
tests for nonredundancy thatwe implemented rebut the authors’ com-
ments regarding subgroup analysis by stage, because the nonredund-
ancy between radiomics and stage is already built-in to the model
development.
Second, regarding the statement that “Figure 6 showed the same

hazard ratios in the models… suggesting that whole-body bio-
markers failed to provide additional information for risk strat-
ification.” We presume the authors are referring to the comparison
between Figures 6B and 6C. However, as we mention, the risk score
cutoff in Figure 6C was explicitly chosen solely to ensure an equal
number of high-risk and low-risk cases as in Figures 6A and 6B
for comparison. It was not chosen to optimize the hazard ratio; how-
ever, the cutoff in Figure 6D was chosen in this way, where one can
see that the optimal stratification using whole-body radiomics-based
risk score outperforms the other stratifications.
We agree with some of the authors’ points. Although we discussed

potential physiologic correlates of our features, the biologic meaning
of the features would undoubtedly be more precise by “correlation
with computational pathology features, radiology–pathology coregistra-
tion, or analysis of biologic pathways or genomic correlations.” This
was beyond our scope of work but is a worthy line of inquiry for future
validation studies. We also agree that other measures of model perfor-
mance could have been reported, including decision curve analysis,
calibration plots, or net reclassification improvement. Indeed, there
are a wide variety of measures that are reasonable, and the choice of
which to report always involves an element of arbitrariness. The met-
rics we reported, including the C-indices, 2-y receiver-operating-char-
acteristic curve and risk stratificationswith hazard ratio,were chosenon
the basis of their widespread usage in the biostatistics literature. Never-
theless, we concede that future validation studies would benefit from a
more comprehensive set of assessments.
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